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Preface

The first edition of Comprehensive Electrocardiology was published in , when e-mail was still in its infancy (!!), and
it was never envisaged at that time that a new edition would be prepared. It is probably fair to say that the majority of
physicians would have regarded electrocardiography in particular as having reached its maximum usefulness with little
additional information to be obtained therefrom.The intervening  years have shown how untrue this was.

An update to the book is long overdue. Sadly, some of the former contributors have died since the first edition was
published and it is with regret that I note the passing of Philippe Coumel, Rudolph van Dam, David Detweiler, Karel den
Dulk, Ramesh Gulrajani, Kenici Harumi, John Milliken, Jos Willems and Christoph Zywietz. Where relevant, their con-
tributions continue to be acknowledged but in some cases, chapters have been completely rewritten by new contributors.
On the other hand, eight completely new chapters have been added and the appendices restructured.

In someways, it is inconceivable what has taken place in the field of electrocardiology since the first edition. NewECG
patterns have been recognised and linked with sudden death, new prognostic indices have been developed and evaluated,
the ECG has assumed a pivotal role in the treatment of an acute coronary syndrome and among many other things,
automated ECG interpretation is now commonplace. Significant advances have been made in the field of mathematical
modelling and a solution to the inverse problem is now applied in routine clinical use. Electrophysiological studies have
taken giant steps over the past  years and biventricular pacing is a relatively recent innovation. Electrocardiology has
certainly not stood still in the last  years. Of course there have been parallel advances in imaging techniques but the
ECG still retains a unique position in the armamentarium of the physician, let alone the cardiologist.

For this edition, my previous co editor, Professor T D Veitch Lawrie, decided to step aside and I wish to congratulate
him on reaching his th birthday in September . However, I am pleased that other very eminent individuals agreed
to assist with the editing of the book, namely Adriaan van Oosterom, Olle Pahlm, Paul Kligfield, Michiel Janse and John
Camm. In the nature of things, some of these co-editors undertook much more work than others. I particularly have to
acknowledge the support of Adriaan van Oosterom with preparation of volume  where he has now authored  chapters
and edited  others. Olle Pahlm read copious numbers of chapters on which he commented while Paul Kligfield similarly
helped review and editmany chapters. I am also grateful toMichiel Janse and JohnCamm for their assistance with relevant
chapters in their field. Without the support of all, this edition would not have been possible.

Locally, I am very much indebted to my secretary Pamela Armstrong for a huge contribution in checking and sube-
diting every chapter which went out from my office to the publisher. This was a Herculean task carried out with great
aplomb. I would also like to thank Ms. Julie Kennedy for her contribution to a variety of tasks associated with preparing
selected chapters, including enhancements to the English presentation on occasions.

I also wish to thank Springer for their considerable support throughout. Grant Weston initially commissioned the
book and I am grateful to him for his confidence in supporting the preparation of a new edition. Jennifer Carlson in
New York also assisted very significantly, as did the team in Pondicherry, India under the able supervision of Sivakumar
Kunchithapatham.

I also must thank my long suffering wife Irene who has had to fight to gain access to our home PC almost every night
over these past few years!

This nd Edition of Comprehensive Electrocardiology aims to bring together truly comprehensive information about
the field. A book can never be completely up to date given the speed of publication of research findings over the internet
these days but hopefully this publication will continue to be of significant use to readers for many years to come. This is
particularly true with the many reference values to be found in the appendices, some of which are published for the first
time, particularly data relating to the neonatal ECG collected in my own lab.

Now that this huge effort has been completed and the book is available electronically, it should be much easier to
produce the next edition…….!!

Peter Macfarlane
Glasgow
Summer 
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  The Coming of Age of Electrocardiology

. Introduction

The history of electrocardiography and vectorcardiography is relatively well established [, ]. Indeed, it is now well over
one hundred years since the electrocardiogram was first recorded in a human and the th anniversary of this event
resulted in a number of reviews dealing with the early days of electrocardiography [–].

While, in the relatively early days of a new century, it would seem appropriate to look back over developments in the
last century, others recently have recently reviewed the present status of the ECG [] and this author has referred to a
renaissance in electrocardiography [] since the first edition of this book. Electrocardiography has come under increas-
ing pressure in recent years with the advent of new techniques such as echocardiography, which undoubtedly provide
information that complements the electrocardiogram. On the other hand, Wellens [] regretted the fact that younger
physicians are increasingly unable to interpret electrocardiograms correctly. He referred to the views of Fisch [] who
had emphasized the fact that the ECG is a noninvasive technique that is inexpensive, simple and reproducible. He might
have added that the ECG can be rapidly recorded with extremely portable equipment (the most recent having integral
computer facilities as well as wireless or telephone transmission capabilities) and is always able to be derived unlike the
echocardiogram, which in some situations cannot be satisfactorily obtained. Of course, the ECG provides unique infor-
mation that cannot be obtained by any other technique; it is only necessary to think of secondary ST-T changes due to
left ventricular hypertrophy and their prognostic importance for proof of this. Furthermore, as Fisch indicated [], “He
who maintains that new knowledge of electrocardiography is no longer possible or contributive, ignores history.” This
new edition of Comprehensive Electrocardiology proves how prophetic these words were.

Much of the early work in electrocardiography was carried out in Europe, where today there is still considerable devel-
opment effort being expended, particularly in the field of computer-based electrocardiography (see > Chap. ). There
is much work elsewhere mainly based around mathematical modeling. A European physician and physiologist, the late
Professor Pierre Rijlant wrote an article in  entitled “The Coming of Age of Electrophysiology and Electrocardiogra-
phy” []. It is from this article that the title for the present chapter is drawn, in memory of the contribution of Rijlant,
President of the  World Congress of Cardiology, to the field of electrocardiology.

It is questionable where the term “electrocardiology” arose. In , the first of a series of colloquia on vectorcardiogra-
phy was organized by Kowarzyk and held in Wroclaw in Poland. For many years thereafter, an International Colloquium
Vectorcardiographicumwas organized, andRijlant was the driving force andHonorary President of theOrganizing Com-
mittee. In , the author attended a meeting of the Organizing Committee in Yerevan, Armenia, USSR, at which it was
agreed that, from  onwards, the name of the meeting should be changed to the International Congress on Electro-
cardiology. The first such meeting was organized inWiesbaden in  and was attended by many prominent researchers
including the late Ernst Simonson, well known for his work on the normal electrocardiogram (see > Chap. ).

Earlier, in , Zao and Lepeschkin founded the Journal of Electrocardiology,which grew in strength under the edi-
torship of Startt/Selvester, who has contributed to>Chap. , and is now being significantly restructured byWagner, who
has also contributed to the same chapter. Lempert [] in  also commented on the transition from the term “electrocar-
diography” to “electrocardiology” and pointed out he had used the term “electrocardiology” in his  textbook, written
in Latvian, and the  edition written in Russian. (Professor Ruttkay-Nedecky from Bratislava has recently pointed
out that J. Martinek used the term “electrocardiology” in  in the title of his paper referring to “electrocardiology in
the USA” at a meeting in Wroclaw, Poland, which became the forerunner of the Colloquium Vectorcardiographicum).
“Electrocardiography” conjures up a view of  leads, perhaps recorded singly on an electrocardiograph. The explosion
of technology in recent years and the variety of investigative techniques now available for studying the cardiac electrical
activity demands that the relatively newer term of “electrocardiology” be used to encompass the various subject areas
associated with the electric and magnetic fields generated by the individual cells of the heart. It is hoped that it will be
evident from the contents of this book that the term “electrocardiography” would be inappropriate.

. The Groundwork for Electrocardiography

By the mid-nineteenth century, it was generally agreed that nerves, muscles and so on could be stimulated by artifi-
cial electrical generators []. The first galvanometer had beeninvented by that time and physiologists were engaged in
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The potential variation recorded from a tortoise heart in  by the use of a differential rheotome, which was an instrument

that measured current flow at a varying interval following the application of a stimulus. (After Burdon Sanderson and Page

[]. © Royal Society of London, London. Reproduced with permission.)

exploring the discharge from electric eels, the flow of current through frogs and the effects of injury. Such work was
probably initiated by Galvani []. He was criticized by Volta who argued that electrical current was generated only
by different metals making contact-the basic work that ultimately led to the development of batteries. It was du Bois-
Reymond who continued much of this work as highlighted by Rijlant []; in particular he found that action current
in muscle was opposite to the direction of a continuous current, which his pupil Hermann showed later was present
only following an injury to the muscle []. In , Kölliker and Muller [] demonstrated bioelectric potentials in the
frog’s heart. As far as is known, this was the first recording of cardiac electrical activity. These authors described a neg-
ative deflection that could be measured by a galvanometer prior to each contraction. This confirmed earlier work of du
Bois-Reymond in muscle from a guinea pig and a frog. In , Marey used the capillary electrometer invented by Lipp-
mann and photographically recorded the electrical activity of the frog’s heart []. Engelmann [] as well as Burdon
Sanderson and Page [] were also among the earliest to plot the potential variation of electrical activity of the heart
(> Fig. .). It is fascinating to read that in , Burdon Sanderson and Page stated []: “We owe most to the labors
of Engelmann whose researches on the propagation of the wave of contraction in the ventricles, on the electromotive
properties of the resting heart, and on the electrical charges which immediately follow excitation, leave little more to be
done.”

It is evident that, as is usually the case, a whole series of developments finally led to a “first” – in this case, the first
known recording of the human electrocardiogram (> Fig. .) by Waller in  []. Waller published further observa-
tions in  [] on his dog Jimmie, which is almost as well known as its owner (> Fig. .)! The dog was in fact used in
many of Waller’s studies involving the capillary electrometer (> Fig. .).

Besterman and Creese [] lamented the fact that the contribution of Waller to the development of electrocardiog-
raphy is often ignored. At the time of his publication of the human electrocardiogram, Waller was lecturer in physiology
at St. Mary’s Hospital, Paddington, London. The electrical activity of the exposed heart was already known as discussed
above, but Waller decided to investigate the possibility of recording potentials from the limbs of animals and from man.
Note, however, that the ECG of > Fig. . was obtained from electrodes on the front and back of the chest. According to
Besterman and Creese, the following is attributed to Waller at an informal talk in London in  [].
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⊡ Figure .

The first published human electrocardiogram recorded by Waller in . The ECG is represented by the lowest black/white

interface (e), which represents the movements of mercury in the Lippmann Electrometer. The tracing denoted (h) records

chest-wall movement and essentially is a form of apex cardiogram. The top calibration pulses represent the time (t) in one

second intervals between the onset of each pulse. This ECGwas recorded with one electrode, whichwas strapped to the front

of thechest, connected to themercurycolumn in theelectrometer,while theother electrode, on thebackof thepatient’s chest

was connected to the sulfuric acidwhich formed the interface at the topof themercury column in the electrometer. Note that

this ECG did not exhibit atrial activity. (After Waller []. © Physiological Society, London. Reproduced with permission.)

⊡ Figure .

A photograph of Waller with his dog Jimmie. (After Besterman and Creese []. © British Medical Association, London.

Reproduced with permission.)

� “I studied the hearts of all sorts of animals and one fine day after leading off from the exposed heart of a decapitated cat to

study the cardiogram by aid of a Lippmann electrometer, it occurred to me that it ought to be possible to use the limbs as

electrodes and thus lead off from the heart to the electrometer without exposing the heart, i.e., from the intact and normal
organ. Obviously man was the most convenient animal to use so I dipped my right hand and left foot into a couple of basins

of salt solution, which were connected with the two poles of the electrometer and at once had the pleasure of seeing the
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⊡ Figure .

Waller’s dog, Jimmie, being used to demonstrate the recording of an electrocardiogram to the Royal Society. (Reproduced

from Levick JR, An Introduction to Cardiovascular Physiology, rd Edition, London, Arnold, .)

mercury column pulsate with the pulsation of the heart. This first demonstration was made in St. Mary’s Laboratory in 
and demonstrated there to many physiologists and among others, to my friend Professor Einthoven of Leiden…During the

summer of that year, I made a complete summary of all sorts of leads from the hand and feet and mouth (> Fig. .).”

There is an anecdotal story that a question was also asked in the House of Commons concerning the use of Jimmie
in experiments where the dog’s limbs were immersed in the saline solutions (> Fig. .). The questioner asked whether
such a procedure should not be prohibited under the Cruelty to Animals Act of . The answer given, reputed to be
by the Secretary of State at the time, Mr. Gladstone, suggested that if the Honorable Member who had posed the ques-
tion had ever paddled in the sea, he would have appreciated fully the sensation obtained from this simple pleasurable
experience! [].

Physiological measurement technicians, or cardiac physiologists as they are now known in the UK, would be inter-
ested to know that Waller’s early electrocardiograms were recorded photographically on a plate which was mounted on
a toy railway wagon running on rails (> Fig. .) in order to move the plate across a light beam which cast a shadow
on the moving mercury meniscus of the electrometer []. Indeed, what would now be called the frequency response of
the electrometer was so poor that the recorded deflections did not give an accurate recording of the cardiogram, but
mathematical techniques were later used to correct this shortcoming [].
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⊡ Figure .

A schematic representation of the various electrode combinations used by Waller in his early investigations. Note that, in

addition to the four limb electrodes, the mouth was used as a fifth electrode. This allowed the derivation of  bipolar leads.

(Adapted from Bioelectromagnetism – Principles and Applications of Bioelectric and Biomagnetic Fields, Oxford University

Press, New York,  by J. Malmivuo and R. Plonsey. Reproduced with permission from http://www.bem.fi/book/index.htm.)

⊡ Figure .

The train wagon which was used to transport the photographic plate on which Waller recorded electrocardiograms. (After

Besterman and Creese []. © British Medical Association, London. Reproduced with permission.)

It is of parochial interest that Waller qualified in medicine at Aberdeen, Scotland in  [], but he was not Scottish!
It is also of historical interest to note that in  in Berlin, he demonstrated the recording of an electrocardiogram on a
dog, on a horse linked to equipment inside a building by lengthy recording leads and also on du Bois-Reymond [].

There would appear to be some controversy as to who was the first to introduce the term “electrocardiogram.” Burch
and de Pasquale ([], p. ) state that it was Einthoven who introduced the term. Snellen ([], p. l) states that “the term
electrocardiogram was coined by Einthoven.”
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However, Burchell [] wrote that in  Einthoven said []: “It gives me a special pleasure to bring to remem-
brance here, that the human EKG was first recorded by a London physiologist, Augustus D. Waller, who also introduced
the term ‘electrocardiogram’ into science.” There would therefore seem to be no doubt that Waller first used the term
“electrocardiogram.”

. The Beginnings of Modern Electrocardiogrophy

It is likely thatmost cardiologists, if asked about the origins of the electrocardiogram, would state that theDutch physician
Willem Einthoven developed a string galvanometer and thereafter applied it extensively to record the electrical activity of
the heart. However, as alluded to in> Sect. ., most advances take place by refinement of earlier work, and it is therefore
not surprising to find some controversy over the question of who in fact invented the string galvanometer. According
to Cooper [], the French electrical engineer Ader [] invented a number of items including amplifier systems. He also
developed “a highly sensitive, rapidly moving galvanometer that used a small wire instead of a coil to register electricity”
[]. The device was used to study underwater cables that were being laid at that time for transoceanic telegraphy [].

Cooper [] and Burch and de Pasquale [] indicate that Einthoven, having been dissatisfied with the performance of
the Lippmann electrometer, used a different instrument called the Deprez-d’Arsonval galvanometer. This galvanometer
utilized a light coil of wire suspended between the poles of a permanent magnet, but Einthoven found that an improved
sensitivity could be obtained by replacing the coil by a single fiber (a string). Einthoven then described his new gal-
vanometer, and in that publication [], acknowledged the Ader galvanometer, which also used a fine wire stretched
between poles of a magnet. Cooper [] suggests that Einthoven’s wire was .mm in diameter, approximately one
tenth as thick as that used by Ader. Cooper [] also points out that one of Einthoven’s teachers, Bosscha, had thirty years
earlier in his own thesis suggested that a “single needle hanging from a silk thread” would form an appropriate moving
part of a galvanometer [].

Burchell [] reviewed the controversy. His view was basically that the use of the word “invent” in respect of
Einthoven’s instrument was justified in the sense that Einthoven’s device was an instrument specifically designed for
recording the cardiac electrical activity. As such, it would have been feasible to patent it because it allowed recordings to
be obtained that were not previously possible. He agreed that it was not “a discovery,” and as has been suggested in this
chapter, there can be very few situations in the history of scientific development where a new instrument is truly unique.

Notwithstanding the above, it is evident that Einthoven did not invent a galvanometer de novo.Hismajor achievement
was to design a device that was sensitive enough to record electrical potentials from the surface of the body. He developed
a method of moving a photographic plate falling under gravity at a constant rate, and by directing a beam of light on
the galvanometric string, its movements were recorded on the falling plate []. Einthoven’s first electrocardiograph was
extremely heavy, weighing around  lb, and required five operators. His first results appeared in  [].

Einthoven’s laboratory was approximately one mile from the local hospital and so he had to develop a method for
transmitting the ECG over telephone lines. The methods used and the results obtained are described in a classic paper
published in  []. At that time, leads I, II and III had been introduced and a variety of different electrocardiographic
abnormalities demonstrated.This paper was followed by another classic in  []. Burch and de Pasquale [] state that
“Einthoven’s paper of  may well be the most important single publication dealing with the subject of electrocardio-
graphy for it demonstrated to the medical profession that the electrocardiograph was of practical, as well as theoretic
importance.”

One of the last papers published by Einthoven and colleagues [] included the now classic Einthoven triangle,
whereby the body was represented in electrical terms by an equilateral triangle. From this, the mean QRS axis could
be calculated. In addition, the well-known Einthoven’s law was put forward around that time and is mentioned in the
paper. In this book, the lead systems of electrocardiography are discussed in > Chaps.  and > . Axis calculations are
highlighted in > Chap. .

In his early papers, Einthoven used the terminology of PQRST to describe the deflection of the electrocardiogram
(> Fig. .). It was suggested that the letters were selected to leave room for further discoveries such as the U wave, which
Einthoven later detected using his string galvanometer. However, Cooper’s view [] was that the letters were chosen to
conformwith the terminology ofmathematicians of the day, and Burchell [] also supported this notion quoting Henson



  The Coming of Age of Electrocardiology

P

R

S

S

O X

T

0.1 Sec.

Q

⊡ Figure .

The early notation for the electrocardiogram as proposed by Einthoven. The largest deflection, positive or negative, was

termed the R wave. (After Einthoven []. © Springer, New York. Reproduced with permission.)

⊡ Figure .

An early commercial version of the electrocardiograph manufactured by Cambridge Scientific Instrument Company of

London in . On the left is the camera incorporating the plate falling under gravity, the galvanometer is in the center and

on the right is the light source required for the recording. (After Br. Med. J. ;: . © British Medical Association, London.

Reproduced with permission.)

[] who traced the use of PQRST for mathematical reasons back to Descartes. More recently, Hurst has reviewed the
naming of all the components of the ECG including the delta and epsilon waves []. Gussak et al. [] also reviewed the
J (Osborn) wave.

It is worth noting that Einthoven’s galvanometerwas developed commercially by theCambridge InstrumentCompany
(> Fig. .) in theUK. Earlymodels found their way into the laboratory of other distinguished electrocardiographers such
as Lewis andWilson. In , two years after Waller’s death, Einthoven was awarded the Nobel Prize in Medicine for his
contribution to electrocardiography.

. Analysis of Cardiac Rhythm

It is relevant to diverge briefly in order to consider parallel work on the study of the rhythm of the heart, because much
of the early work in electrocardiography was concerned with this topic. Of course, the study of the rhythm of the heart
goes back centuries before the development of electrocardiography, since the rhythmic pulsation of arteries provided an
externalmeans of assessing the rhythm of the heart – once it was understood that such pulsation was indeed caused by the
beating of the heart. In a historical review of the study of arrhythmias, Scherf and Schott [] stated that approximately
, years ago there was thought to be a connection between the pulse and the heart. These authors also quoted Read
[] who confidently indicated that a more scientific understanding of the pulse seemed to date in ancient China from
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about  bc. In the same historical review, Hubotter [] was referenced as indicating that the occurrence of dropped
pulse beats was related to prognosis. The more frequent the dropped beat, the higher the number of organs considered
to be diseased and therefore the shorter the expected life span.

Not surprisingly, the ancient Greeks and Romans have also been credited with the study of cardiac rhythm.TheGreek
word dikrotosmeaning double beating was apparently used by Herophilus (born  bc) to describe a dicrotic pulse [].
Later, in the second century ad, Claudius Galen, a famous medical scholar of that time, introduced the term eurhythmus
to describe a normal pulse. His original Latin text also used the term arhythmus to describe an abnormal pulse, which
was further subdivided into three different types. His work remained prominent for over fifteen centuries. A few of his
original Latin writings can be found in the review of Scherf and Schott [].

In order to leap forward in time, it is convenient to link “arrhythmias” with one of the early texts on cardiac
rhythm, namely, that by Wenckebach [] entitled “Arhythmia of the Heart” (> Fig. .). The English translation of
this Dutch physician’s treatise was published in . In his book, Wenckebach acknowledged the contributions of
a Scottish physician, Mackenzie, who in  had published his own work on the study of the pulse []. At that
time he was a general practitioner in the north of England and had spent many years accumulating data on patients
with heart disease. What readers may find difficult to imagine is that all of Mackenzie’s recordings were made with a
polygraph, an instrument which allowed two channels of pressure tracings to be recorded. Mackenzie recorded the arte-
rial and jugular pulsations simultaneously with his homemade instrument. His work at the time was largely ignored,
but in  he published a classic paper entitled “Diseases of the Heart” [] and this brought him much worldwide
acclaim.

⊡ Figure .

The frontispiece of the English edition of Wenckebach’s text on the “Arhythmia of the Heart”published in .
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⊡ Figure .

Three illustrations of complete heart block recorded from a -year-oldman: a, atrial contraction; c, carotid pulse. The second

trace represents the radial pulse. (After MacKenzie []. © Pentland, Edinburgh. Reproduced with permission.)

An illustration of Mackenzie’s tracings is provided in > Fig. ..These were first published in Mackenzie’s  book
[] and were reproduced by Wenckebach []. The recordings are from a -year-old man in “fair health” who was
capable of considerable exertion. There was marked variation in heart rate from  per min to  per min. In the illus-
tration, the small “a” waves represent atrial contraction, while the c waves are indicative of the carotid pulse. The larger
waves on the second tracing denote the radial pulse. These recordings illustrate heart block. Wenckebach acknowledged
Mackenzie’s genius as follows.

� “SoMackenzie succeeded in recording the action of all the four chambers inman for the first time, and in establishing beyond
doubt the complete heart block, the continued action of the two auricles, and the simultaneous cessation of both ventricles.

We are under great obligations to this keen and clever observer for showing how this can be accomplished. A clearer proof for

the recurrence of heart-block in persons who were certainly not in the throes of death (Hering) cannot be desired.”

Wenckebach also discussed the “conductivity or power of conduction” which he denoted A. Changes in the rapidity
of conduction were studied by examining the interval between auricular and ventricular contraction denoted As −Vs. In
reporting another irregularity of conduction, Wenckebach stated the following.

� “A great diminution of the conduction power and its consequences can be best demonstrated on a dying frog’s heart at the

intervalAs −Vs .

As the conductiongradually growsworse and worse, this interval gets always longer; the conductionmay become so bad
that the ventricle does not begin to contract until just before the next auricular systole. Anyone that had not followed the way

in which this phenomenon slowly developed would think that the auricular systole followed the ventricular; in other words,

that there was a reversal of the usual order of contraction. But if A continues to grow worse, there finally comes a time when
the stimulus is no longer conducted (or not with sufficient strength?), As − Vs = ∞; in other words, the ventricle does not

contract. During the pause that arises through the missing of this systole, however, Awill have plenty of time to recover again
so far that the next stimulus is again conducted to the ventricle, and it contracts; but after a few systoles have occurred, A is

again so much reduced that another beat is missed. In this way a ventricular contraction may continue to be dropped after

the same number of systoles for a considerable time, thus producing a regular intermission of the ventricle. A very beautiful
example of this missed ventricular systole is given in > Fig. .; the tracing was obtained from a frog’s heart and was taken

from Engelmann’s paper on Conduction of Stimuli [].
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⊡ Figure .

The loweramplitudewaveformrepresentsatrial contraction, and the largerwaveformventricular contraction, ina frog’sheart.

Note that the ventricular contraction is missed after the sixth beat. The tracing was first recorded by Engelmann []. (After

Wenckebach []. © Green, Edinburgh. Reproduced with permission.)

At a later stage of asphyxia, auricular contractions soon drop out in consequence of the defective conduction from the

sinus to the auricle. The contractionsof the heart are therebymade to appear in groups whichmay assume a very complicated
form from further interference with the conduction power and the other functions. In these cases, we speak of the “periodic”

action of the heart and the groups are called after their discoverer “Luciani’s periods”.”

There is a great temptation to follow the extract with an exclamation, because what nowadays is referred to as the
“Wenckebach” phenomenon was acknowledged byWenckebach to have been described by others, Again, therefore, there
is evidence of the interlinking of the work of many in the advancement and understanding of a field of knowledge.

A complete review of the early work on arrhythmias is beyond the scope of this chapter. It is of interest, however,
to mention that a Scot called McWilliam first used the term atrial flutter and in  proposed the concept of ventricu-
lar fibrillation [], a topic that was to interest him, particularly its relationship to sudden death, for  years. In ,
His described the AV bundle [], a finding which he himself said  years later [] was largely ignored at the time.
When electrocardiography became possible, there was of course great interest in the study of cardiac rhythm. Einthoven
produced records of ventricular extrasystoles, ventricular bigeminy and atrial fibrillation [] although it was left to others,
notably Hering [] and Lewis [] to examine the latter in more detail. Today, our understanding of arrhythmic mecha-
nisms has grown immeasurably through the medium of EPS (electrophysiology study) testing via multiple catheters and
perhaps basket electrodes inserted into the heart. The techniques are discussed fully in > Chaps.  and >  while a
variety of arrhythmias is presented in > Chaps. –.

. Clinical Development of Electrocardiography

By themiddle of the first decade of the twentieth century, the Einthoven galvanometer had been developed, the electrocar-
diogram was beginning to be investigatedmore extensively andmuch work on the irregularity of the heart beat had been
undertaken using polygraphic methods, which probably arose from the early work of the French physiologist Marey.The
first commercial version of the Einthoven electrocardiograph was produced in  by the Cambridge Instrument Com-
pany, and other models soon came into use throughout Europe. Interestingly, the first electrocardiograph to be shipped
to the United States was developed by Edelmann, who had originally manufactured Einthoven’s machine, but because
of disagreements over royalty payments, the two had parted company. The Edelmann machine was taken to the USA by
Cohn in  after he had spent some time in London working with Mackenzie and one of his junior staff,Thomas Lewis
[]. In the same year, a Russian physiologist Samojloff wrote a short text in German entitled “Elektrokardiogramme” [].
He had visited Einthoven in Leiden in  and later bought the sixth electrocardiograph to bemanufactured by the Cam-
bridge Scientific Instrument Company []. Samojloff was a good friend of a Professor Lepeschkin, whose son Eugene
remembered spending summerholidays in close proximity to the Samojloff family, as they each had a summerhome near
Kazan in Russia. Lepeschkin [] himself later did much fundamental work on electrocardiography and, indeed, married
the daughter of Frank Wilson whose unipolar leads have briefly been referenced already [] and which will be discussed
in more detail later. It is fascinating to tie together the various friendships established in the field of electrocardiography,
almost as if there had been one large family tree of fellow electrocardiographers! In turn, this leads to some further detail
of the extremely distinguished physician later to become Sir Thomas Lewis, whose first work on the mechanism of the
heart beat [] was dedicated to James Mackenzie andWillem Einthoven – a family tree indeed!
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⊡ Figure .

Photograph of Einthoven (left) and Lewis probably taken in  during Lewis’ last visit to Leiden. (© Museum Boerhaave,

Leiden. Reproduced with permission.)

Lewis was born in Wales in , and one hundred years later a series of editorials was published in the British Heart
Journal to commemorate his birth [–]. Lewis’ career was not entirely devoted to electrocardiography, but a large
portion of his working life from around  to , when he published the third edition of his now famous textbook,
retitled “TheMechanism andGraphic Registration of the Heart Beat” [], was taken up with the subject. Interestingly, in
this edition the former dedication toMackenzie and Einthoven was removed. In the interim, however, Lewis had formed
a strong friendship with Einthoven (> Fig. .) and they exchanged much correspondence in the intervening years,
as was diligently uncovered by Snellen []. Lewis’ book of  represented a major advance for electrocardiography.
It summarized much of the earlier work on cardiac arrhythmias, but this time ECGs were published in support of the
various theories of circus movement, and so on. Electrocardiograms representing hypertrophy with preponderance of
one or other ventricle were presented but unfortunately, the nowwell-publicized ECGs from right and left bundle branch
blockwere wrongly described, that is, what Lewis described as a defect of “the right division of the AVbundle” (>Fig. .)
was in fact a left bundle branch block. Because the recordings were thought to represent activation principally of the left
ventricle, theywere called the human “levocardiogram.” Conversely, as shown in>Fig. ., the human dextrocardiogram
was thought to represent a defect of the left division of the AV bundle. It should be remembered, however, that at that
time Lewis was working only with the three limb leads of Einthoven, and even now it would be difficult, given only the
three leads of > Fig. ., to say whether the curve truly represented a right bundle branch block or one obtained from a
more complex congenital cardiac lesion. Lewis had undertaken much experimental work on dogs in order to prove his
conclusions, but it was not until – that the error was corrected by Frank Wilson and colleagues in the USA [].
In fact, the conclusion that, in left bundle branch block, the principal deflection of the QRS complex would be positive,
that is, upwards in lead I, had already been predicted in  by Fahr [], who had earlier worked with Einthoven.

In the series of editorials [–] mentioned above, repeated reference was made to Lewis’ book as a classic. That so
much of clinical value could have been derived from the available apparatus speaks volumes for the ability and tenacity
of those early workers. It is interesting to read the section of Lewis’ book [] on electrodes that were advocated for
connecting the patient as shown in > Figs. . and > .. “A porous inner vessel is filled with warm water, salt and
well-washed cotton wool, to give a mixture of porridge-like consistence.” In fact, the porous pot was “surrounded by an
outer vessel containing saturated zinc sulphate in which was immersed a sheet of zinc to which the leading off wire was
soldered.”This technique was still in use in the late s. Modern electrode technology is discussed in > Chap. .

Lewis was a prolific writer, producing twelve books and over two hundred scientific papers. He was invited by
Mackenzie to found the journal Heart, which first appeared on st July . It is not therefore surprising to find that
he had strong views on various matters, and Burchell [] pointed out Lewis’ long campaign “to establish clinical sci-
ence as a discipline, separate and definable, from both physiology and medical practice.” Lewis held the view that
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⊡ Figure .

Leads I, II and III (not recorded simultaneously) recorded froma patientwhowas described by Lewis as having a defect “of the

right division of the AV bundle.” (After Lewis []. © Shaw, London. Reproduced with permission.)

“efficient medical practitioners are not scientists” []. He discontinued his research into electrocardiography around
, perhaps feeling there was not much more of interest, even though the area of myocardial infarction had not been
studied.

. The American Connection

As mentioned in > Sect. ., one of the early Edelmann galvanometers found its way to the USA in . Five years later,
Frank Wilson, working at the University of Michigan, obtained a string galvanometer manufactured by the Cambridge
Instrument Company and became deeply involved with electrocardiography, a research field that was to occupy him
for the rest of his academic career. By now the reader should no longer be surprised to learn of one further link in the
family tree of electrocardiographers. According to Burch and de Pasquale [], Wilson was stationed in England during
WorldWar I in a rehabilitation hospital under the command of none other than SirThomas Lewis! Indeed, his first paper
appeared in Heart,which was edited by Lewis in  [].

A glance at the contents list of Lewis’ book [] reveals that only one chapter deals with the morphology of the QRS
complex in relation to hypertrophy, aberrant contractions and displaced heart. This represents a small proportion in a
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⊡ Figure .

Leads I, II and III recorded from a patient who according to Lewis had a defect in the “left division of the bundle.” The time

marks each represent / s. (After Lewis []. © Shaw, London. Reproduced with permission.)

book of  chapters. The significance of the contribution of Wilson can then be seen in the fact that he concentrated his
work on the QRS and T morphologies whereas Lewis, often using bipolar chest leads, concentrated heavily on the study
of cardiac rhythm.

AlthoughWilson’s initial work appears to have been undertaken in England, Kossmann, in his review of unipolar elec-
trocardiography [], indicated thatWilson’s research in the University ofMichigan was based on “a two-string-in-tandem
electrocardiograph built byWillem Einthoven and his son.” Recordings were at half of normal sensitivity ( mV = . cm)
in order that two simultaneous recordings could be accommodated on narrow recording film ( cm wide).

During the s, Wilson and his team undertook a great many studies on correlating the ECG (essentially limb
leads I, II and III) with abnormalities such as ventricular hypertrophy and bundle branch block. Some of their work is
discussed elsewhere in the book. In particular, the concept of ventricular gradient (> Chaps.  and > ) is still used
by many authors today to explain certain phenomena. For example, Abildskov suggests that inequality in the ventricular
gradient in different areas of the myocardium may be responsible for ventricular arrhythmias []. Nevertheless, it is
likely that the major contribution of Wilson will be acknowledged as his “central terminal” with which unipolar chest
leads could be recorded. The matter is dealt with fully in > Chaps.  and >  and will not be reiterated in detail here.
In summary, however, the technique allows the potential variation at a single point on the chest to be recorded with
respect to a relatively constant reference potential obtained by averaging the potentials of the right and left arms and the
left leg.

At this point, it is necessary to consider the confusion that existed around  in terms of the polarity of ECG
waveforms. Waller had used a bipolar chest lead in his initial ECG recording of  []. However, more extensive
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⊡ Figure .

An illustration of an early method of recording the Einthoven limb leads. Further details are in the text (After Lewis [].

© Shaw, London. Reproduced with permission.)
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⊡ Figure .

A diagram showing the connections from the electrodes of > Fig. . to the galvanometer, as in the Cambridge Electrocar-

diograph.
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⊡ Figure .

A chest electrode system used by Lewis in his studies of atrial flutter. The connection points for the Einthoven electrodes are

shown on the diagram (see text for further explanation). Note also that Lewis used these three leads to calculate the axis of

the flutter waves shown in> Fig. .. The direction of the axis is shown at ms intervals. Lewis indicated that “the flutter in

this patient depended upon a circulatingwave.”He regarded this as strong, if not conclusive, evidence “that circusmovement

is the basis of clinical auricular flutter.” (After Lewis []. © Shaw, London. Reproduced with permission.)

use of chest leads was certainly made by Lewis, and > Fig. . shows a lead system which he described for record-
ing three bipolar leads from the chest. The notation – refers to the bipolar leads of Einthoven, but in this case, the
left arm lead is connected to an electrode on the xiphisternum, the right arm lead is connected to the manubrium
and the left leg is connected to the seventh dorsal spine. Recordings obtained from these leads in a patient with “clin-
ical flutter” are shown in > Fig. .. Einthoven had arranged his galvanometer so that when the left arm connection
was relatively positive compared to the right arm connection, an upward deflection was produced by the instrument.
In Lewis’ system, therefore, the potentials obtained with the connections for lead II and lead III indicate that for the
most part the electrode on the spine is relatively positive compared to those on the front of the chest. In fact, in very
general terms, the appearances in leads  and  of > Fig. . would approximately resemble an inverted V used
nowadays.

In ,Wood and colleagues in Pennsylvania recorded a bipolar chest lead on a patient who had a spontaneous attack
of chest pain. The bipolar lead was recorded using the Einthoven lead I connections but the left arm electrode was placed
on the back and the right arm electrode was on the precordium “at the cardiac level, just to the left of the midline.” This
lead configuration was described as lead IV since it was an addition to the three leads of Einthoven. During the attack
of pain, lead IV showed marked ST depression in a lead that had essentially a dominant R wave. (It should be noted
that Einthoven had always called the most prominent deflection, be it positive or negative, the R wave.) This work was
subsequently described by Woolferth and Wood in  [].

In view of the foregoing comments on polarity, what was recorded at that time as ST depression would nowadays be
manifested as significant ST elevation in a lead such as V.

The use of bipolar chest leads proliferated and various combinations were introduced, e.g., the bipolar chest lead
CR had the indifferent electrode on the right arm and the exploring electrode on the chest. Such bipolar chest leads are
discussed further in>Chap. . In , in a letter to Burch [],Wood commented that he still used the CR leads although
the hospital ECG department had changed to unipolar precordial leads.
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TheECGs recordedwith the leadsystemof> Fig. . inapatientwith “clinical flutter.”Notehowappearances in leadsdenoted

 and , which very approximately resemble V and V used nowadays, have the opposite polarity. (After Lewis []. © Shaw,

London. Reproduced with permission.)

What was a unipolar precordial lead? As Kossmann has pointed out [], during all the experimenting with chest
leads, a paper of Wilson and colleagues in  [] largely went unnoticed. By linking the left arm, right arm and left
leg through equal resistors to a central terminal, a relatively stable reference potential was obtained with respect to which
the potential at an exploring electrode could be measured. The circuit (> Fig. .) was also described by Wilson and
colleagues in another classic paper in  []. Because the potential of the central terminal was essentially constant, the
potential difference recorded by the galvanometer reflected the variation at a single point – hence the term “unipolar”
lead. Ultimately, these leads became known as “V leads” so that when the exploring electrode was placed on the left arm,
the lead was called “VL” (> Fig. .). More recently, there has been some discussion [] on the fact that every ECG lead
is bipolar in the sense that the “galvanometer” always measures a potential difference but this author feels that where the
potential at one terminal of the galvanometer is essentially constant, the signal generated reflects the potential variation
at the other terminal – hence “unipolar” is still an adjective with some meaning even though some would say it was
incorrect!

The next stage in the evolution of the unipolar lead was for Wilson’s team to specify six precordial positions for the
exploring electrode []. However, the leads designated V to V covered an area from approximately the fifth rib at the
right sternal border to the sixth rib in the left anterior axillary line. The sixth precordial lead was designated VE, where
the exploring electrode was placed at the tip of the ensiform process.

In order to try to restore some order from the chaos, a joint group of cardiologists representing the Cardiac Society of
Great Britain and Ireland on the one hand and theAmericanHeartAssociation on the other issued a paper recommending
standardization of only one chest electrode position [].This paper is very often quoted in error as the definitive recom-
mendation for placement of precordial electrodes. However, it was a second paper, which was published unilaterally later
in the same year by the American Heart Association, that did in fact define what are now accepted as the six precordial
leads []. A further supplementary report was issued by the same committee in  [].

The story of the American contribution to the development of lead systems (at least for conventional electrocardio-
graphy) is completed with the introduction, in , by Goldberger of what became known as the augmented unipolar
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A diagram of the Wilson central terminal, denoted T. The limb leads are connected through equal resistors to the central

point T. In this case, the circuitry for VL is shown. (After Wilson et al. []. © Mosby, St Louis, Missouri. Reproduced with

permission.)

limb leads []. The modification introduced by Goldberger for recording unipolar limb leads was to remove the Wilson
central terminal connection from the limb on which the exploring electrode was placed. In other words, if the exploring
electrode were placed on the right arm, the Goldberger terminal, that is, the modified Wilson terminal, would consist
only of connections from the left arm and left leg to a central point. It can be shown that the net effect is to augment the
potential recorded by VR by % exactly (> Chap. ). Thus the term “augmented unipolar limb lead” was introduced.
Clearly, there were only three such leads, namely, aVR, aVL and aVF, which could be recorded with this technique.

The development of what is now known as the conventional -lead ECG was therefore complete. There were three
limb leads I, II and III from Einthoven; three augmented unipolar limb leads aVR, aVL, and aVF from Goldberger’s
modification of Wilson’s central terminal; and six precordial leads V–V arising out of the Wilson terminal.The -lead
ECG is today used everywhere that electrocardiography is practised. Appearances in disease are discussed extensively in
> Chaps. –. Cardiac arrhythmias are discussed separately in > Chaps. –.

As mentioned above, Einthoven had described the maximum deflection of the ventricular complex as the R wave
irrespective of whether it was positive or negative []. Lewis, on the other hand, had used Q and S for “downward”
deflections even when there was a dominant S wave such as in lead I in right axis deviation []. This approach prevailed.
The standardization of the precordial leads has also helped to ensure that negative deflections in chest leads resulted in
downward displacement, and so on. Pardee [] suggested that if two upward deflections were present, the first should be
designatedRa and the secondRb, but although the concept of both upward deflections being called Rwaves was accepted,
it was subsequently the case that the first R wave was called R and the second R′.

. Vectorcardiography

The concept of a vector is introduced in > Chap. , but for the less mathematically inclined it can be summarized as a
device for representing an entity such as a force with which would be associated a magnitude and a direction. Almost
from the beginnings of electrocardiography, the concept of a vector force was invoked initially by Waller [] who had
produced an isopotential map (see > Sect. Section .) which suggested that the electromotive force of the heart could
be represented by a single dipole, a physical entity which is discussed in > Chap. . Later, Einthoven and colleagues
in their classic paper of  [] introduced the concept of measuring the mean electrical axis of the heart, which was
represented by a vector (> Fig. .). There are a number of ways of calculating such a mean axis (see > Chap. ) but, in
addition, it should be realized that the concept as illustrated in > Fig. . allows what might be called an instantaneous
axis to be calculated given a knowledge of the potentials in leads I, II and III at the same instant in time. Lewis was also
one of the earliest to exploit this idea and, having recorded leads I, II and III singly from a dog whose right bundle had
been cut, he plotted the deflections shown in > Fig. .. Thereafter, given the concept of the Einthoven triangle it was
feasible to plot a vector for successive instants in the cardiac cycle, and these are also shown in > Fig. .. However,
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An illustration of the resultant cardiac electromotive force represented by a vector pqwhichmakes an angle a with the lead I

axis. The projection of the vector on the different leads is denoted pq, pq and pq. (After Einthoven et al. []. © Springer,

New York. Reproduced with permission.)

although the directions are shown, the magnitude of each vector is apparently constant. Nevertheless, the concept of a
vectorcardiogrambegan to evolve.Thisworkwas published byLewis in hismonograph [] but it had previously appeared
in  []. It is of interest to note the length of papers published at that time,with this one in particular occupying almost
 pages.

Burch has reviewed the history of vectorcardiography [] and he has pointed out that the first publication describing
amethod for manually deriving “a vectorcardiogram” from standard limb leads was written byWilliams and published in
 [].Themethodology is shown in>Fig. .. In this case, however, an amplitude is associatedwith each vector direc-
tion, and if the tips of the vectors had been joined in the correct sequence, an approximate figure-of-eight configuration
would have been seen. In fact, this was done shortly afterwards by Mann [], and the loop thus obtained was called a
monocardiogram (> Fig. .). It should be emphasized that, at that time, all leads were still being recorded singly and
therefore, Lewis, Williams and Mann had to align the three complexes as best as possible. Although Mann subsequently
invented a monocardiograph, which according to Burch was developed in  though not described until  [], the
advent of the cathode ray oscilloscope radically changed the approach to displaying loops.

The advantage of the oscilloscope was that two separate leads could be applied to opposite pairs of plates in order to
deflect the electron beam in proportion to the strength of the signal on each axis (> Fig. .). It should be realized that
any two different ECG leads applied to an oscilloscope will produce a loop independent of any vector theory. However,
in keeping with the concept of a frontal plane loop, > Fig. . shows how lead I could be used to produce a lateral
component and VF a vertical component that might give an approximate indication of frontal plane vector forces.

Apparently, Schellong in Germany [], Wilson’s team in the USA [] and Hollmann and Holmann in Germany
[], independently of each other, developed systems for displaying loops. Of these three groups, Schellong was the first
to publish loops recorded with the cathode ray oscilloscope. According to Burch [], Rijlant also used the cathode ray
oscilloscope in  but for the display of the scalar electrocardiogram []. It can be imagined how the advent of a
new tool was eagerly adopted by many laboratories worldwide with the resultant relatively simultaneous publication of
results.
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⊡ Figure .

Leads I, II and III recorded from a dog in which the right division of the bundle had been destroyed. Lewis, who had recorded

the leads singly, aligned them as best as possible in order to calculate the frontal plane QRS axis at ms intervals. It can be

seen that the vector moves in a counterclockwise direction during the QRS complex. (After Lewis []. © Shaw, London.)
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⊡ Figure .

Calculation of the resultant cardiac vector in the frontal plane using leads I and III. (AfterWilliams []. © American Physiolog-

ical Society, Bethesda, Maryland. Reproduced with permission.)

Although early efforts at constructing loops were in the frontal plane, the use of the oscilloscope allowed other planes
to be viewed with relative ease. The concept of a three-dimensional loop in space gradually grew, and a number of lead
systems were introduced to derive the components of the resultant cardiac vector, as discussed in Chapter II.

. Lead Theory

It would be appropriate at this point to diverge briefly in order to review the development of lead theory and its influence
on vectorcardiographic lead systems before concluding this section of the history. The theoretical aspects are considered
in detail in > Chap. , but it is of relevance at this point to underline the fact that although electrodes may be placed
such that a line joining them is along one of the natural axes of the body, it is not necessarily the case that the potential
difference measured by them is a true reflection of the component of the cardiac electromotive forces in that particular
direction. The whole concept of vectorcardiography was based on deriving a resultant vector given a knowledge of the
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⊡ Figure .

Using a procedure similar to that of > Fig. ., Mann produced the loop which he called a “monocardiogram.” (After Mann

[]. © AmericanMedical Association, Chicago, Illinois. Reproduced with permission.)
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⊡ Figure .

A schematic representation showing how two ECG leads applied to opposite pairs of plates of an oscilloscope would deflect

the electron beam to produce a loop. The electron beam is deflected in a horizontal direction by an amount in proportion to

the amplitude of lead I and is similarly deflected in a vertical direction by VF.

component forces in threemutually perpendicular directions as shown in> Fig. ..The aim of lead designwas therefore
to develop electrode configurations that would faithfully measure components in the desired direction.

If a vector alters its magnitude and direction over a period of time, it is feasible to imagine that its tip traces out a path
in three dimensional space, as shown in > Fig. .. This illustration also indicates how the loop can be “projected” onto
three mutually perpendicular planes to produce  two-dimensional loops. In fact, each of these three loops was originally
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The concept of a resultant vector being derived given a knowledge of its components A,B and C in three mutually per-

pendicular directions X ,Y and Z, respectively. A corrected orthogonal-lead system attempts to derive the components A,B
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The projection of a spatial loop onto three mutually perpendicular planes. The three planar loops are known collectively as

the vectorcardiogram.

derived by the methods shown in > Fig. . and detailed in> Chap. ; nowadays, computer-assistedmethods are used.
Wilson and Johnston [] introduced the term “vectorcardiogram” to describe the three loops of > Fig. ..

A classic series of papers by Burger and van Milaan dealing with lead theory appeared from  to  []. These
authors showed that in electrical terms, the Einthoven triangle was decidedly not of an equilateral nature (see> Fig. .).
Other attempts to study lead characteristics weremadeusing two-dimensional media such that current flow and electrical
field could be assessed [, ]. For example,> Fig. . shows flow lines for lead I obtained from amodel where the body
was represented by a homogenous conducting medium. The same figure also shows the field map of a normal human
subject. Note that the current flow is essentially perpendicular to the lead field. McFee and Johnston, in a classic series of
three papers [], elegantly reviewed the theory of electrocardiographic leads.

Separately, at approximately the same time, Frank made use of a tank model of a human torso in which an artifi-
cial generator was situated in order to study the effects of different leads. An important outcome was the creation of
an image surface [], which effectively delineated an imaginary torso where lines joining two points bore a true theo-
retical relationship to the direction of current flow between the two corresponding points on the actual torso. In other



  The Coming of Age of Electrocardiology

⊡ Figure .

Two-dimensional model studies showing on the left, current flow lines from a lead I configuration and on the right, the corre-

sponding electrical field. (After McFee et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission.)

⊡ Figure .

A photograph of Frank’s laboratory showing a male and female torso model with electrodes attached. The models are

mounted upside down to facilitate accurate positioning of the artificial generator. (After Frank E. Circulation ;: .

© American Heart Association, Dallas, Texas. Reproduced with permission.)

words, if a bipolar lead were formed by two electrodes, the line joining the two points in image space corresponding
to their positions would indicate the direction associated with that lead, that is, the direction in which the compo-
nent of the resultant cardiac e.m.f. would be measured. Frank’s original model with electrodes attached is shown in
> Fig. ..

The net result of Frank’s studies was the development of a “corrected orthogonal-lead system” which purported to
measure the true components of the resultant cardiac vector in three mutually perpendicular directions [].This system
is probably the most popular lead system for vectorcardiography wherever the technique is still practised. However, it is
of interest to note that Burch [] is somewhat critical of the prominence of the Frank system on account of its suscepti-
bility to repeat variation and the difficulty of applying electrodes properly in all patients, particularly obese women and
neonates; he felt that the Equilateral Tetrahedron introduced by Wilson and colleagues [] was the preferred system.
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A tank model with an elliptical horizontal cross section in which an artificial electrical generator is positioned at a and b.

Anonconductingvolume isenclosedwithin thehatchedcircle.Different electrodepositionsaredenoted  to . “Vectorgrams”

recordedwith thenetwork (see text) aredenotedRandessentiallyhave thesameconfigurationwhichevergroupof electrodes

is used to record the loop. On the other hand, the corresponding vectorgrams derived without being input via the network

showmarkedvariation. (AfterRijlant [].©AcademieRoyaldeMedécinedeBelgique, Brussels. Reproducedwithpermission.)

It would seem that if vectorcardiographic systems do continue in existence, it will not be with this system, for which little
data is available.

There have been many other systems of vectorcardiography introduced (see > Chap. ). Rijlant in  proposed
the use of a complex electrode array on the body surface consisting of  uniformly distributed electrodes. The aim was
to link the electrodes together in such a way that they effectively measured potential at an infinite distance from the
source assumed to be in a homogenous conducting medium. Such a network minimizes the local or proximity effects.
> Figure . shows how “vectorgrams” derived from the network using different combinations maintain an almost uni-
form shape, while corresponding loops derived simply from the electrode potentials, not fed via the network, show a
variety of configurations depending on the combination of electrodes chosen []. Schmitt alsomademany contributions
to theoretical and practical studies in electrocardiography; not least, together with Simonson, he introduced the SVEC III
(stereo vector electrocardiography) system []. In the author’s laboratory, despite extensive experience of -lead electro-
cardiography, it was apparent in the mid-s that clinicians were reluctant tomove from the -lead electrocardiogram.
For this reason, a hybrid lead systemwas introduced [] to combine the  and -lead ECGs (see>Chap. ).This system
is no longer used routinely.

Does vectorcardiography have a future?When the hybrid lead systemwas first described in  at a private meeting,
Rautaharju, author of > Chap.  of this book, said that it would be the last orthogonal-lead system to be introduced!
He was subsequently proved wrong [, ], but the substance of his comment is clear. On the other hand, as discussed
in > Chap. , there are other methods for deriving the orthogonal-lead (or X, Y, Z lead) ECG and hence the vectorcar-
diogram from the conventional -lead ECG. Dower, for example, has long been a proponent of polarcardiography (see
> Chap. ), which is an alternative form of displaying the orthogonal leads. However, in order to minimize the need
for recording both XYZ and -lead ECGs, he introduced a method of deriving the -lead ECG from the XYZ leads
[]. Essentially, by making use of Frank’s image surface, a set of transfer coefficients was derived which allows each of
the  leads to be expressed as a linear combination of the XYZ leads. Subsequently, there have been several attempts
(discussed in > Chap. ) to adopt the inverse procedure, where the XYZ leads are derived from a linear combination of
the conventional  leads to give the so-called derived XYZ leads [–]. The vectorcardiographic loops derived do not
compare exactly with the originals but the discrepancies may prove to be of small consequence. The major advantage of
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-lead ECG and vectorcardiographic loop derived from the -lead ECG (using equations in []) in a patient with a history of

myocardial infarction. Note that the -lead ECG does not show definite evidence of infarction according to classical criteria

although RV < RV, yet the clockwise inscription of the loop in the transverse plane is quite abnormal, being consistent with

anteroseptal infarction. The low Rwaves in V might be considered as caused by LVH. The patientwas a -year-oldmalewith

severe disease of the right coronary artery and the left anterior descending coronary artery. The cardiothoracic ratio was ..

the derived XYZ lead system is that vectorcardiographic loops can be obtained without any additional electrodes com-
pared to the -lead ECG requirements, and from these loops, information relating to the phase relationships between
the leads can be derived. An example is shown in > Fig. . where the -lead ECG does not show clear evidence of
myocardial infarction, but where the vectorcardiographic loops with clockwise inscription in the transverse plane are
quite abnormal, being consistent with the history of such a clinical abnormality. Dower also developed his EASI lead sys-
tem [], so called because of his choice of electrode positions taken from Frank’s nomenclature for his own lead system
[].The EASI lead system is presented in>Chap. . With only four electrodes plus a neutral electrode, the  lead ECG
can be derived.

The development of lead systems certainly does not end at this point and the more recent concept of limited lead
systems [e.g., , ]. In this approach, a subset of the chest leads, such as V and V only, is recorded and the other four
chest leads are calculated therefrom. This can be done in different ways and the matter is discussed in > Chap. . The
opposite of reduced lead systems is body surface mapping but before looking at this technique, it would be appropriate
to consider parallel developments in mathematical modeling of the electrical activity of the heart.

It could be said that the first attempt atmodeling the electrical activity of the heart was representedbyWaller’s illustra-
tion of the electrical activity on the surface of the body as being of dipolar configuration [] – see> Fig. .. Einthoven’s
concept of the mean axis continued the same idea [] and much work has been done over the intervening years to prove
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Thedipolardistributionof theelectrical activityof theheart asdescribedbyWaller in . Thesolid isopotential lines indicate

positivepotentials and thedashed lines indicatenegativepotentials. (AfterWaller []. ©BritishMedicalAssociation, London.

Reproduced with permission.)

whether or not the single-dipole hypothesis was an adequate representation of what became known as the “equivalent
cardiac generator.” For example, Geselowitz [] was one of the earliest to discuss the concept of higher-order com-
ponents such as the quadrupole. Others including Selvester et al. [] used a multiple-dipole model of the heart to
calculate the appearances of vectorcardiographic loops (> Fig. .). Although some of this work was first described
in the early s, patient research in the interim has resulted in new concepts for the diagnosis of myocardial infarc-
tion, as explained fully by Selvester in > Chap. . The original analogue model of Selvester and colleagues was shortly
thereafter transformed into a digital computer model in which simulated myocardial infarction could be studied on the
vectorcardiogram [].

On the other hand, by recording body-surface potentials and using an inverse solution, it is also possible to derive
the activities of multiple dipoles as was done for different groups of subjects by Holt and colleagues [] following
on mathematical work undertaken by Lynn and Barnard et al. []. Similar work was undertaken in the author’s
laboratory [] and > Fig. . shows a ten-dipole model from which the average dipole strengths during ventric-
ular depolarization for a group of  normal adult males have been computed. Using the model, the author’s group
suggested in  that right ventricular infarction could be detected from reduced dipole activity in the right ven-
tricular dipole areas []. This paper was greeted with some scepticism when first presented to the British Cardiac
Society.

The topic of the forward and inverse problems of electrocardiography is discussed extensively in >Chaps.  and > ,
while other aspects of modeling cardiac cells are discussed in>Chap. .This area is still one of considerable activity at the
present time and particular emphasis is being put on solutions for calculating the epicardial potential distribution from the
body-surface potentials, as discussed in > Chap. . Rudy and his team now based in St. Louis, have demonstrated a very
high degree of correlation between calculated and measured isopotential maps using sophisticated modeling techniques
allied to a detailed knowledge of anatomy determined frommagnetic resonance imaging or computed tomography [].
The techniquewhich they call ECG imaging, or ECGI, is now being applied to localize the site of cardiac arrhythmias [].
Boyett and colleagues are also developing a complex model of cardiac activation [] as part of their goal of producing a
“virtual heart” with accurate anatomy and electrophysiology.
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A multiple-dipole model of the heart described by Selvester and colleagues in . The dipoles were activated according

to the time sequence shown in the lower part of the diagram and the resultant electrical activity was calculated. From this,

vectorcardiographic loops were derived. (After Selvester el al. []. © American Heart Association, Dallas, Texas. Reproduced

with permission.)

. Electrocardiographic Mapping

Although Waller [] had sketched isopotential maps, it was not really until the s that interest grew in mapping the
thorax. Prior to that there had been isolated reports on mapping; and perhaps the first body-surface map (> Fig. .)
was obtained by Nahum et al. in  []. However, there is no doubt that Taccardi has been the pioneer in this field and
many references to his work can be found in the appropriate > Chap. . He is still active and recently published data on
the three dimensional sequence of repolarisation and associated potential fields in the ventricles [].

There are two facets of body-surface mapping. On the one hand, the technique can be regarded as purely empirical
in that the spread of excitation can be studied and correlated with other clinical findings in order to derive diagnostic
criteria and to obtain a better understanding of the spread of excitation within the heart. On the other hand, recording
of potentials, for example, from over  points on the thorax allows a mathematical estimation of the total information
content on the body surface and from this can be derived subsets of electrodeswhich can be used to obtain all information
of clinical value while retaining the capability of producing the body surface map for visual display. A few brief historical
comments are offered on each of these aspects.

In , Barr, who has co-authored > Chap.  of this book, suggested together with colleagues that  electrodes was
an adequate number for recovering the total information on the thorax []. Later, Korneich [] suggested that nine
leads were required to obtain the clinically important information some of which was missing when only the XYZ leads
were recorded ([], see>Chap. ).This result had been obtained aftermapping the thorax with a -electrode system.
A few years later, after extensive mapping of subjects using  electrodes, Lux, who has written > Chap.  of this book,
and his colleagues suggested that the order of  electrodes was adequate for deriving the total surface information [].
This allowed the group to design “a limited-lead” system of  electrodes which they now use routinely. It is thus evident
that body-surface mapping techniques have led to the development of newer lead systems.
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In (a), a ten-dipole model of the electrical activity of the heart is shown; (b) shows the average dipole strengths during ven-

tricular depolarization recorded froma group of  normal adult males. The standard deviation about themean values is also

shown.

In addition, however,mapping has contributed other findings. In , Taccardi andMarchetti [] published a hand-
drawn isopotential map that showed clearly the nondipolarity of the surface potential distribution at a selected instant
during the QRS complex (> Fig. .). They indicated that this multipolar situation lasted for –ms. These findings
had been presented at a meeting on the electrophysiology of the heart, which had been chaired by Rijlant in Milan in
October . Finally, in connection with mapping, it would be topical to point out that isopotential mapping is claimed
to be superior to the  lead ECG in the diagnosis of acute myocardial infarction [].

Various applications of surface mapping are discussed elsewhere in this book.The contribution of body-surface map-
ping to the field of electrocardiology is ongoing but despite the commercial availability of mapping systems producing
attractively colored isopotentialmaps, it is still true to say, over  years after this chapter was first written, that the claimed



  The Coming of Age of Electrocardiology

–5

–6

–4
–3

–2
–1 l

2
4
6
8
12

27

14

12
8

15
18

20

2422

–7

–10
–12
–20

–4–3

–2

–1

1 2 4 6

⊡ Figure .

An isopotential map at the instant of time defined by the peak of the R wave in lead I in an -year-old male patient. The

mapwas plotted by recording a unipolar lead at various points on the precordium simultaneously with lead I whichwas used

as a time reference. This map was published in . (After Nahum et al. []. © American Physiological Society, Bethesda,

Maryland. Reproduced with permission.)

advantages of mapping per se, as distinct from inverse modeling, have not been readily accepted by the cardiological
community at large.

. Activation of the Heart

Studies on the activation of the heart at microscopic and macroscopic level have been in progress from before the start
of the twentieth century. The effects of injury had been known at the time of du Bois-Reymond and an article from
Burdon Sanderson [] published in , but possibly displaying data obtained in  according to Burch [], showed
a monophasic action potential recorded from an area of injured myocardium (> Fig. .). The first monophasic action
potential to be recorded from within a myocardial cell of an intact mammalian heart was reported in  byWoodbury
and colleagues []. Since then, there has been a dramatic growth in knowledge of the generation of the action potential
of individual cells, and in > Chap. , the current understanding is explained. Of interest in recent times has been the
discovery of M cells by Antzelevitch and co-workers [] in an isolated dog heart preparation. These cells have a longer
action potential than endocardial or epicardial cells (> Fig. .). An excellent reviewof theM cell can be found elsewhere
[]. There is currently some controversy as to the role of M cells, which were at one point said to be responsible for the
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A body-surface map drawn at the instant indicated by the vertical line during ventricular activation. Note the multiple

minima in the upper right side of the chest indicating a nondipolar potential distribution. (After Taccardi andMarchetti [].

© Pergamon, Oxford. Reproduced with permission.)
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⊡ Figure .

Tracing  showsabiphasic actionpotential recorded froman intact heart, while tracing  shows amonophasic actionpotential

recorded from an electrode placed on an area of injured myocardium at the apex of the heart. (After Burdon Sanderson [].

© Pentland, Edinburgh. Reproduced with permission.)

U wave, a theory which is now discounted. The M cell characteristics are well documented in isolated cells but their
characteristics may differ in the intact heart. Rudy has pointed out that there is a difference of ms between the action
potential durations of simulatedM cells and epicardial cells in isolation but that the difference reduces to ms when the
cells are well coupled [].

In > Chap. , the cellular basis of cardiac arrhythmias is discussed. With the rapid increase of therapeutic prepa-
rations for the control of cardiac arrhythmias, there has also been a widespread investigation into the effects of such
antiarrhythmic drugs on the action potentials of myocardial cells. An early review of the understanding of action poten-
tials, as well as the role of sodium and calcium ions in the genesis of action potentials, can be found in a symposium on
the electrophysiology of the heart []. Many well-known European authors contributed to this original work including
Grundfest, Girardier, Trautwein, Hecht, Hutter, Corabouf andWiedmann.This field has also seen an explosion in knowl-
edge in recent years and particularly in the understanding of different ion channels and their role in the generation of
cardiac action potentials (see for example []). Full details can be found in > Chap. .
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⊡ Figure .

An illustrationof thedifferent actionpotential durationsofmyocytes isolated fromtheepicardial (Epi), endocardial (Endo)and

M regions of the canine left ventricle. Adaptedwith permission from Antzelevitch C, Zigmunt AC, Dumaine R. Electrophysiol-

ogy and Pharmacology of Ventricular Repolarization. In Gussak I, Antzelevitch C (eds). Cardiac Repolarization. Humana Press.
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⊡ Figure .

Lewis’conception of the spread of excitation in the humanheart derived froma study of the humanelectrocardiogramaswell

as a knowledgeof canineexcitationand its relationship to the canineECG. (After Lewis []. © Shaw, London. Reproducedwith

permission.)

At the macroscopic level, data on the spread of excitation has continued to accumulate through the years. Lewis in
his monograph included a number of illustrations of the spread of excitation in the human and dog hearts, the latter in
various experimental situations. > Fig. . shows Lewis’ attempt to describe the spread of excitation in the human heart
“with somepretence to accuracy.” In fact, Lewis had carefully studied excitation in the dog heart, and by comparing human
ECGswith those of the dog, which in turn were correlatedwith canine activation, he derived the data of> Fig. .. Other
notable early contributors to the study of myocardial excitation were Scher and Young [, ] as well as the group of
Durrer [] in Amsterdam. The latter group was able to study myocardial activation in the human heart using needle
electrodes, and their  paper is an all time classic. One of the authors of that work, namely Janse, has written>Chap. 
outlining current understanding on the activation of the heart. Important early work in this area was also contributed by
Boineau [] and the group of Spach [].

Although myocardial activation has been well documented, myocardial recovery is still an area requiring further
study, although Abildskov and Burgess have spent much time researching this field [], particularly in the dog heart.
Work still continues in the Salt Lake City lab and Taccardi et al. recently published newer data on repolarization in the
dog ventricles []. Interesting data on recovery in the human heart was reported by Cowan [] who studied nineteen
patients, fourteen of whom with upright T waves were undergoing coronary artery bypass grafting while the remaining
five were having surgery for aortic valve replacement, including fourwith T-wave inversion.He found that in patients with
upright T waves there was an inverse relation between the time of activation and the duration of the monophasic action
potential, which he also recorded. As a result, activation and repolarization proceeded in opposite directions. The mean
sequence of activation was from the septum to the free wall and from the apex to base, whereas during repolarization
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the sequence was from base to apex and from the free wall towards the septum. However, in the patients with T-wave
inversion, the repolarization sequence resembled that of activation. Thus, it can be seen that there is still much to be
explored in the field of cardiac electrophysiology, both at the microscopic and macroscopic levels.

. Arrhythmias, Conduction Defects and Sudden Death

The history of the early work in arrhythmias has been described in > Sect. ., when it was made clear that much infor-
mation on the pulse obtained from the polygraph was used to infer the nature of the “arrhythmia.” How different matters
are today, when an average of four intracardiac catheters with multiple electrodes or even basket catheters may be used
to determine the precise nature of an arrhythmia, as described in > Chaps.  and > . Although Krikler [] sug-
gested that the first clinical intracardiac recording of the electrical activity of the bundle of His was made in Dundee
[], he also acknowledged earlier intracardiac recordings made in France by Lenegre and Maurice [] during World
War II. However, other earlier recordings of the His-bundle activity had also been made in the dog by Alanis et al. []
and by Giraud et al. [] in man. > Figure . shows one of the earliest () recordings from the dog. However, it

V
A

H

200 ms

1
2

⊡ Figure .

A recording made in  of His-bundle activity (H) in a dog. The lower diagram shows the position of the stimulating and

recordingelectrodes. The lower ECG tracing shows the recording from theexploringelectrode while theupper tracing shows

the bipolar lead , when the electrodes were placed .mmabove and below the exploring electrode. (After Alanis et al. [].

© Physiological Society, London. Reproduced with permission.)
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was the work of Scherlag and colleagues [] that established a standard technique for recording His-bundle activity
using an endocardial catheter. About the same time, however, other groups, notably that of Durrer [] in Amster-
dam, had used intracardiac leads for initiating and terminating supraventricular tachycardia and a whole new branch of
electrocardiology was opened. The precise mechanisms for arrhythmias could be determined in individual patients and
appropriate therapies selected for treatment. > Chaps. – discuss standard surface electrocardiography for the diag-
nosis of arrhythmias, and wherever necessary, intracardiac electrocardiography for a more detailed analysis of specific
arrhythmias. Additional historical details can be found in > Chap. .

There has been an explosion in clinical electrophysiology in recent years with many cardiologists specialising in this
area. With major advances in the use of ablation for treatment of arrhythmias and for disabling accessory pathways,
> Chap.  is devoted to techniques for intracardiac mapping.

At about the same time as a standard technique for His-bundle recording was introduced, Rosenbaum and colleagues
in Argentina introduced their concept of a conduction defect in either of the twomain fascicles of the left bundle branch-
namely, the anterior and posterior fascicles [].The concept of divisional blockwas not totally new [], but Rosenbaum
et al., on the basis of experimental and clinical data, established the various electrocardiographic patterns for what they
called left anterior hemiblock and left posterior hemiblock. In view of the trifascicular nature of the left-sided conducting
system (see > Chap. ), some authors have preferred to use the term “fascicular block” rather than “hemiblock.” In
, when writing on the occasion of the th anniversary of the birth of Lewis [], Rosenbaum explained that he
used Lewis’ illustration of the conduction system of a walrus heart (> Fig. .) because it clearly demonstrated what
Rosenbaum called the “bifascicular character” of the left bundle branch. This is somewhat contradictory to what was
stated immediately above in this section and to what is apparent in > Chap. . Nevertheless, the point of interest was the
reference back to what Rosenbaum called “the gospel.” He also went on to recount presenting his ideas in the presence of
the late Louis N. Katz who said: “What you have just presented is beautiful; the only problem is that it is not true.” Two
years later when they met again in San Francisco, Katz told Rosenbaum: “You were right; I was persuaded by having a
look at Fig. . in the Lewis book”! The legend to Fig. . of Lewis’ book, reproduced as the legend to Fig. ., mentions
that the further arborization of the two main branches consists of “free strands which cross the cavity.” Is this an early
demonstration of false tendons that have been suggested as the cause of the wide variation in frontal-plane QRS axis in
healthy individuals []. Conduction defects are discussed in > Chap. .

If a good example is required of the earlier reference to the comment of Fisch [] scorning comments to the effect that
further developments in electrocardiography are no longer possible, then the recent “discovery” of the Brugada syndrome
[] linking a right bundle branch block type ECGwith sudden death is a perfect case in point (> Fig. .).This finding
has unleashed a major effort to establish genetic links with the ECG appearances and has already been the topic of two
consensus reports [, ]. By the same token, the long QT syndrome for many years associatedwith suddendeath (and
deafness in some cases) has been the subject of much investigation in relation to various genetic abnormalities in certain
chromosomes, while over  types of long QT have now been described. Much further detail can be found in > Chap. .
Conversely, the short QT syndrome, first described in  by Gussak et al. [] is similarly leading to much research
in the way of genotyping. Ott and Marcus recently reviewed the various ECG markers linked with sudden death [].

. Technical Advances

It must be self-evident that the technical advances throughout the twentieth century almost defy description. With them
has come a whole host of new investigative techniques of diagnostic and therapeutic value, only a few of which have been
discussed here. No history of electrocardiology would be complete without a brief comment on these newer techniques.
Because they are relatively recent in inception, the relevanthistorical details can generally be found in the various chapters
in this book that describe their evolution.

Perhaps one of the most widely appreciated developments of the century has been the microelectronic revolution
leading to miniaturized computers with a high processing capacity. Electrocardiography has been one field that has not
been left behind by such developments. In the late s, the use of computers for ECG interpretation was first evaluated
by Pipberger and colleagues [] using the orthogonal-lead ECG and by Caceres [] and his team using the  lead
ECG. At that time, large central computers were used for the analysis and at most, leads were recorded in groups of three
simultaneously in analog form. In , the author was introduced to electrocardiography by Professor T.D. Veitch Lawrie
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⊡ Figure .

A specimen in the Royal College of Surgeons Museum, photographed with the kind permission of Professor Keith. The heart

of awalrus dissected from the left side. The greater portions ofwall of the left ventricle and left auricle (A) have been removed

and the aorta has been divided vertically at its base (J) and the left half taken away. The interventricular septum and the cusps

of the aortic valve are exposed. The right anterior cusp of the valve is fully exposed and themouth of the right coronary artery

is seen. Directly beneath the posterior end of this cusp (to the right in the figure), the left division of the auriculoventricular

bundle enters the ventricle and immediately splits into two chief branches; these branches lie upon two horizontal bristles,

over which there has been a very small amount of dissection. The further course of these branches is perfectly clear, the

arborization consisting of free strands which cross the cavity; several large branches enter the papillary muscles, the bases of

which are seen (P). Two long bristles are placed behind finer branches of the course network. I lies on the inferior cava; G on

the pulmonary artery. Note the large collections of nerve tissue at the base of the heart; bristles are placed behind the thick

strands at G, H and C. (After Lewis []. © Shaw, London. Reproduced with permission.)

who, with great foresight, anticipated the role of the computer in this field. By the early s, certainly in the Glasgow
Royal Infirmary laboratory, the technique had advanced to the stage whereby a small recording unit could be taken to the
bedside tomake an analog ECG recording which could subsequently be replayed to a laboratory PDP minicomputer for
interpretation ([], > Fig. .). Nowadays, all  leads can be recorded effectively simultaneously in digital form using
a microprocessor-based electrocardiograph that can produce an interpretation within seconds of the recording being
completed (> Fig. .). Full details of computer analysis of ECGs can be found in > Chap. .

Computer techniques have also helped to enhance exercise testing as discussed in>Chap. . In particular, the ability
of the microprocessor to undertake averaging of the QRST complex in real time represents a significant step forward
in improving the quality of data presentation. A word of caution has to be added. Because an average beat represents
a collection of beats recorded over a period of time, the trade-off in improved quality possibly has to be set against a
small hysteresis in the average beat responding to change in ST-T configuration in particular. Nevertheless, it is now
commonplace to use exercise ECG criteria that involve measurement of the ST-T segment –ms after the end of QRS
and this has been greatly facilitated by computer measurement techniques.

Advanced signal processing techniques have also led to a greater interest in the concept of microvolt T wave alter-
nans where small beat to beat variations in T wave amplitude can be measured. David Rosenbaum et al. [] first used
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STUDY ECG REPORT
Medical cardiology,Glasgow, UK.
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⊡ Figure .

An example of the Brugada pattern with the “shark’s fin’appearances seen clearly in V and V in the recording made in 

in a  year oldmale. It is important to note that earlier recordings as far back as  do not show such obvious changes.
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⊡ Figure .

A PDPE minicomputer connected to an analog tape recorder (right-hand side) for analysis of three orthogonal-lead ECGs.

This  illustration, taken in Glasgow Royal Infirmary, shows probably the first hospital departmental minicomputer system

for routine ECG analysis.

cardiac pacing to increase heart rate and induce microvolt T wave alternans, which they demonstrated to be linked to life
threatening ventricular arrhythmias.They paced the heart at around  beats per minute prior tomaking recordings but
nowadays, patients may be exercised on a bicycle to achieve a similar heart rate at which point the ECG can be analysed
for the presence of T wave alternans. However, Klingenheben recently concluded that the predictive efficacy of the test
was highly dependent on the population studied [].

One of the most significant developments in terms of noninvasive electrocardiographic techniques in the second half
of the twentieth century has been the rapid advance of Holter electrocardiography. The technique was named after its
inventor, Norman J. Holter, who died in . A brief biographical note was published by Roberts and Silver that year
[]. Holter was a scientist with degrees in physics and chemistry. His early interests were related to radiotelemetry
used to stimulate the brain of a rat, essentially by remote control, into which a small radio receiver had been implanted.
After World War II, Holter established his own research foundation for “trying to broadcast by radio the more obvious
electrophysiological phenomena occurring in humans so that they could be free to do something besides lie quietly on
a couch.” After working with electroencephalograms (EEGs), his team turned their attention to the ECG. According to
Roberts and Silver [], “the first broadcast of an ECG required  b of equipment, which Holter wore on his back and
an accurate electrocardiogram during exercise was recorded.” Maclnnis [] visited Holter in his laboratory in Helena
in Montana and was the first to report on the use of the radiotelemetry technique for monitoring the cardiac patient.
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⊡ Figure .

Amicroprocessor-based portable electrocardiograph (Burdick Atria ) with integral interpretative facilities.

⊡ Figure .

The original electrocardiocorder developed by Holter together with the AVSEP analysis unit (see text for further discussion).

(After Holter []. © American Association for the Advancement of Science. Washington, DC. Reproduced with permission.)

The receiving equipment was situated in Holter’s office and the patient was free to walk about in the street outside the
building.

The miniaturization of equipment continued and the radio receiver became small enough to place in a briefcase
into which a tape-recording device was also incorporated. However, this was still somewhat inconvenient and further
development resulted in what Holter termed [] the electrocardiocorder (> Fig. .). This was the forerunner of what
is nowadays generally called a Holter recorder. The reel-to-reel tape recorder was small enough to be carried in a man’s
coat pocket or, as suggested by Holter, in a woman’s “strap-type handbag.” The first recorder was able to operate for ten
hours.

Not only did Holter produce the recorder, he developed an analyzer where initially all beats were superimposed on a
cathode ray screen in whatwas called the AVSEP (audio visual superimposed electrocardiogram presentation) technique.
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⊡ Figure .

The top waveform shows the superimposition of PQRST cycles in sinus rhythm using the AVSEP technique. The lower tracing

shows the same approach in a patient with ventricular bigeminy where two different waveforms can be seen. (After Holter

[]. © American Association for the Advancement of Science, Washington, DC. Reproduced with permission.)

> Figure . shows the original presentation of Holter. His early paper also introduced the arrhythmiagram, which was
essentially a presentation of R-R intervals as shown in > Fig. .. It is also of great interest to note that in his  paper,
Holter also presented examples of marked ST depression which he said was evidence of “an attack of angina pectoris in an
individual doing forbidden heavywork” (> Fig. .). Even allowing for possible shortcomings in the frequency response
of the recording system, the ST-T abnormalities do look extremely convincing. Thus from the outset, Holter conceived
of his equipment as being of use both for arrhythmia analysis and for the detection of ischemic ST-T changes. This must
surely be the first documented Holter ECG evidence of ischemic change.

In their biographical note, Roberts and Silver laid stress on Holter’s own belief in serendipity as well as non-goal
directed research, that is, the two together could be summarized as discovery by chance. That would seem to be a far cry
from today’s grant-oriented research teams striving for survival!

The technique of Holter monitoring has opened up a new diagnostic field, while it can also be used to assess the
effect of drugs in suppressing arrhythmias. In addition, with modern technology, which mostly involves direct digital
recording, accurate ST segment analysis has become possible and this is now of increasing importance in the detection
of so-called silent myocardial ischemia and in the evaluation of antianginal drug therapy. Newer concepts such as heart
rate turbulence have also evolved from long term ECG recording []. Current techniques are discussed in detail in
> Chap. .
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Arrhythmiagram

Electrocardiogram

⊡ Figure .

Holter’s arrhythmiagram,which is essentially a presentationof R-R intervals.When supraventricular extrasystoles are present,

as in this case, the long compensatory pause stands out as the tall spike in the arrhythmiagram. (After Holter []. © American

Association for the Advancement of Science, Washington, DC. Reproduced with permission.)
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⊡ Figure .

A series of AVSEP patterns showingmarkedST-T abnormalities. These were recordedwithHolter’s electrocardiocorder in .

(After Holter []. © American Association for the Advancement of Science, Washington DC. Reproduced with permission.)

Heart rate variability (HRV) is a technique that has been under investigation for many years though it has not quite
broken through into the area of routine clinical application. In part, this may be due to the variety of measures used to
quantify HRV. Recently, Sosnowski et al. [] introduced the heart rate variability fraction which is a much more easily
remembered index (cf ejection fraction). This could be one route to greater acceptability (and understanding) of HRV.
Further details are to be found in > Chap. .

The use of microprocessor technology has also led to considerable interest in the study of the high-frequency compo-
nents of the ECG. In particular, much effort has been spent in assessing the prognostic value of so-called late potentials
(see>Chap. ) where low-amplitude high-frequency waves persist at the end of the QRS complex into the early ST seg-
ment.These have been associatedwith ventricular tachycardia in different groups of susceptible patients. Bedside devices
now exist for deriving a plot of the high-frequency averaged ECG with a printout of relevant measurements of area and
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so on during the last ms of the QRS complex, for example. The high-frequency content of the electrocardiographic
signal per se is now enjoying a resurgence of interest almost  years after it was first suggested as being of significance in
ischemic heart disease []. These aspects are also mentioned in > Chap. , where it is concluded that high frequency
electrocardiography will be an area of more intensive research in the coming years.

The first artificial cardiac pacemaker was implanted in Stockholm in  []. The device was a simple fixed-rate
ventricular pacemaker and from this evolved another aspect of electrocardiology. This was followed by rate-responsive
pacemakers (possibly dual chamber) that attempt to detect increased activity on the part of the patient and respond
by increasing the rate of stimulation in the most appropriate way for the particular condition of the patient. In turn,
this has opened up a new area of pacemaker electrocardiography, which is discussed in > Chap. . Instead of simply
trying, as in the early days, to decide whether a fixed-rate pacemaker was functioning satisfactorily or not, the problem of
assessing whether the modern pacemaker is functioning properly according to its true design performance is a complex
task requiring considerable skill on the part of the cardiologist. Many implanted pacemakers now incorporate a so-called
“Holter” function, by which is meant a memory facility for recording pacemaker activity.

Cardiac resynchronization therapy involving the use of a catheter electrode to pace the left ventricle via the coronary
sinus is a recently introduced technique []. This presents challenges to electrocardiographers and automated ECG
analysis systems in detecting three pacemaker stimuli, though this is only possible if the so called VV interval (between
right and left ventricular stimuli) has a measurable duration of a few milliseconds. Initial work in the author’s lab is
promising.

The use of animals in medical research must not be forgotten. To this end, an extensive review of the dog electrocar-
diogram is presented in > Chap. . Interpretation of the canine ECG is an art in itself, requiring a good understanding
of the normal appearances in the different breeds. An accompanying > Chap.  on comparative electrocardiography
provides an exceptionally detailed compendium of appearances in various species of mammals, from certain types of
whale to the elephant.

For centuries, the relationship between the electric andmagnetic fields has been known.However, it was not until 
that the magnetic field of the heart was first detected by Baule and McFee []. At that time, as explained in > Chap. ,
signal averaging had to be used to detect the weak signal from the cardiac magnetic field. In general in the early days,
shielded rooms had to be usedwith equipmentwhichwas rather large and immobile. Although the situation has improved
in recent years with a reduction in the size of equipment, the technique of magnetocardiography is, as far as is known, still
limited to a few research centers in Germany, Italy, Scandinavia and North America.The electric and magnetic vectors of
the heart, as of any source, are perpendicular to each other, and as such there has to be a close relationship between the
magnetocardiogram and the electrocardiogram. On the other hand, the injury potentials that produce TP depression on
the ECG, which is often detected as ST elevation, can be differentiated in the magnetocardiogram.The technique has its
proponents, but it still remains to be seen whether any advantages which can be demonstrated outweigh the benefit of
the simpler recording equipment required for the electrocardiogram.

The advances in technology have allowed computer databases to contribute to epidemiological investigations as dis-
cussed in > Chap.  and, to a certain extent, in > Chap. . Although there have been many large-scale studies with
electrocardiograms interpreted by conventional means and even coded by hand, it is now the case that computer process-
ing relieves cardiologists and technicians of this chore, though there is a requirement to check the individual results to
ensure that technical problems have not interferedwith coding.Much can still be gained by diligent, painstaking,method-
ical collection of ECGs and follow-up of patients over a period of years. Perhaps one of the best known epidemiological
studies is that of the population in Framingham in Massachusetts, and many interesting ECG findings have emerged
[, ]. It was shown that nonspecific ST-T wave changes carried a significantly increased risk of coronary morbidity
and mortality and the combination of both seemed most “hazardous.” It was concluded that individuals who develop
nonspecific ST-T changes without explanation require vigorous preventive management against coronary heart disease.
Furthermore, in a separate paper, the same group showed that while ECGdata did not contribute to a predictive model for
sudden unexpected death, they did improve substantially the predictive model for sudden death in persons with known
coronary heart disease. While computer techniques were not used for ECG analysis in these studies, the message is that
the use of the ECG in epidemiological studies is invaluable.

Very recently, there has been a rapidly growing interest in utilising ECGmeasures in genomewide association studies.
For example, the long QT interval has been associated with the NOSAP gene []. It can be expected that there will be
a growing number of publications in this area in the near future.
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. Conclusion

This chapter has presented a necessarily brief review of the history of electrocardiology, and much has had to be omitted.
Additional information can be found in many other chapters in the book but it is hoped that if nothing else, the foregoing
continues to justify the use of the term “Electrocardiology” rather than “Electrocardiography.” Of course, the history of
the latter is greater and has received more attention, since most readers will be relatively familiar with the newer aspects
of electrocardiology. Perhaps advances over the next few years will be as dramatic as those in the past so that today’s
techniques will seem so old by comparison that they will merit inclusion in any future historical review.
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. Introduction

The goal of this chapter is to project an organized presentation of a central core of mathematics and physics that is related
to the topics that are discussed elsewhere in this book. Some of the more specialized (and sophisticated) mathematics
and physics are not included but, rather, will be found in the particular associated electrocardiographic topic to which
they are applied.The reader should also be aware that the choice of material for this chapter is limited to that required for
this text; if greater breadth is desired for another purpose, the corresponding reference at the end of this chapter could
be consulted.

. Vector Analysis

Mathematical development and application of a variety of electrocardiographic topics presented in this book are greatly
facilitated by the use of vector concepts and vector calculus. Some readers may have knowledge of this material, but need
a review; a few may have had no formal study of vector analysis, but require that knowledge presently. Presented here
are the concepts of gradient, divergence and Laplacian, which play an important role in describing both the heart as a
generator of currents and the torso as a site for the flow of these volume-conductor currents.

.. Scalars and Vectors

All biophysical problems can be described by the behavior of one or more associated variables. For physical quantities,
the variables will be either scalars or vectors. If the variable is defined by a simple (single) value (electric potential, con-
ductivity, temperature, etc., it is designated a scalar. If both magnitude and direction are needed (current density, electric
field, force, etc.), then the quantity is described as a vector.

In a given preparation, a scalar propertymight vary as a function of position (the conductivity as a function of position
in a body) and this is referred to as a scalar field. A vector (blood flow at different points in a major artery) is, similarly,
described as a vector field. A scalar is designated by unmodified letters, while vectors in D space are denoted with an
arrow over the letter. For example, t is used for temperature, J⃗ for current density, while J⃗(x, y, z) denotes a vector field
where at each point (x, y, z) a particular vector J⃗ exists. The magnitude of a vector J⃗ is written as ∣⃗J∣, or J.
.. Vector Addition

The sum (or difference) of two vectors is more complicated than scalar addition (or subtraction) because direction as well
as magnitude is involved. If vector A⃗ is represented by a displacement from  to  as illustrated in > Fig. . and vector B⃗
is represented by a further displacement from  to , then their sum C⃗ is clearly the displacement from  to  as shown.
Vector C⃗ may also be obtained by constructing a parallelogram with A⃗ and B⃗ as sides, in which case C⃗ is the diagonal
from the common origin for A⃗ and B⃗. This law of vector summation is often referred to as the parallelogram law. It can
easily be verified geometrically either from > Fig. . or from the parallelogram construction, that the order of addition
of A⃗ and B⃗ is immaterial. Vector addition is said to be commutative, i.e.

C⃗ = A⃗ + B⃗ = B⃗ + A⃗ (.)

The negative of a vector is defined to be a vector of opposite direction but with equal magnitude. The subtraction of
vector B⃗ from A⃗ can then be expressed as the sum of A⃗ and (−B⃗). In > Fig. ., it can be confirmed geometrically that
B⃗ + (−C⃗) = −A⃗, which rearranges to Eqn. (.).
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⊡ Figure .

Illustration of vector addition.

.. Unit Vectors

The result of multiplying a vector A⃗ by a scalar m is a new vector with the same orientation but a magnitude m times
great. If this is designated by B⃗, then

B⃗ = mA⃗ (.)∣B⃗∣ = ∣mA⃗∣ or B = mA (.)

A unit vector is one which has a magnitude equal to unity. It is sometimes convenient to describe a vector A⃗ by the
product of its magnitude A = ∣A⃗∣ and a unit vector e⃗A which specifies its direction. Thus, A⃗ = A e⃗A. Correspondingly,
throughout this chapter (⃗ex, e⃗y, e⃗z) denote (dimensionless) unit vectors along the principal coordinate axes x, y, z of a
Cartesian coordinate system. If Ax , Ay and Az are the projections of vector A⃗ on the x, y and z axes, respectively, then

A⃗ = Axe⃗x +Aye⃗y +Aze⃗z (.)

as illustrated in > Fig. .. The magnitude of A⃗ is related to its rectangular components by

A = (A
x +A

y +A
z)/ (.)

as is clear from > Fig. .. Equal vectors have the same magnitude and direction and, consequently, equal respective
components. For example, (.) can be written as

e⃗x(Ax + Bx) + e⃗y(Ay + By) + e⃗z(Az + Bz) = e⃗xCx + e⃗yCy + e⃗zCz (.)

so that
Ax + Bx = Cx ; Ay + By = Cy ; Az + Bz = Cz (.)

.. Scalar Product of Two Vectors

The scalar product of two vectors is defined as the scalar representing the product of their magnitudes times the cosine
of the angle between them (drawn from a common origin).

From > Fig. ., it can be seen that the scalar product of A⃗ and B⃗ is the product of the magnitude of one of them (say
B) times the projection of the other on the first (i.e., A cos θ). For any two vectors that are normal (at right angles) to
each other, this means that their scalar product is equal to zero.

The scalar product is denoted as A⃗ ● B⃗ = AB cos θ and correspondingly (usually) referred to as the dot product.
It is clear from the definition that

A⃗ ● B⃗ = B⃗ ● A⃗ (.)
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Resolution of a vector into its Cartesian components.
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Scalar product of two vectors.

so that the commutative law of multiplication applies to this type of product. It can also be verified from graphical analysis
that (A⃗ + B⃗) ● D⃗ = A⃗ ● D⃗ + B⃗ ● D⃗ (.)

that is, the distributive law of multiplication applies to the dot product of two vectors.
Since both the distributive and commutative laws hold, scalar multiplication of vectors follows the familiar rules of

algebra. We now apply these rules to the dot product of A⃗ = Axe⃗x +Aye⃗y +Aze⃗z and B⃗ = Bxe⃗x + Bye⃗y + Bze⃗z. The fact that
the vectors e⃗x, e⃗y and e⃗z have unit lengths and are orthogonal to one another is expressed by the dot products:

e⃗x ● e⃗x = e⃗y ● e⃗y = e⃗z ● e⃗z =  and e⃗x ● e⃗y = e⃗y ● e⃗z = e⃗z ● e⃗x = , (.)

respectively. By using these properties to evaluate A⃗ ● B⃗ we find that

A⃗ ● B⃗ = Ax Bx +Ay By +Az Bz (.)

... Vector Product of Two Vectors

Vector product of two vectors A⃗ and B⃗ is defined as vector C⃗ that is orthogonal to the plane spanned by the two vectors,
having as its magnitudes the product of the magnitudes of the two vectors multiplied by sine of the smallest angle needed
for rotating A⃗ to line up with B⃗ (> Fig. .). The vector product is denoted as

C⃗ = A⃗ × B⃗, (.)

from which stems the alternative name ‘cross-product’ for the vector product. For the situation shown in > Fig. ., the
vector A⃗ × B⃗ points into the plane of the figure and the vector B⃗ × A⃗ points into the opposite direction, and we have

C⃗ = A⃗ × B⃗ = −B⃗ × A⃗ (.)
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.. Scalar and Vector Fields

If a fluid-filled container is shaken and swirled, the velocity of the fluid at each point will, in general, be different. The
velocity vector is a function of position and this function can be expected to be reasonably well behaved.As noted earlier,
a vector function of position constitutes a vector field.

To each point on the surface of the earth, an elevation (above sea level) can be ascertained. Only a single quantity
(scalar) is involved and a scalar field is defined in this way. It is convenient to describe such a field by connecting (mapping)
points of similar elevation. In this manner, lines on which the field has a constant value are identified, where the constants
are chosen from a set of discrete scalar values separated by an interval that is sufficiently large enough for adequate
resolution of the field, yet do not have excessive detail.

Isofunction lines, or contour lines, provide valuable graphical information on the topographic field. In a similar way,
a representation of an electrical potential field through plotting its isopotential contours depicts, graphically, the behavior
of the field.

A vector field may be described in terms of its rectangular (scalar) components so that a vector field would be repre-
sented by three scalar fields. Amore direct representation is in the construction of flow lines, which are space curves that
are tangential to the vector field everywhere. Only a finite number of such lines (they are infinite in number) would be
drawn; the number chosen is a trade-off between increasing resolution and excessive complexity. For a two-dimensional
map, the total flow between adjoining flow lines is usually chosen to be constant and, consequently, flux density is
proportional to the density of the flow lines plotted.

While flow lines are easy to be interpreted when the physical entity constitutes an actual flow (i.e., current), such
representation is equally possible for a non-flow type vector field. The direction and density of the flow lines is then
simply proportional to the direction and magnitude of the vector field.

.. Gradient

In this book, there is an interest in situations where an electrical potential field Φ (due to electrical generators in the heart)
is established in some region that is electrically conducting (e.g., the torso). A consequence of such an occurrence is a
resulting flow of current (which can be described by application of Ohm’s law). The direction of current will correspond
to the direction of the maximum rate of decrease in potential; the magnitude of the current density will be proportional
to the magnitude of this rate of change.

In this section is described the gradient operation which is defined in order to extract, from a scalar potential field, a
vector field which is precisely in the direction of the maximum rate of change of potential and with a magnitude equal to
that rate of change. Its value (among others) is for evaluating a current flow field from a given potential field.

Let Φ(x, y, z) be a scalar field (scalar function of position) and assumed that it is a single-valued, continuous and
differentiable function of position. Physical fields invariably satisfy these requirements. A surface C of constant value c is
defined by

Φ(x, y, z) = c (.)

In applications of interest, Φ is a potential (electrical or chemical), in which case a surface of constant value is referred to
as an equipotential or isopotential surface.

If c takes on a succession of, say, increasing values, a family of nonintersecting equivalued surfaces results. A plot
of such equipotential surfaces (or plot of the intersections of these surfaces with principal planes) provides a graphical
description of the potential field itself.

Consider two closely spaced points P and P, where P lies on the surface C defined by Φ(x, y, z) = c and P may
or may not lie on this surface (see > Fig. .). If the coordinates of P are (x, y, z) then the coordinates of P could be
described as [(x + dx), (y + dy), (z + dz)]. The displacement (a vector) from P to P is simply the vector sum of its
rectangular components, namely,

d⃗l = e⃗xdx + e⃗ydy + e⃗zdz (.)
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Equipotential surface and gradient.

Now, the difference in potential from P to P (the total derivative) is

dΦ = ∂Φ
∂x

dx + ∂Φ
∂y

dy + ∂Φ
∂x

dz (.)

We now define G⃗ as the vector in D space having the above partial derivatives as its rectangular components:

G⃗ = ∂Φ
∂x

e⃗x + ∂Φ
∂y

e⃗y + ∂Φ
∂z

e⃗z (.)

In view of the definition of the scalar product of two vectors as expressed by (.),

dΦ = G⃗ ● d⃗l = Gdℓ cos θ (.)

Some of the properties of any nonzero G⃗ can be deduced from this equation. First, suppose that both P and P lie on
C and hence, dΦ = . Since P is only an infinitesimal (but nonzero) distance from P, d⃗l is tangential to C at P.
Equation (.) indicates that in this situation cos θ =  and thus G⃗must be normal to C. Next, we consider any nonzero
d⃗l directed from P on C to a field point P on C for which dΦ = c − c > . Equation (.) also indicates that dΦ
attains a maximum value if G⃗ and d⃗l point in the same direction, and with d⃗l directed towards a higher value of Φ, G⃗
always points toward higher values of Φ.

The magnitude of G⃗ follows from (.). Since

dΦ/dl = G cos θ, (.)

indicating that the derivative of Φ along a line l depends on the local direction, d⃗l, of the line, the gradient is a directional
derivative. From (.), with θ =  and dn a distance directed along the surface normal n⃗, we have

G = dΦ/dn (.)

The vector field G⃗ as defined in (.) is called the gradient of a scalar field Φ; if the scalar function is the electric potential,
it is called the gradient of the potential.

In summary, a (nonzero) gradient of the potential is a vector field oriented normal to an equipotential surface. It always
points towards a region having higher potential values. Its magnitude quantifies the maximum local change in the potential
per unit distance.

The gradient of the potential is usually written as∇Φ, where

∇ = e⃗x
∂
∂x

+ e⃗y
∂
∂y

+ e⃗z
∂
∂z

(.)

is the gradient operator.When applied, each term in (.) acts on Φ through the taking of the indicated partial derivatives
and appending the corresponding unit vector. It can immediately be verified that this leads, correctly, to the right-hand
side of (.).
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.. Divergence

A basic vector field required for the analysis of electrophysiology is the electric current density J⃗ in a volume conductor:
the electric current per unit area passing an infinitesimally small area.The structure of the J⃗ field depends on the presence
of sites at which current is either introduced (sources) or withdrawn (sinks). In this respect, the behavior of J⃗(x, y, z) is
analogous to the vector field that describes fluid flow, which similarly arises from a distribution of sources and sinks.
This class of vector field has certain general properties that are exemplified by the current flow field. In the following,
the term “sources” is used to include “sinks” (which are, simply, negative sources). It will be shown that a determination
of the sources of a field permits that field to be determined everywhere (although, frequently, certain boundary condi-
tions must also be taken into account). For an arbitrary source distribution, J⃗ will be a complex but well-behaved vector
function of position. In particular, for a region that contains no sources, since charge must be conserved the net flow
of J⃗ across the surface bounding any segment of tissue (for example, with inflow taken to be negative while outflow is
positive) is required to be zero. This condition is also said to preserve continuity of current. The evaluation of the net
flow across a closed surface can then be taken as a measure of the net source (or sink) within the region enclosed by that
surface.

For a differential rectangular parallelepiped, an expression that evaluates the net outflow is derived as follows,
expressed in rectangular coordinates. Referring to > Fig. . and assuming a field J⃗(x, y, z), the outflow through surface
() is then dz dy (Jx + 

 (∂Jx/∂ x)dx)+ higher terms, where Jx is the value of Jx(x, y, z) at the center of the parallelepiped
(which accounts for the factor of 

 in the expression). For the surface (), the outflow is -dz dy (Jx − 
 (∂Jx/∂ x)dx)–

dzdy, where the leadingminus sign arises because outflow is in the negative x direction.The sum of these contributions is
then dx dy dz ∂Jx/∂ x. In the same way, the remaining two pairs of faces contribute dx dy dz ∂Jy/∂ y and dx dydz ∂Jz/∂z.
Consequently, their sum is

∮ J⃗ ● dS⃗ = (∂Jx/∂ x + ∂Jy/∂ y + ∂Jz/∂ z)dx dydz (.)

Note that J⃗ ●dS⃗ is the outflow of J⃗ across an arbitrary surface element and that the sign ∮ indicates that the integral is over
a closed surface. In this case, the differential rectangular parallelepiped described in > Fig. . is the designated closed
surface, which is evaluated in the right-hand side of (.).

If both sides of (.) are divided by (dx dy dz), then the ratio ∮ J⃗ ● dS⃗/(dx dydz) is called the divergence of J⃗. Note
that this is evaluated in the limit that the volume (dx dy dz) approaches zero (the divergence is a differential quantity).

z

x

(x, y, z)

dz

dx

dy

y2

1

⊡ Figure .

Evaluation of divergence.
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This limit is designated by

divJ⃗ = limV→
∮ J⃗ ● dS⃗

V
= ∂Jx

∂x
+ ∂Jy

∂y
+ ∂Jz

∂z
(.)

This indicates that the divergence of a vector (field) is a scalar (field).
The divergence of J⃗ equals the net outflow per unit volume of the vector J⃗ at each point in the space. The definition

of the divergence applies to any vector field. The field can be interpreted as a flow and its divergence as a source of the
flow field. If the ∇ operator, defined in (.), is treated as having vector-like properties, then in view of (.) and the
properties of the dot product given in (.), it follows that

∇ ● J⃗ = divJ⃗ = ∂Jx
∂x

+ ∂Jy
∂y

+ ∂Jz
∂z

(.)

.. Gauss’ Law

In the previous section, it was pointed out that the net outflow of current from a given volume is a quantity of interest
since it is a measure of the net source contained in the volume. For a volumeV bounded by a closed surface S, the outflow
is given by

outflow = ∮ J⃗ ● dS⃗, (.)

where dS⃗ is a surface elementwhose direction is along the outward normal. It has just been established that∇● J⃗ evaluates
the net outflow per unit volume for an infinitesimally small volume element, so the outflow evaluated in (.) can also
be found by integrating∇● J⃗ through the volume bounded by S. In fact,

∫ ∇ ● J⃗dV = ∮ J⃗ ● dS⃗ (.)

This relationship holds true for all well-behaved vector fields, such as J⃗, and is known as Gauss’ theorem, or the divergence
theorem.If the region is source-free, then the net flow across the bounding surface is zero as a consequence. Conversely,
if there is a net outflow then within the surface there must be sources with net magnitude equal to the (net) outflow. For
a single current dipole (> Sect. ...) inside a closed surface, the total current flow passing the surface is zero.

.. Laplacian

In > Sect. .., it has been shown that the gradient operation converts a given scalar field Φ into a vector field∇Φ.The
divergence operation, on the other hand, converts a vector field into a scalar field. If the vector field is itself the gradient
of a scalar function, the result can be expressed through the successive application of the ∇ operator, namely

∇ ●∇Φ = ∇ ● (e⃗x ∂Φ∂x + e⃗y
∂Φ
∂y

+ e⃗z
∂Φ
∂z

)
= ∂Φ

∂x
+ ∂Φ

∂y
+ ∂Φ

∂z
(.)

The final result can be interpreted as if the original scalar field is operated on by the differential operator:

∇ = ∂

∂x
+ ∂

∂y
+ ∂

∂z
(.)

The operator ∇  is called the Laplacian. It converts a scalar potential field into another scalar field (the latter specifying
the sources for the first). The properties of the Laplacian are discussed later in this chapter.
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.. Vector Identities

In this section, a short list is presented on the relationships that are known as vector identities. These hold true for all
“well-behaved” scalar and vector functions treated in this chapter, with “well-behaved” expressing the fact that taking
the various derivatives can be formally justified. Here, and in other chapters, these vector identities will prove useful in
deriving biophysical relationships. A proof is included for the first expression; the reader may use this as a model for
confirming the others. In the following, Φ and Ψ are taken to be scalar functions, r = (x + y + z)/ and A⃗ is a vector
field.

∇ ● (ΦA⃗) = A⃗ ● ∇Φ +Φ∇ ● A⃗ (.)∇(ΦΨ) = Φ∇Ψ + Ψ∇Φ (.)

∇ ●∇Ψ = ∇Ψ = ∂Ψ
∂x

+ ∂Ψ
∂y

+ ∂Ψ
∂z

(.)

∇r =  (.)

For R⃗ = (x′ − x) e⃗x + (y′ − y) e⃗y + (z′ − z) e⃗z, with length R = {(x′ − x) + (y′ − y) + (z′ − z)}/, we have
∇(/R) = R⃗/R = −∇′(/R), (.)

in which∇′ denotes the differentiation with respect to the primed variables.
To verify (.), replace A⃗ by its rectangular components (Axe⃗x + Aye⃗y + Aze⃗z) leading to

∇● (ΦA⃗) = ∇ ● (ΦAxe⃗x +ΦAye⃗y +ΦAze⃗z) (.)

Using the definition of the divergence given in (.) results in

∇● (ΦA⃗) = ∂
∂x

(ΦAx) + ∂
∂y

(ΦAy) + ∂
∂z

(ΦAz) (.)

By the product rule of differentiation, it follows that

∇ ● (Φ A⃗) = Φ
∂Ax

∂x
+Ax

∂Φ
∂x

+Φ
∂Ay

∂y
+ Ay

∂Φ
∂y

+Φ
∂Az

∂z
+Az

∂Φ
∂z

(.)

Collecting terms gives ∇● (Φ A⃗) = Φ(∂Ax

∂x
+ ∂Ay

∂y
+ ∂Az

∂z
) + Ax

∂Φ
∂x

+Ay
∂Φ
∂y

+ Az
∂Φ
∂z

(.)

In addition,

A⃗ ● ∇Φ = A⃗ ● ( ∂Φ
∂x

e⃗x + ∂Φ
∂y

e⃗y + ∂Φ
∂z

e⃗z)
= Ax

∂Φ
∂x

+Ay
∂Φ
∂y

+ Az
∂Φ
∂z

(.)

so that substituting (.) and (.) into (.) leads to

∇ ● (ΦA⃗) = A⃗ ● ∇Φ +Φ∇ ● A⃗, (.)

which confirms (.).
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.. Coordinate Systems

Up to this point, vector fields and vector operations have been expressed in rectangular coordinates, and these are, indeed,
the easiest to use as well as being themost frequently used. Often, however, cylindrical or spherical (or other) coordinates
are more appropriate. The differential operators of gradient, divergence and Laplacian can be expressed in any of the
orthogonal coordinate systems and it is useful to have such expressions available. Their derivation follows their basic
definition, taking the coordinate system into account. For example, in > Fig. .(a) the cylindrical coordinate system
is illustrated. In this system, an arbitrary point is described by a distance r to the z-axis, an azimuth angle ϕ from the
x axis and a distance z along z-axis.> Figure .(b) illustrates the spherical coordinate system.According to the definition
and property of ∇Φ, it is a vector whose component in any direction is the directional derivative of Φ in that direction.
Consequently

∇Φ = e⃗r
∂Φ
∂r

+ e⃗ϕ
∂Φ
∂ϕ

+ e⃗z
∂Φ
∂z

(.)

Note that in (.) the rate of change of Φ per unit length in the ϕ direction requires the limit of ΔΦ/ (rΔ ϕ)where the
denominator is the appropriate element of length and Δ denotes taking of a small difference. The spherical coordinate
system is illustrated in> Fig. .(b) where r is the radial distance from the origin, θ is the polar angle and ϕ is the azimuth
angle. For this system, the gradient is expressed as

∇Φ = e⃗r
∂Φ
∂r

+ e⃗θ

r
∂Φ
∂θ

+ e⃗z


r sin ϕ
∂Φ
∂ϕ

(.)

The expressions for the divergence and Laplacian in cylindrical and spherical coordinates are listed below. The reader
can verify these using the basic definitions, or by recourse to one of the standard references listed at the end of this
chapter.

... Divergence and Laplacian in Cylindrical Coordinates

∇ ● A⃗ = 
r
∂
∂r
(rAr) + 

r
∂Aϕ

∂ϕ
+ ∂Az

∂z
(.)

∇Φ = 
r
∂
∂r

(r ∂Φ
∂r

) + ∂Φ
∂ϕ + ∂Φ

∂z
(.)

z

r

a b

z

x

y
r

θ

f
f

⊡ Figure .

Coordinate systems: (a) circular cylindrical; (b) spherical.
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... Divergence and Laplacian in Spherical Coordinates

∇ ● A⃗ = 
r

∂
∂r
(rAr) + 

r sin θ
∂
∂θ

(Aθ sin θ) + 
r sin θ

∂Aϕ

∂ϕ
(.)

∇Φ = 
r

∂
∂r

(r ∂Φ
∂r

) + 
r sin θ

∂Φ
∂θ

(sin θ
∂Φ
∂θ

) + 
r sin θ

∂Φ
∂ϕ (.)

.. Solid Angle: Definition and Theory

Solid angle is an extension to D space of the familiar concept of a ‘common’ angle in D space. For an object in D space,
the angle of view from some location is defined as the fraction of the circumference of a circle with unit radius, centered
at the location of the observer, occupied by the intersections with the circle of the lines connecting all the elements of
the object to the center of the circle. In D, the analogous definition relates to the similar projection of the object onto
the surface of a spherewith unit radius. Being a fraction, the solid angle is unitless. However, to stress its special nature, the
solid angle is frequently expressed in the ‘unit’ star-radian. Observed from an arbitrary point inside a closed surface, this
definition results in a total solid angle π, as is explained below.

Inmany of the applications of volume conduction theory, the surface S carries a double layer, which requires assigning
a direction to its surface normal. In the sequel, for a closed surface this direction is always taken to be (positive) towards
the exterior region: the outward normal.

Consider an observation point X⃗′ in three-dimensional space in which an arbitrary surface S is situated. Let dω be
the projection of a small element dS on the surface of a sphere having a unit radius (> Fig. .).

Then, the solid angle subtended by dS at X⃗′ is defined as dω. The solid angle Ω subtended at X⃗′ by the entire surface
S is found by the addition of all projections dω of all elements dS. Mathematically this is expressed as

Ω(S) = ∫
S
dω = ∫

S

cos α dS
R , (.)

in whichR is the length of the vector R⃗ pointing from surface elementdS to observation point X⃗′, and α the angle between
the local surface normal dS⃗ and R⃗. If the surface S is decomposed into a set of non-overlapping segments, S, S, S, . . ..
The linearity of integration shows that we have

Ω(S) = Ω(S ∪ S ∪ S⋯) = Ω(S) +Ω(S) + Ω(S) +⋯ (.)

By defining dS⃗ as the vector of size dS that is oriented along the outward normal of dS and by using the property of
the dot product R⃗ ● dS⃗ = RdS cos α, Eqn. (.) can be written as

Ω(S) = ∫
S
dω = ∫

S

R⃗ ● dS⃗
R (.)

The sign of Ω depends on the definition of the direction of both R⃗ and dS⃗. Note that the term ‘outward’ normal relates
in a natural manner to closed surfaces only. For a non-closed surface it needs to be defined on the basis of the application
involved.

For an observation point X⃗′ placed at the center of a spherical surface S, the solid angle subtended by S at the X⃗′

is −π; its magnitude is equal to the surface area of a unit sphere, the negative sign follows from the definition of the
directions of R⃗ and dS⃗.

For any arbitrary internal point of non-intersecting closed S, the value of Ω is independent of the actual shape the
surface and,moreover, also holds true irrespective of the position of the interior observationpoint.Thismost fundamental
property can be appreciated by inspecting>Fig. .. In the left panel, a cross section of a closed three-dimensional surface
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⊡ Figure .

Diagram introducing the solid angleΩ. The outline of a small element dS of an arbitrary surface S is projected on the surface

of a sphere with unit radius. The solid angle dω subtended by dS at observation point X⃗′, the center of the sphere, is defined

as the area of the projection of dS onto the sphere. The solid angleΩ of S is the sum of the projections dω of all elements dS.

The surface Smay have an arbitrary shape, it is drawn here as triangle for ease of presentation.
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⊡ Figure .

Cross-sections of a D closed surface S. Observer at X⃗ ′. Left. Apart from their sign, the solid angles subtended by S, S, and S
are equal to A, the part of a unit sphere around X⃗ ′; their sum equals –A. Right: the situation for an external observation point.

Part A of a unit sphere around X⃗ ′ has, apart from its sign, the same solid angle as the individual segments S, S, S, and S.
The sum of the solid angles is zero as a result of the paired sign differences.

S is shown in which three segments S, S and S are indicated.The observation point lies inside and a unit circle is drawn
around it.The area A of the unit sphere represents the solid angle of the segments. Since Ω(S) = −Ω(S) = Ω(S) = −A,
it follows, by using (.), that Ω(S ∪ S ∪ S) = Ω(S) +Ω(S) +Ω(S) = −A. By applying the same type of analysis to
the intersections of all possible sectors of the unit sphere with S, it is evident that indeed, for any arbitrary location of an
internal point

Ω(S) = −total area of the (unit) sphere = −π (.)
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When X⃗′ is an exterior point of S, we find, by the same type of reasoning (right panel), that

Ω(S) =  (.)

When X⃗′ lies on surface S, the definition of Ω by means of expression cannot be used since R⃗ = zero. In that situation,
X⃗′ may be taken as having approached S from either the interior or the exterior. Taking this limit from the inside for a
locally planar part of the surface, we have

Ω(S) = −π (.)

An approach from the outside results in
Ω(S) = +π (.)

For an arbitrarily shaped part of the surface, the limit depends on the local curvature. Whatever the value of the local
curvature, the value of the solid angle jumps by a value of π when crossing the surface. The sign of the jump is positive
if the surface is crossed towards its exterior.

. Static Electric Fields

Electrical activation and recovery of cardiac muscle gives rise to the flow of electric current in the heart and out into
the torso. Associated with these currents is the establishment of electrocardiographic potentials within the torso and at
the body surface. While the current and potential fields vary with time, at each instant of time they satisfy mathematical
expressions which arise in the study of static fields. Accordingly, this section reviews the physical principles associated
with the establishment of static electric fields as well as their mathematical description.

.. Coulomb’s Law

Coulomb’s famous experiments led to a quantitative description of the force between two point charges. It was established
that this force is directed along a line connecting the two point charges (the force is attractive if the charges are of opposite
sign and repulsive if the charges are of the same sign) while the force magnitude is proportional to the product of the
charge magnitudes and inversely proportional to the square of the distance separating the charges. This description is
expressed in the following equation for the force F⃗ exerted on charge q by charge q, namely,

F⃗ = qq
πεr

e⃗, (.)

where e is a unit vector directed from  to , r is the distance between point charges, and ε is the dielectric permittivity
of the medium (assumed to be uniform and essentially infinite in extent). Note that the direction and magnitude of the
interactive force evaluated by (.) correspond to the word description given above. In (.), if q and q are expressed
in coulombs, r in meters and ε in farads per meter, then F⃗ is in newtons. For free space (vacuum), the permittivity
ε = . ⋅ − Fm−. Note that F⃗ = −F⃗ so that “action” is equal and opposite to the “reaction”, as required by
Newton’s laws of mechanics.

> Figure . shows an arrangement of charges for which the force on charge qo, owing to the presence of several
point charges q, q and q, is to be evaluated. This can be accomplished by the successive application of Coulomb’s
law (between q and qo, q, and qo, q and qo) leading to the component forces F⃗, F⃗ and F⃗, respectively. These are
illustrated in > Fig. . where all the charges are assumed to be of the same sign. The net force exerted on qo is the vector
sum (superposition) of F⃗ + F⃗ + F⃗ = F⃗. In fact, for any system of point charges, the force exerted on any one of these
(designated as qo) is

F⃗ = qo
πε ∑i qi e⃗io

ri
, (.)

where ri is the displacement from the ith charge to the th charge.



Introductory Physics and Mathematics  

q1

q2

q3

q0

F3

F2

F

F1

⊡ Figure .

Vector sum of electrostatic force components.

.. Electric Field

Force exerted on one charge by another does so across the intervening space, a phenomenon known as “action at a
distance”.The force can also be viewed as arising from a two-step process whereby one charge is first assumed to establish
an electric field, the field then transmits a force to the other charge. For twopoint charges q and q, the first step introduces
the concept of the electric field E⃗ arising from q , defined by

E⃗(r) = q
πεr

e⃗r, (.)

where r is the radial distance from q and e⃗r is the unit vector directed radially away from q. Next, the force exerted on
the point charge q by this field is given by

F⃗(r) = qE⃗(r), (.)

where r is the radial distance to q from q.The force on q because of q found by combining (.) and (.) is precisely
that as stated by Coulomb’s law and expressed by (.).

Amore rigorous definition of the electric field, accounting for required point charge nature of charge, with vanishingly
small strength, is

E⃗ = lim
Δq→

(F⃗/Δq) (.)

The advantage of the field concept is that it separates the process in which fields are established (by their sources, such as
q in (.)) from the actions produced by the field (i.e., the force exerted on q in (.)). If a number of point charges
are present, as in > Fig. ., the electric field at any point in space can be found by superposition, taking into account the
contribution from each individual point source and summing vectorially. The net force on a point charge is found from
the action of the net field according to (.). Where there is a very large number of point charges in a certain region, it
is convenient to describe their distribution by means of a charge density function ρ(x, y, z), where

ρ = lim
Δv→

(Δq/Δv) (.)

and Δq is the net charge in the volume Δv. The charge density is a function of position. The total charge Q in a volume v
is found from (.) by integrating through the volume:

Q = ∫ ρdv (.)

Since ρdv is an element of charge that is essentially a point source, its electric field d E⃗ would be given by (.), namely

dE⃗ = ρdv
πεr

e⃗r (.)
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The electric field established by the entire distribution is given by

E⃗(x′, y′, z′) = 
πε ∫ ρ(x, y, z)

r
e⃗rdv, (.)

where r is the length of the vector r⃗ from an element of charge located at (x, y, z) to the point at which the field is being
evaluated: r = {(x′ − x) + (y′ − y) + (z′ − z)}/.

Note that the integration in (.) is over the unprimed coordinates (dv = dxdydz), these being the coordinates in
which the source (charge density) is defined.The field point location, given by the primed coordinates, is assumed to be
fixed during the integration. In actually performing the integration indicated in (.), it must be kept in mind that e⃗r
varies according to the location of the source (integration) point and that a vector summationmust actually be performed.

.. Gauss’ Flux Theorem

The electric field from a point charge q is given by (.). Although E⃗ does not represent the flow of any substance, it can
be treated as if it did; that is, it may be interpreted as an electric flux (flow) density.Then the net flow through an arbitrary,
closed surface S surrounding a point charge q can be found from

∮ E⃗ ● dS⃗ = q
πε ∮ e⃗r ● dS⃗

r
, (.)

with e⃗r a unit vector directed along the vector from the point charge to a point on the surface S. The integrand in (.),
corresponds to the elementary solid angle dω (> Sect. ..) subtendedby the elementary surface elementdS as observed
from the source location:

e⃗r ● dS⃗
r

= r⃗ ● dS⃗
r

= dω (.)

Consequently, ∮ E⃗ ● dS⃗ = q
πε ∮ dω = q

ε
(.)

since the total solid angle of any closed surface as viewed from an interior point is π. Hence, the total flux emanating
from q depends on the magnitude of q. If a number of point charges qi were enclosed within S, then by superposition the
right-hand side of (.) becomes, simply, the total charge divided by ε. Thus,

∮ E⃗ ● dS⃗ = 
ε ∑i qi = Q

ε
(.)

In a similar fashion, if the sources within S were represented by a charge density ρ, then

∮ E⃗ ● dS⃗ = 
ε ∫ ρdv = ∫ ρ

ε
dv (.)

Note that since ε is independent of position, it could be moved about freely from across integration or summation signs.
We now combine Gauss’ flux theorem ((.)) with (.), yielding

∮ E⃗ ● dS⃗ = ∫ ∇ ● E⃗ dv = ∫ ρ
ε
dv (.)

which applies to arbitrarily small volume elements and consequently we have

∇● E⃗ = ρ
ε

(.)
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.. Electric Scalar Potential

Equation (.) shows that the divergence of the electric field E⃗ is a scalar function. For all vector fields having this
property, it can be shown that they, in turn, are determined uniquely by the negative gradient of another scalar function [].
In electrostatics, this function is called the electric potential, denoted by Φ, and

E⃗ = −∇′Φ (.)

Note that (.) defines the electric potential up to a constant only.
The potential difference between two points in space is the work required for moving a unit positive charge from

any position A to another position B along a path ℓ⃗ connecting these locations. The work required follows from the line
integral along the path:

VBA
.= ΦB −ΦA = −∫ B

A
E⃗(ℓ⃗) ● dℓ⃗ = −∫ B

A
∇Φ(ℓ⃗) ● dℓ⃗

If the work required is positive, the potential at B is higher than in A.
The potential function may thus be found by integration of the scalar function −∇ ● E⃗. Under static conditions, the

outcome of the integration is independent of the path taken.
The property described by (.) is demonstrated here in the application to the electric field of a point charge as

specified by (.). On the basis of the definition of the gradient expressed in spherical coordinates ((.)), (.) can be
written as

E⃗ = q
πεr

= −∇′ ( q
πεr

) , (.)

where∇′ operates at the field point. By using (.), (.) can also be written as

E⃗ = ∇( q
πεr

) (.)

Hence, it is necessary to be particularly careful when designating coordinates.
Examination of (.) shows that the electric field E⃗ is equal to the negative gradient of the scalar function Φ = q

πε r .
For a collection of point charges, the potential function Φ can be obtained by superposition (in this case, a simple scalar
addition) so that

Φ = 
πε ∑i qi

ri
+ c, (.)

where ri is the distance from qi to the field point and c is an arbitrary constant.
A further generalization considers the potential field from a volume charge density ρ. Since ρdv behaves like a

point source, it sets up a field according to (.). The entire distribution can be taken into account by superposition
(summation) leading to

Φ = 
πε ∫ ρ

r
dv + c, (.)

which shows the potential to be a weighted volume integral of the (scalar) charge density, the weighting function being /r.
The electric field can be found from (.) by the gradient operation indicated in (.). Note that the field is independent
of the choice of the constant c, the value of which is therefore completely arbitrary. This determination of the electric field
from multiple sources may be easier to carry out than that indicated in (.), which requires vector summation.

Combining (.) and (.), while dropping the prime, gives

∇Φ = −ρ/ε, (.)

which is known as Poisson’s equation. Dropping the prime is permitted here, in view of the fact that the Laplacian of /r
turns out to be the same for primed and unprimed coordinates (> Sect. ...).

Equation (.) is an integral form of solution to the partial differential (.) as can be verified by direct substitution
of (.) in (.).
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.. Capacitance

Consider two insulated conducting bodies of arbitrary shape. If a voltage V is connected between the two for a period of
time, a quantity of chargeQwill be transferred from one to the other.The charge will distribute itself on each conducting
body in such a way as to result in the electric field tangential to the conductor being reduced to zero (a nonzero tangential
field would cause movement and further redistribution of charge). The potential between the two conducting bodies can
be found from the steady-state charge distribution by applying (.) at each body. If the total charge is doubled, then each
charge element ρdvmust also double since the system is linear. Consequently, the difference of potentialV is proportional
to the total charge Q on either body. The constant of proportionality is the capacitance C. That is:

C = Q/V , (.)

whereQ is in coulombs, V in volts and C in farads. A conducting pair that holds a greater amount of charge for the same
applied voltage will have a higher capacitance.

If the two conducting bodies are parallel, rectangular, conducting plates of area A and separation d (where d << √
A),

then the field between the plates will be uniform and

V = Ed (.)

In view of (.) and the fact that the field lies solely between the two plates, EA = Q/ε. Consequently,
V = Qd

εA
(.)

and
C = εA

d
(.)

This result is strictly correct only for d << √
A, which is a condition for minimum fringing of the field (that is, for a

predominantly uniformfield). If themediumbetween the plates is anything other than vacuum, the dielectric permittivity
ε = εrε is effectivewhere εr is the relative permittivity (a dimensionless factor scaling ε = ε as defined previously (approx.(/π)− Fm−)).

For biological membranes, which have a high lipid content, εr =  and d ≅  nm which is roughly the lipid-layer
thickness.The capacitance is then calculated as . μF cm−, a value which is usually measured for nerve tissue and is also
applied as the value for the membranes of cardiac myocytes.

. Electric Current Flow in Conductive Media

In the previous section, static electric fields arising from electric charges, where the medium is insulating, were con-
sidered. The only property of the medium involved was the specification of the dielectric permittivity ε. Any possible
flow of electric current inside the medium was ruled out. While electric fields of cardiac origin also behave (instant by
instant) as a static field, such fields generally lie in conducting media. As a consequence, associated with that field is a
stationary (steady) current. In a dielectric, no energy is required to maintain a charge configuration and its associated
(steady) electric field, but in a conducting body any initial arrangement of charges would quickly dissipate as a result of
current flow; the maintenance of a source distribution (and associated electric and current flow field) in a conducting
medium requires the continual renewal of such sources. Such steady sources (and associated steady currents) can arise
in the presence of physical (electrochemical) batteries. Action currents arising from cellular action potentials (such as
those that occur in cardiac muscle) are also based on an electrochemical process. Each cardiac cell, while undergoing
activation, can be thought of as an electrochemical cell (battery) and (in effect) a steady current is generated by the (bio-
logical) cell. The energy required to maintain the current flow comes, ultimately, from the metabolic processes within
the cell.
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.. Ohm’s Law of Conductivity

Amedium is described as conducting if charged particles are present which are free tomove. Electrocardiographic prepa-
rations comprise biological tissues (volume conductors) which contain electrolytes. Consequently, they are conducting;
their conductivity being caused by the presence of positive and negative ions which can move more or less freely. If an
electric field is established in such a medium, each charged particle will experience a force (according to (.)) and a
flow of charge (i.e., a current) results. The magnitude of current is limited by collisions between the charge carriers and
the remaining medium. In fact, if λ is the mean free path (mean distance between collisions), then the time-average drift
velocity (for particles with a single electronic charge) is

v⃗ = qeλE⃗
mv

= uE⃗, (.)

where E⃗ is the electric field, qe is the electronic charge,m is the particle mass, v the average thermal velocity (note that
v << v) and u is the mobility. The mobility, mass and mean free path in (.) are, of course, specific to the ion species
being considered. If the ion concentration is C particles per cubic meter, then the electric current density equals Cqev or

J⃗ = Cqe λ
mv

E⃗ (.)

This expression reflects the convention that positive current is associated with the flow of positive charge.
For an electrolyte, the total current will arise from the movement of several ions, each of which contributes a compo-

nent given by (.).The relative contribution of component ion species to the total current is described by their respective
transference numbers. For example, if sodium, potassium and chloride ions constitute the charge carriers and if J is the
total current density then

JK = tKJ; JCI = tClJ; JNa = tNaJ, (.)

where
J = JK + JCl + JNa (.)

The transference numbers tK, tCl and tNa for potassium, chloride and sodiumdepend on their relative ionic concentration
and mobility since, for example, using (.),

JK = CKqevK = CKqeuKE (.)

The linear relationship between J⃗ and E⃗, expressed in (.), has been verified experimentally under a broad variety of
conditions. The coefficient linking these two variables is the electrical conductivity σ , defined through

J⃗ = σE⃗ (.)

linking E⃗, the electric field (Vm−) and J⃗, the current density (A m). As a consequence, the conductivity σ has a dimen-
sion (Sm−). Introduced in the way shown above, the conductivity is a scalar constant, a tissue-specific parameter that can
be related to molecular quantities through (.) or obtained experimentally by the application of (.). For some types
of tissues, the conductivity has been shown to depend on fiber orientation, which is expressed by calling it anisotropic,
which demands its specification by means of a tensor.

Equation (.) is a differential form ofOhm’s law; under dc conditions, it relates to a conduction current arising from
the presence of the electric field E⃗ as a driving force. Under conditions of alternating currents, (.) can be generalized
if J⃗ and E⃗ are interpreted as complex phasors, in which case σ will also, in general, be a complex phasor reflecting reactive
properties of the medium. Experimental results, which show that under electrocardiographic conditions σ is essentially
real, are described later in this chapter.
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.. Tissue Impedance

An important goal in the biophysical study of electrocardiography is a determination of the currents which flow in the
torso owing to the presence of cardiac generators. To accomplish this, it is necessary to describe the electrical conductivity
of all torso tissues (along with their geometry). Historically, the following tissues have been thought important enough to
require specific inclusion in a rigorous treatment of electrocardiographic current flow: heart muscle, intracavitary blood,
lungs, surface fat, surface muscle and the pericardium.

The classical approach to the determination of the conductivity of a material is to incorporate a uniform sample of
known size in an electric circuit. A known or measured current is then applied and the resulting voltage is measured. If
the voltage is measured at the points at which the current is introduced, the method is called the two-electrode method;
if separate voltage lead-off points are used, the method is called the four-electrode method. Since the dimensions of the
current-carrying preparation is known, the values of current and voltage are sufficient to determine the conductivity.
The four-electrode method, since it avoids electrode interface artifact, is the preferred technique; examples are found in
references [] and [].

Most biological tissues are not strictly homogeneous, but can be satisfactorily treated as such to a good approximation.
The value of conductivity obtained using a typical (macroscopic) sample reflects averaged properties that are normally
precise as desired for a simplified, gross, model simulation.

Tissue samples invariably contain biological cells (and cell membranes, of course) so that a determination of con-
ductivity at dc or at different ac frequencies may vary because of the effect of variations in the membrane admittance.
For example, in > Fig. . the conductivity of a sample (of skeletal muscle) varies with frequency. At a high enough
frequency, the membranes become totally “transparent” and no further reduction in conductivity arises. It can also be
seen in > Fig. . that at low frequencies the conductivity transverse to the fiber axis is lower than that along the axis,
a consequence of the greater number of intervening membranes in the former case. At elevated frequencies, when the
membrane admittance is negligible, the conductivity becomes isotropic. This example shows that, in fact, the response of
a tissue sample to an electric field may not be described by a single scalar conductivity value, but depends on frequency
and field orientation (the field displays anisotropy). For muscle, the frequency dependence can be traced to the fact that
the current flows both in the intracellular and interstitial space and the mix depends, among other things, on the admit-
tance of the membrane. Anisotropic conductivity can be expected for cardiac as well as for skeletal muscle. However, the
range of tissue anisotropy of various tissues as reported in the literature is quite substantial. Moreover, its influence may
also affect the appropriate specification of the equivalent primary sources. As a consequence, too detailed analysis of the
effect of anisotropy should be carried out with great caution[]. The effect of anisotropy is an essential element of the
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Conductivity of canine skeletalmuscle at ˚C, in theparallel andperpendicular orientations,measuredusing a two-electrode

(triangles), or four-electrode technique (circles). Each point represents the average of five separate measurements (four-

electrode) or twomeasurements (two-electrode) in eachorientation; typical standard errors are shown (adapted fromEpstein

and Foster []).
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⊡ Table .

Ratio of displacement current to conduction current of tissues at different frequencies []

Frequency

Tissue  Hz  Hz  Hz , Hz

Lung . . . .

Fatty tissue . . .

Liver . . . .

Heart muscle . . . .

⊡ Table .

Tissue conductivity (S cm−)

Tissue Blood Lung Liver Fat Human trunk

Conductivity . . . . .

bi-domain theory topic addressed in > Chaps.  and > . Some other aspects are treated in > Chap. . The handling of
volume conductor effects as presented in this chapter is restricted to the isotropic situations.

Because of the presence of cells and their membranes in tissues, and because the cell membrane has a very high
specific capacitance, the macroscopic tissue response to an applied field is both a conduction current and a displacement
(capacitive) current. The relative strength of the latter depends on the frequency; for tissue under electrocardiographic
conditions, the conductivity (both magnitude and phase) is dispersive (depends on frequency) for this reason.

Measurementson those tissueswhich are important in electrocardiography show the ratio of displacement to conduc-
tion currents to be negligible. Such measurements are summarized in > Table .. It can be concluded that torso tissues
may be treated as if they are purely resistive.Mean conductivity values of these tissues are given in>Table .. Additional
data may be found in the review papers [–].

The validity of conductivity values in > Table . might possibly be questioned for lung andmuscle because for those
tissues their cellular structure plays an important role in determining the effective (macroscopic) resistance to current
flow. Being complex structures, it may not always be possible or appropriate to describe currents with a simple scalar
conductivity parameter. Aside from this proviso, torso tissues are conventionally assumed to be purely resistive, with
values of tissue conductivity being essentially those given in > Table ..

.. Quasistatic Conditions

The conduction current in a physiological preparation with conductivity σ(x, y, z) is related to the electric field by (.).
Since the electric field is conservative, this expression cannot be true at every point of the preparation – that would imply
a dissipation of energy (associated with current flow in a resistive medium) with no source of energy. To include the
presence of active sources, a nonconservative term is added to (.) so that

J⃗ = σE⃗ + J⃗ i , (.)

where J⃗ i is an impressed (applied) current. In (.), J⃗ i is nonzero only at primary source sites; J⃗ i constitutes a noncon-
servative field. Since the total current in (.) is solenoidal (the net flow into or out of any closed region is zero), in order
to preserve continuity of current, ∇ ● J⃗ =  = ∇ ● (σE⃗) +∇ ● J⃗ i (.)

If the medium has a homogeneous isotropic conductivity, that is, σ(x, y, z) = σ , then by using (.) and (.) reduces
to

σ∇ ● E⃗ +∇ ● J⃗ i =  (.)

It is obvious from viewing the electrocardiogram that the potential field arising from sources in the heart varies with time.
In fact, for a normal subject at rest, the potential and current flow field is periodic at the heart rate. If the ECG is subjected
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to a Fourier analysis, it can be determined that the spectral content is from dc to perhaps Hz [].The behavior of an ac
source in a conductingmediumwith the size of the human torso andwith impedance properties described in>Tables .
and > . has been studied using Maxwell’s equations, which govern such time-varying phenomena []. The outcome is
that, to a very good approximation, the electric field may be derived as the gradient of a scalar potential, namely

E⃗ = −∇Φ (.)

If (.) is substituted into (.), then we obtain

∇Φ = ∇ ● J⃗ i
σ

(.)

The integral solution to Poisson’s (.) for Φ in the infinite homogeneous medium can be found by comparison with the
mathematically equivalent (.) and (.) of electrostatics. This yields

Φ = 
πσ ∫ −∇ ● J⃗ i

r
dv, (.)

where r is the distance from a point of integration to the fixed point at which the field is being evaluated.
A comparison of (.) to (.) with (.), (.) and (.) shows that the potential and electric field under electro-

cardiographic conditions obey the samemathematical relationships as for electrostatics.These are described as quasistatic
relationships since, at any instant of time, these potentials appear as if they were static for all time, yet changes in value
of potential over time do occur.

Many solutions to problems in electric current flow are equivalent to those of comparable problems in electrostatics.
The similarity in the respective fundamental relationships has already been noted. Equation (.) and (.) can be
transformed to (.) and (.) and vice versa if the following replacements are made:

ε ↔ σ (.)
ρ ↔ −∇● J i (.)

The similarity may be stressed further by introducing the notation iv = −∇ ● J i as an impressed current volume density
(A m−).

. Current Sources

In the previous sections the fundamentals for studying the potential field arising from impressed current sources under
quasi-static conditions have been described, as well as the main mathematical tools required for this analysis. We now
apply these tools to the description of the main electric current source models that have been found effective.

The analogy between electric current flow in conductive media and electrostatics, the principle of duality, shows up
again in the basic expression (.), which implies, and permits, the use of the superposition principle: the contributions
of elementary sources to the potential field simply add up to the (total) potential. The latter is a consequence of the
experimentally observed linearity between current strength and resulting potential, which holds true inside the body for
natural bioelectric sources.

Bioelectric currents stem from the biochemical processes at the cell membrane. As such, these are not observable.
Their presence, nature, and magnitude can only be inferred from the potential field generated; they need to be evaluated
frommeasurementsof tissue excitation, with particular reference to the activation of cardiacmuscle.The basic expression
(.) shows that, when interpreting measured potentials, the conductivity of the medium should be included, as well as
its distribution throughout the tissue in the case of inhomogeneity.

The discussion begins with a derivation of source–field relationships for the monopole and dipole. It will be seen that
these serve as the building blocks of all electrophysiological sources. It should be realized that these source descriptions
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are models of the actual current generation. They are physical abstractions that serve to describe the observed potentials
at some distance from the actual current generating mechanisms only. As such they are referred to as equivalent sources.
To facilitate the discussion, the medium is assumed to be of infinite extent and have a homogeneous, isotropic conduc-
tivity. The potential field generated is referred to as the infinite medium potential. Although this configuration is clearly
unrealistic, it facilitates the appreciation of the nature of the source description in isolation of the complexity caused by
inhomogeneities. As will be shown in a subsequent section, these complexities can be treated in an “add-on” fashion.

.. Point Sources

... Monopole

Consider that a current I, emanating from a vanishingly small volume, is impressed into a uniform conducting medium
of conductivity σ and infinite in extent. Let the source position be (x, y, z), as illustrated in> Fig. ..This type of current
source is analogous to the point charge of electrostatics, and is referred to as a point current source.

The potential field set up inside the medium is evaluated as follows. In view of the symmetry, the current flow is in the
radial direction and the current density is uniform on any sphere having the source as its center.Thus if the total current
is I, then over a concentric spherical surface of radius r the current density J⃗ is given by

J⃗(r) = I
πr

e⃗r , (.)

where e⃗ r is a unit vector pointing from the source to the field point (x′, y′, z′) and r denotes their distance: r ={(x′ − x) + (y′ − y) + (z′ − z)}/.
Now, according to Ohm’s law, the current density J⃗ and the electric field E⃗ are related by the conductivity as specified

by (.). Furthermore, the electric field is obtained as the negative gradient of scalar potential Φ according to (.).
Consequently, ∇Φ = − I

πσr
e⃗r . (.)

So, using the r component if the gradient operator as listed in (.),

dΦ/dr = − I
πσr

(.)

Integrationwith respect to r gives an expression for the scalar potential associatedwith amonopole current source, namely

Φ(r) = I
πσr

+ c (.)

z

Io

( x, y, z )

y

x

⊡ Figure .

Current flow from a point source (monopole).
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The result is directly related to (.), by applying duality. The integration constant cmay be determined by choosing the
point in space where the potential is taken to be . In the infinite medium configuration, this point is conveniently placed
at infinity, which yields: c = .

... Dipole

The basic current source of biophysics is the (mathematical) current dipole. It can be introduced by first considering the
potential distribution generated by a current (point) source of strength I (expressed in amperes (A)) and a current sink
of strength −I, separated by a (small) distance vector δ⃗ (> Fig. .), with length δ.This generator configuration is called
a “bi-pole,” or physical dipole. The magnitudes of the strengths of source and sink are equal. Since no net current can be
generated by a biophysical source, the current is merely “pumped around.”

For infinitesimally small values of δ, the total field under these conditions can be evaluated by

Φ(r⃗ ′) = I
πσ

∂(/R)
∂δ

δ (.)

The partial derivative evaluates the rate of change in the field which results from displacing I in the direction of δ⃗, and
this is multiplied by δ to obtain the actual change in potential. The partial derivative is with respect to the unprimed,
source coordinates while the primed, field coordinates are held constant.

In (.), the directional derivative of l/R can be recognized, and hence, it can be written as

Φ(r⃗ ′) = I
πσ

∇(/R) ● δ⃗ (.)

From (.) we have

Φ(r⃗ ′) = I
πσ

R⃗
R ● δ⃗ = 

πσ
R⃗
R ● D⃗, (.)

which introduces D⃗ = Iδ⃗ as the (mathematical) dipole, definedas the (hypothetical, equivalent) generator that generates
its potentials described by (.) throughout the medium, i.e., irrespective of the field point’s proximity to the generator.
The potential reference at infinity is taken to be zero.

ar

z

x

y

p (x,y,z)

r

(x,' y,' z,' )

⊡ Figure .

Diagram introducing the concept of a current dipole; ⃗ denotes the origin of the coordinate system.
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Thedipole is a vector quantity, directed from sink to source. Its physical unit is (Am). As shown, it may be interpreted
as the result of a limiting process in which the distance between the two poles of a bi-pole is reduced to zero while keeping
the product I × δ constant. An alternative expression to (.) is

Φ(r⃗ ′) = 
πσ

D cos φ
R , (.)

with φ being the angle between R⃗ and δ⃗ (> Fig. .).
The current dipole is a useful mathematical concept that may be used to describe (represent, specify) the potential

distribution generatedby bioelectric sources at a distance. For observation points arbitrarily close to the dipole, the poten-
tial prescribed by (.) becomes arbitrarily large (infinite), which is clearly physiologically unrealistic. The double layer
source model, discussed in > Sect. .. as well as in > Chaps. –, does not suffer from this limitation, and has a direct
link to the basis of the bioelectric sources, the biochemical phenomena taking place at the cell membrane (> Chap. ).

... Evaluation

From the way the monopole and the dipole were introduced above, it is evident that they can indeed be classed as point
sources: their spatial extent is restricted to a single point. They are physical abstractions, valid for describing the potential
field at a distance from the source only, as follows from the fact that at close proximity to their position (x, y, z) the
potential field as well as the current density that they generate tend to infinite values.This follows from (.) and (.)
for the monopole and the dipole, respectively.This phenomenon is referred to as a point singularity of the potential field.

The single monopole has an additional unrealistic nature when it is applied to a medium that is bounded, as is the
human body. In such a medium a single current monopole would keep charging up the tissue continuously (current is
the flow of electric charge per unit of time), which is clearly not the case. So it has a value only if accompanied by a sink of
equal strength, as was the case while introducing the dipole. Similarly, inside a bounded medium, a collection of current
monopoles may be used provided the sum of their strengths equals zero.

In its application to a medium, be it bounded or not, the dipole does not suffer from this lack of realism: no net charge
is introduced into the medium. The dipole may be likened to a circulation pump placed in a swimming pool: it “sucks”
water at its inlet valve and ejects it at its outlet valve.

The concept of building a dipole from a pair of monopoles can be extended to the inclusion of a larger number of
monopoles. Like themathematical dipole, the total,more complex configuration remains located at a single point in space.
A series of current sources of increasing complexitymaybe conceived in thismanner, calledmultipoles.Themonopole and
the dipole form the first two terms of this series. Conversely, an arbitrary source distribution may be uniquely specified
by a weighted sum of the multipoles of increasing order: a so-called multipole expansion [, , ].

As follows from (.), for the monopole, the multipole of order , the potential decreases as /r when moving away
from the source. For the dipole, the first-order multipole, the potential decreases as /r. For a multipole of order k, the
decrease is as fast as /rk+. This is a highly significant property: with the monopole being absent in a bounded medium,
the potential at increasing distances from the source will invariably be dominated by the dipole contributions, the con-
tributions by the higher order terms decreasing more rapidly with distance. This explains the fact that at a distance, the
potential field of an arbitrary current source tends to have a dipolar nature. As a rule of thumb, at a distance of, say,
 times that of the spatial extent of a source, the contributions of the higher order may already be difficult to establish
experimentally.

.. Surface Source Densities

Current monopoles and current dipoles may be used as building blocks for more complex source configurations. To this
end, like in electrostatics, these sources may be specified by density functions, specifying their strength per unit of vol-
ume. Alternatively, when restricted to some surface, their strength is specified per unit of surface area. The expressions
for determining the source–field relationships (in the infinite medium under quasi-static conditions) are (.) to (.).
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Thesewill now be used to describe the properties of two particular variants of distributed surface source densities: the cur-
rent monopole layer and the current dipole layer.These two source types are the major players in the various applications
of volume conduction theory discussed in this book.

... Monopole Layer; Monolayer

In the case of the current monopole layer, or monolayer, a monopole surface density of strength J(x, y, z) is assumed to be
present at a surface S, with JdS representing an elementary current source (dimension: A). The dimension of the density
function J is A m−, which is the same as that of the current density J⃗, but unlike J⃗ the density is a scalar function.

The potential field for this source is

Φ = 
πσ ∫ JdS

r
(.)

To illustrate some of the major properties of the monolayer, the potential along the axis of a disk carrying a uniform
monopole current density J is derived.The geometry is shown in > Fig. ., where a cylindrical coordinate system is set
up, with the origin at the center of the disk and polar axis normal to the plane of the disk. The disk radius is a. Based on
symmetry the contributions of all source points on an annular ring of radius r and width dr, to the potential at a point
along the axis at a distance z from the disk are equal:

dΦ(z) = πrdrJ
πσ(r + z)/ , (.)

where the numerator of (.) is the total current impressed through the annulus, and (r+z)/ is the distance between
source element and observation point.

By adding up the elementary contributions, through the integration of (.), we find

Φ(z) = J
σ

a∫


rdr(r + z)/ = J
σ

{(a + z)/ − ∣z∣} + c (.)

Choosing the potential at infinity to be zero requires setting c = , which yields

Φ(z) = J
σ

{(a + z)/ − ∣z∣} (.)

From this expression it follows that the potential along the z-axis is continuous at z = , i.e., when crossing themonolayer.
For the electric field along the z-axis the situation is different. Here we have

Ez = − d
dz

{Φ(z)} = − J
σ

{ z(a + z)/ − z∣z∣} , (.)

which is discontinuous at z = . By denoting the current flow along the z-axis that results from this source configuration
as Jz = σEz it follows that while approaching the disk along the negative z-axis a limiting value of Jz = −J/ is reached,
whereas on the other side of the diskwe have Jz = J/.This corresponds to an outflow of current away from themonolayer.

a
dr

z
r

⊡ Figure .

Geometrical arrangement for calculating the potential on the axis of a disk carrying a uniform current density.



Introductory Physics and Mathematics  

... Dipole Layer; Double Layer

The distribution of dipole sources confined to a surface S is referred to as a double layer. The elements dS of S are taken
to carry an elementary current dipole with strength M⃗SdS, M⃗S denoting the dipole moment per unit area (dimension:
A m/m = Am−). By using superposition applied to (.), the potential field is

Φ = 
πσ ∫ M⃗S ● r⃗

r
dS (.)

If the orientation of the dipole density M⃗S lines up with the normal of the surface S carrying it, then M⃗SdS = MSdS⃗ and
(.) may be written as

Φ = 
πσ ∫ MS

r⃗
r

● dS⃗ = 
πσ ∫ MSdω, (.)

where dω is an element of solid angle defined earlier (see (.)). If, moreover, the double layer strength MS is uniform
(over S), then (.) has a simple form, namely

Φ = MS

πσ
Ω, (.)

where Ω is the solid angle subtended by the entire double layer at the field point (> Sect. ..).
Equation (.) has major significance. If S is a closed surface and the double layer is indeed normal to it and has

uniform strength, then for any field point external to Swe have Ω = . For any interior point of S the total solid angle has
a magnitude −π ((.) and (.)). From this it follows that while crossing the surface S from outside, the solid angle
changes by  π. As a consequence, the potential is discontinuous across the layer, exhibiting a jump of magnitude

ΔΦ = VD = MS/σ (.)

By defining VD = MS/σ , an alternative characterization of the strength of the double layer is obtained and, when applied
to (.), this yields

Φ = 
π ∫ VD

r⃗
r

● dS⃗ = 
π ∫ VDdω (.)

For a nonuniform double layer that is oriented along the surface normal, any potential jump observed experimentally
reflects the local double layer strength.

The nature of the current dipole layer may be illustrated by taking S once more to be a circular disk of radius a, and
computing the potential along the axis of symmetry.This is the same configuration as depicted in> Fig. ., but now the
disk carries a uniform dipole density with strength MS, directed along the z-axis. The potential along the z-axis follows
from (.). For this axial symmetric configuration the solid angle Ω subtendedby the disk at observation point z follows
immediately from the definition of the concept solid angle as such. For positive values of z the result is

Ω(z) = π{ z∣z∣ − z(a + z)/ } (.)

The term z/(a+z)/ is equal to the cosine of the top angle α of the cone spanning from z to the disk.When approaching
the disk along the negative z-axis, the limiting value for the solid angle is −π. The negative sign corresponds to the fact
that the surface normal is taken to be lined up with the dipole direction, whereas for a negative z the source to field vector
points in the opposite direction. When approaching the double layer from the other side, the value of Ω tends to  π.
Recall that total D space spans a solid angle of  π, and close to a plane which remains just one half of that. Thus the
solid angle jumps by  π while crossing the double layer. By writing VD = MS/σ and substituting (.) in (.) we find

Φ(z) = 

VD { z∣z∣ − z(a + z)/ } = 


VD{± − cos α} (.)
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Because of symmetry, the gradient of the potential along the z-axis is directed along this axis. By differentiating (.),
we find for the component electric field along the z-axis

Ez = − d
dz

{Φ(z)} = − 

VD {XX − (a + z)/ + z(a + z)/ } = 


VD {−XX + a(a + z)/ } (.)

The function Φ(z) is discontinuous at z = . This demands some special care while taking its derivative. The term XX
expresses the singularity of the derivative at z = . This has the dipole-like nature of two so-called delta functions with
opposite sign that are infinitesimally close at z = .

Apart from this singularity, the field strength can be seen to be a positive, even function of z. This corresponds to a
current flow in one direction: toward the double layer along the negative z-axis, away from it along the positive z-axis.This
is in agreement with the circulation pump analogy. Note that close to z = , the gradient of the potential is proportional
to /a, which tends to zero when increasing a, the radius of the disk.

... Evaluation; Primary and Secondary Sources

The analyses in the previous two sections show that themonolayer and the double layer have a contrasting behavior of the
potential at their boundary: for themonolayer the potential is continuous and its gradient is discontinuous. For the double
layer it is just the other way round. Although this is demonstrated here for a relatively simple configuration: assuming a
uniform strength and a simple shape of S, this type of behavior can be shown to hold true in general (Panofsky & Phillips;
p. ).

Like the monopole, the uniform monolayer has no place by itself in a bounded medium since it does not conserve
charge. The nonuniform variant clearly has a place when adding the constraint that the integral of its density over the
surface carrying it be zero. Even so, it is rarely used as amodel for the true, primary sources that originate frommembrane
processes. Its natural place is as one of the equivalent sources that are used for treating the relationship between potentials
on the heart surface and body surface potentials (> Sect. ...).

The double layer source model has a natural place as a primary, equivalent source, as well as a secondary source for
treating the effect of inhomogeneities in the electric conductivity of the medium (> Sect. .).

.. Volume Source Densities

A volume distribution of dipole sources can be described by a density function, just as a volume distribution of
point charges in electrostatics could be described by a volume charge density function. If M⃗v is a dipole moment
per unit volume, with dimension Am−, then M⃗vdv is an elementary dipole whose potential field, according to
(.), is

dΦ = 
πσ

M⃗v ● r⃗
r

dv (.)

The total potential field is found by integrating (.), giving

Φ = 
πσ ∫ M⃗v ● r⃗

r
dv (.)
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The field of the double layer discussed in the previous section may be viewed as a degenerate case of (.), with M⃗vdv =
M⃗SdS.

More generally, if a conducting region contains an arbitrary impressed current source density J⃗ i , then the potential
field is

Φ = 
πσ ∫ −∇ ● J⃗ i

r
dv (.)

as was shown in (.). The volume of integration expressed in (.) relates to any volume that contains all impressed
sources; at the surface of such a chosen volume, J⃗ i =  necessarily. As a consequence, if J⃗ i/r is integrated over such a
bounding surface, the result must also be zero. That is

∫ (J⃗ i/r) ● dS⃗ =  (.)

If the divergence theorem ((.)) is applied to (.), then

∫ ∇ ● (J⃗ i/r)dv = ∫ J⃗ i

r
● dS⃗ =  (.)

and by application of the vector identity given by (.), (.) yields

∫ J⃗ i ● ∇(/r)dv = −∫ (/r)∇ ● J⃗ idv (.)

Consequently (.) can be replaced by

Φ = /(πσ)∫ J⃗ i ● ∇(/r)dv (.)

from which it follows that
Φ = /(πσ)∫ J⃗ i ● r⃗/rdv, (.)

where r⃗ points from source to field point, as before. A comparison of (.) and (.) provides an alternative interpre-
tation of the impressed current density J⃗ i (Am−) as a dipole moment per unit volume. Note that both interpretations
have the same dimensions: Am− = Am/m.The potential field can be found from J⃗ i using either (.), where −∇● J⃗ i
behaves like a current monopole volume density iv (Am−), or (.), where J⃗ i behaves like a dipole moment volume
density (Am−).
. Potential Fields in Inhomogeneous Media

Up to this point, all expressions for the potential fields discussed in this chapter have assumed that the sources lie in
a volume conductor of infinite extent having a uniform isotropic electric conductivity. When inhomogeneities of the
electric conductivity are in fact present, as is always the case in bioelectricity, their effect on the observed potential field
must be taken into account. This section describes some of the methods that are used for evaluating these effects. The
goal in mind is their application to the determination of electrocardiographic potential fields.

The methods discussed assume the inhomogeneities to be restricted to nonintersecting subregions, each having its
individual homogeneous, isotropic electric conductivity.

The most prominent inhomogeneity relates to the fact that the electric conductivity of the region outside the body
(air) is zero. As a consequence, in the normal situation, no electric current flow takes place across this surface. Other,
major differences in conductivity values with respect to those of the surrounding tissues are those of the lungs (lower
conductivity) and the blood inside the cavities of atria and ventricles (higher conductivity).

To introduce the problem, consider a dipole source in a conducting medium of infinite extent. Current flow lines,
directed along the local electric field, exists as shown in > Fig. .. Where appropriate, and to distinguish it from the
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⊡ Figure .

Current flow lines generated by a dipole pointing upward, lying in a uniform, unbounded, conducting medium.

inhomogeneous situation, the potential field set up by the electric current generator inside this type of medium will be
denoted as the infinite medium potential Φ∞.

Suppose that at some instant the entire region external to the rectangular parallelepiped (shown dotted in> Fig. .)
is cut away leaving a nonconducting medium.This constitutes a more realistic model of bioelectrical volume conduction,
in amediumof finite extent bounded by air. In this case, since the current cannot enter the nonconducting exterior region,
the current flow in the interior region will be diverted such that no current will pass the interface between the conducting
and the insulating region.

More generally, if at an instant of time the region external to the parallelepiped in > Fig. . were to have a different
conductivity (not necessarily zero, as just considered), then boundary conditions at the interface between the two regions
of different conductivity (labeled by subscripts  and ) need to be satisfied

Φ = Φ (.)

σ∂Φ/∂n = σ∂Φ/∂n = Jn, (.)

where ∂n is taken along the local surface normal to the interface.
Equation (.) represents the continuity of the normal component of the current density Jn, which must hold true

in the steady state (no accumulation of charge at the interface). This continuity condition and that of potential (.)
form the basis for finding the potential field set up by an electric current generator inside a piece wise inhomogeneous
medium.

If a medium, such as the human torso, can be subdivided into a number of subregions each having a uniform conduc-
tivity, a dedicated pair of such conditions will apply at each of the respective interfaces. The total set of these conditions
can be shown to be sufficient to uniquely find the current flow pattern []. The associated potential field is then, as
always, uniquely specified up to a constant only. If the medium is in fact bounded, like the thorax normally is, choosing
the location of the reference point for the potential at infinity is no longer possible.

.. Basic Formulation; Uniqueness Theorem

... Basic Formulation

The determination of electrocardiographic potential fields arising from bioelectric primary sources is referred to as the
Forward Problem of Electrocardiography (> Chap. ). The solution methods discussed here are selected in view of their
high conceptual relevance.As introduced above,we consider one ormore subregions, eachhaving its own electric conduc-
tivity. In one more of these subregions, bioelectric current sources may be situated.The problem of finding the resulting
potential field anywhere inside themediumor at its boundarymaybe handled by finding the potential field resulting from



Introductory Physics and Mathematics  

each of these sources separately, followed by adding up their individual contributions (superposition theorem). This is
justified by the linearity of the basic source–field relationship:

∇Φ = −iv
σk

= ∇ ● J⃗ i

σk
, (.a)

being Poisson’s equation.
Inside a homogeneous subregion k with conductivity σk, the potential field Φ is found by solving the variant of the

differential (.a), those without primary bioelectric sources by solving Laplace’s equation

∇Φ =  (.)

At the boundaries of the subregions the continuity conditions for the potential and the current density normal to the
interfaces, (.) and (.), need to be satisfied

... Uniqueness Theorem

Once, by whatevermeans, a solution Φ has been found that satisfies (.), (.), and (.) it can be shown that it is
unique up to a constant only. This property is known as the uniqueness theorem [].

.. Method of Images

The solution method based on images is well known from electrostatics. Because of the analogy between electrostatics
and volume conduction theory, cf. (.) and (.), the same method may also be applied in bioelectricity. However,
the number of configurations for which the method can be applied in bioelectric volume conduction problems is rather
limited. Here, a discussion on this topic is included to introduce and illustrate some important basic theoretical concepts.

The problem treated is the situation where volume conduction in the semi-infinite space z ≤  has a conductivity
value σ. In the remaining (upper) part of space, the conductivity is σ. On the z-axis, an electric dipole with strength D⃗ is
situated at z = −d, with dipole elements (Dx, Dy, Dz). The problem addressed here is finding the potential field Φ in the
lower space, Φ in the upper space and in particular at the interface z = . Inspired by the image theory of electrostatics,
we consider a virtual infinite space having a uniform conductivity σ, in which we place a (virtual) image source V⃗ at
the z-axis at z = +d. In the lower semi-space, the dipole potentials generated by both sources clearly satisfy Poisson’s
equation, irrespective of the strength of V⃗.The potential field in the upper semi-space, Φ, is assumed to be generated by
a (virtual) image source V⃗ located on the z-axis at z = −d; d >  (with no virtual sources in the upper semi-space). In this
upper semi-space the dipole potential generated by V⃗ satisfies Laplace’s equation since the upper region is source free.
However, without a proper specification of V⃗ and V⃗, it is not guaranteed that the boundary conditions at the interface
z = , (.) and (.), are met. Without loss of generality, we may put Dy = , and correspondingly, because of the
symmetry involved, V,y =  and V,y = . In this virtual, infinite space, the potential at, z =  is continuous if, using the
expression for the dipole potential, (.),

Φ(x, y, ) = 
πσ

(Dxx +Dzd
R


+ V,xx −V,zd
R


) = Φ(x, y, ) = 
πσ

(V,xx + V,zd
R


) , (.)

with R the length of R⃗ = (x , y , z + d ) and R  the length of R⃗ = (x , y , z − d ), pointing from the respective dipole
sources to the field point at (x, y, z = ). Since R = R, and the equality is required to hold true independently of x,
(.) reduces to the conditions

V,x − V,x = Dx and V,z +V,z = Dz (.)

Next we demand the virtual sources to be such that the continuity equation for the current density in the original, inho-
mogeneous situation is also satisfied in the virtual, homogeneous space. To evaluate (.), the respective contributions
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of the dipole sources to the potential in their respective domains are differentiated with respect to z, the z-axis being
directed according to the normal of the interface. For z = , this means that we demand

σ
∂Φ

∂z
(x, y, ) = σ


πσ

(−Dxxd + (R
 − d)Dz

R


+ V,xxd + (R
 − d)V,z

R


) (.)

σ
∂Φ

∂z
(x, y, ) = σ


πσ

(−V,xxd + (R
 − d)V,z

R


) (.)

This equality should hold true, again independently of x, and since R = R, equating (.) to (.) yields

κV,x +V,x = Dx and κV,z −V,z = Dz , (.)

with κ = σ /σ. The four equations specified by (.) and (.) is sufficient to solve the strengths of the components
of the virtual sources V⃗ and V⃗. We find

V⃗ = ( 
 + κ

Dx, ,


 + k
Dz) and V⃗ = (  − κ

 + κ
Dx, ,−  − κ

 + κ
Dz) (.)

Since the potential fields specified by the combinations of the primary dipole and the virtual dipole sources satisfy the
boundary conditions pertaining to the original, inhomogeneous problem formulation, the solutions also apply to the
“real world” formulation of the problem.This follows as a direct consequence of the uniqueness theorem, > Sect. ....
Note that, although the medium considered is inhomogeneous, it is still of infinite extent and hence the implied location
of the potential reference could be, and was in fact taken, at infinity.

... Inferences

Therelatively simple configuration of> Sect. .. provides a suitable entry to introduce and illustrate some basic concepts
related to the effect of inhomogeneity of volume conduction.

In combination with the primary dipole source, the virtual source specification implied in (.) permits the
computation of the field potential everywhere in the medium.

We first consider the potential field Φ(x, y) at the plane z =  for the source–volume conductor configuration
introduced in > Sect. ... By introducing V⃗ as specified by (.) in (.), we find

Φ(x, y, ) = 
πσ

Dxx +Dzd
R + 

πσ
 − κ
 + κ

Dxx +Dzd
R , (.)

with R the length of R⃗ = (x, y,±d). The first term on the right represents the infinite medium potential, the second
term the effect of the inhomogeneity. The second term has a source strength that is proportional to that of the primary
source term. Correspondingly, −κ

+κ V⃗ constitutes a secondary current source; for κ =  (the homogeneous situation), its
contribution vanishes. At the plane z =  we see that (.) reduces to

Φ(x, y, ) = 
πσ

 − κ
 + κ

Dxx +Dzd
R (.)

If σ = , corresponding to the medium being nonconductive above z = , we have κ =  and the potential Φ(x, y, ) is
twice that in the infinite medium:

Φ(x, y, ) = Φ∞(x, y, ). (.)

Next, more generally, we consider the potential field at an arbitrary plane z = −a ; a >  in the lower semi-infinite space.
Here we have

Φ(x, y,−a) = 
πσ

Dxx +Dz(−a + d)
R


+ 
πσ

 − κ
 + κ

Dxx −Dz(a + d)
R


, (.)
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with R the length of R⃗ = (x, y,−a+d) and R the length of R⃗ = (x, y,−a−d). Note that ∣−a+d∣ is the distance between
the location of the primary source and the plane of observation. At this plane R and R are not equal. As a consequence,
for κ =  the potential field (.) does no longer follow a simple expression of the nature of (.).

If the distance d (recall d > ) between primary source and the interface is large compared to ∣−a+d∣, the contribution
of the secondary source to the potential in (.) is small. Consider, for example, the situation where κ =  (bounded
medium) and Dx =  (a primary source dipole pointing toward the interface). By assigning ∣ − a + d∣ a constant value
c, the contribution of the primary source term in (.) is proportional to the constant factor /c, whereas that of the
secondary source is proportional to /(d − c), which rapidly decreases for increasing values of d.

This indicates that for the interpretation of potential fields observed close to primary sources, the effect of distal
inhomogeneities may, to a first-order approximation, be neglected.

... Alternative Secondary Sources

The secondary source description stemming from the method of images is by no means unique. Alternative variants are
the introduction of monolayers or double layers at the interfaces between the inhomogeneous subregions. The potential
field set up by the virtual sources satisfies Laplace’s equation, that of the primary sources (the infinite medium solution)
satisfies the associated Poisson’s equation. The strength of such virtual sources may be computed such that all boundary
conditions are satisfied, and thus (unicity theorem) the sum of both fields in the virtual, infinite space into which the
primary and secondary sources are introduced is also the solution for the “real world” problem.

.. Spherically Shaped Interfaces

Although including inhomogeneity, the volume conductor treated in> Sect... is still insufficient for the analysis of the
bioelectric potentials, since the semi-space is of infinite extent.Themethod of imagesmay be applied to treating bounded
media, but here the bounding geometry needs to be restricted, e.g., to be box-like.

For some types of geometric alternative, analytical methods are available for solving the involved volume conduction
problem. A particular class is formed by spherical interfaces. In this section, the method of handling such interfaces is
discussed, and is illustrated with respect to their application to a single bounded sphere, the earliest bounded volume
conductor model considered in electrocardiography.

... General Solution of Laplace’s Equation; Spherical Harmonics

As shown in > Sect. ..., the potential field generated by the secondary sources should satisfy Laplace’s equation,
and for treating spherical boundaries the expression of Laplace’s equation in spherical coordinates (r, θ, ϕ), (.), is the
natural starting point. It can be shown that the general solution to (.) can be formulated as a sum of basic analytical
functions, involving, in general, an infinite member of terms [, ]. This expression reads

Φ(r, θ, ϕ) = ∑∞
n= ∑n

m= (an,m cosmϕ + bn,m sinmϕ)(cn,mrn + dn,mr−(n+))Pm
n (μ), (.)

with μ = cos θ. The function Pm
n (μ) is the associated Legendre function of degree n and order m [, p. ]. In com-

bination with the sine and cosine functions involved, these functions form the set of the so-called spherical harmonics.
For m =  these are referred to as the Legendre polynomials Pn(μ) = P

n(μ). The factors an,m , bn,m , cn,m , and dn,m are
the expansion coefficients that specify the solution Φ(r, θ, ϕ).The great significance of the expansion (.) stems from
the fact that the spherical harmonics form an orthogonal set. This means that the integral over a product of two such
functions of the same order and degree is nonzero, whereas it will be zero if any of the two orders or degrees differs. As a
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consequence, a unique set of expansion coefficients may be computed for any potential field Φ(r, θ, ϕ). The derivatives
of Pn(μ) are related to the associated Legendre function, in fact we have:

dm

dμm Pn(μ) = (−)m( − μ)−m/Pm
n (μ), (.)

[ p. ]. For n = , , ,  the Legendre polynomials are

P(μ) = , P(μ) = μ, P(μ) = 

(μ − ) andP(μ) = 


(μ − μ), (.)

those for higher degrees follow from the recurrence expression

(k + )Pk+(μ) = (k + )μPk(μ) − kPk−(μ) (.)

These polynomials are orthogonal over the interval − < μ < . The integral of (Pn(μ)) over this interval, called the
squared norm of Pn(μ), is

∫
−

(Pn(μ))dμ = 
n + 

(.)

... Application: Current Dipole Inside a Bounded Sphere

As an example of the use of spherical harmonics, we compute the potential field generated by a current dipole placed
inside a bounded sphere with radius a, centered around the origin. Other applications of this method are worked out in
other chapters of this volume.

The internal homogeneous conductivity of the sphere is taken to be σ . Without loss of generality, the dipole is placed
on the z-axis at z = d,  ≤ d < a, and its strength taken to be D⃗ = (Dx, ,Dz). The infinite medium potential, expressed in
Cartesian coordinates is

Φ∞(x, y, z) = 
πσ

Dxx +Dz(z − d)
R = 

πσ
Dxx
R + 

πσ
Dz(z − d)

R (.)

The first term on the right represents the contribution to the potential field of the component of the dipole vector that is
tangential to the surface of the sphere, the second term that of the radial component.The expression of the same function
in spherical coordinates reads

Φ∞(r, θ, ϕ) = 
πσ

Dxr sin θ cosϕ(√r + d − dr cos θ) + 
πσ

Dz(r cos θ − d)(√r + d − dr cos θ) (.)

After introducing μ = cos θ, in the second term on the right the function

r cos θ − d(√r + d − drμ) = ∂
∂d

⎛⎝ √
r + d − drμ

⎞⎠ = ∂
∂d

( 
R
) , (.)

as can be verified by differentiation. Similarly, in the first term on the right of (.), the function

r(√r + d − drμ) = 
d

∂
∂μ

( 
R
) (.)

The function /Rmay be expanded in a Taylor series. For r > d the result is


R
= 

r

∞∑
ℓ=

(d
r
)ℓ

Pℓ(μ)
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and for r < d we have

R
= 

d

∞∑
ℓ=

( r
d
)ℓ

Pℓ(μ) (.)

The appearance of the Legendre polynomials in this Taylor series expansion is not accidental: in fact the Legendre poly-
nomials have been defined on the basis of this expansion. These properties allow the two terms in the right hand side of
(.) to be expanded as a series of Legendre polynomials, thus opening the way for solving the boundedmediumpoten-
tial. This is demonstrated here by computing the potential field generated by the radial dipole component.The treatment
of the contribution of the tangential dipole component may be carried out in a similar way.

For r > d the infinite medium potential generated by radial dipole is

Φ∞(r, θ, ϕ) = Dz

πσ
rμ − d(√r + d − dμ) = Dz

πσ
∂
∂d

( 
R
)

and by using (.) we find

Φ∞(r, θ, ϕ) = Dz

πσ

r
∞∑
ℓ=

ℓ (d
r
)ℓ−

Pℓ(μ) (.)

Note that the summation starts at ℓ = , as the term for ℓ =  is wiped out by the factor ℓ that results from the applied
differentiation. Also note that the expression on the right does not depend on ϕ, in agreement with the axial-symmetric
nature of this part of the problem.

To this infinite medium potential we now add the general solution of Laplace’s Equation (.) and demand that the
potential field expressed by the sum satisfies the boundary condition at the surface of the sphere. For a boundedmedium
this means that the normal derivative of the field is zero. The nature of the problem is such that a relatively simple form
of (.) is involved. First, because of the axial-symmetric nature of both the infinite medium potential and the volume
conductor, no terms involving ϕ should play a role. Second, since the contribution to the potential field at the origin is
desired to be finite, all terms involving negative powers of r should be absent. This leaves as the possible contribution
satisfying Laplace’s equation

Φ(r, θ, ϕ) = ∞∑
n=

cnrnPn(μ), (.)

and, for r > d the general nature of the total potential field is

Φ(r, θ, ϕ) = Dz

πσ

r
∞∑
ℓ=

ℓ (d
r
)ℓ−

Pℓ(μ) + ∞∑
n=

cnrnPn(μ) (.)

The expansion coefficients cn remain to be determined from the boundary condition. Because of the radial symmetry of
the volume conductor, the normal derivative of the interface is found by differentiation with respect to r and the boundary
condition is satisfied if this derivative is zero for r = a.

Carrying out the differentiation, followed by substituting r = a, leads to the equation

− Dz

πσ

a
∞∑
ℓ=

ℓ(ℓ + ) (d
a
)ℓ−

Pℓ(μ) + ∞∑
n=

(ncnan−)Pn(μ) =  (.)

The determination of the expansion coefficients from this expression may seem to be difficult. However, as demonstrated
in the sequel, it is a straightforward, standard procedure based on the application of the orthogonality properties of the
Legendre polynomials (> Sect. ...). The procedure is as follows. For all integer values of k, k ≥ , multiply both sides
of (.) by Pk(μ) followed by the integration of the result with respect to μ over the interval − < μ < . Because of
the orthogonality properties of the Legendre polynomials, for any given k the terms in the first summation yield nonzero
terms only for ℓ = k, and those of the second summation only for n = k. Moreover, by using the expression for the norms
of the Legendre polynomials, (.), we find

− Dz

πσ

a

k(k + ) (d
a
)k− 

k + 
− +ckkak− 

k + 
=  (.)
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From this expression the expansion coefficients ck can be computed easily. Note that, for didactic reasons, the norms of
the Legendre polynomials are included in (.), but in fact drop out of the equation. Moreover, for k =  the equation
does not yield a value for ck. For other values of k we find

ck = Dz

πσ
(k + ) dk−

aa+
. (.)

Substitution of this result in (.) then yields as the final solution for the potential field for d < r ≤ a:

Φ(r, θ) = Dz

πσr
∞∑
k=

k(d
r
)k−

Pk(μ) + Dz

πσr
∞∑
k=

(k + ) (d
r
)k− ( r

a
)k+

Pk(μ) (.)

... Discussion

The relatively simple configuration of> Sect. ... provides a suitable means for illustrating some basic consequences of
the bounded nature of a volume conductor, as is worked out in the sequel. As indicated, (.) holds true in the domain
d < r ≤ a. For the remaining part of the sphere, r < d, the potential field may be found using the same procedure as
in > Sect. ..., but now using the Taylor expansion valid for this region as shown in the second part of (.). The
computation of the complete potential field generated by the tangential dipole componentmay be carried out in a similar
way.
Notes:

. In (.), the first expression on the right represents the infinite medium potential, while the second represents the
effect of the sphere being bounded.This second termmay be interpreted as the field arising from a virtual, secondary
source placed in an infinite medium. Its magnitude depends linearly on that of the primary source. The nature of the
secondary source may be diverse. A potential field inside the sphere having the required nature may be generated
by a virtual dipole having an appropriate position and strength, a monolayer at the interface or a double layer at the
interface.

. The contribution of the secondary source tends to zero if the boundary is distal, i.e., if a >> r, due to the factor (r/a)k+.
As a consequence, the potential field observed at a distance to the source that is small relative to the distance to the
boundary tends to the infinite medium potential; for the interpretation of observed potentials at this field point, the
boundary effects may be neglected.

. For observation points on the spherical boundary, r = a, (.) reduces to

Φ(r, θ) = Dz

πσa
∞∑
k=

(k + ) (d
a
)k−

Pk(μ) (.)

For a dipole located at the center of the sphere (d → ), the only remaining term in the summation is the one for k = .
This leaves

Φ(r, θ) = 
Dz

πσa
cos θ, (.)

since, (.), P(μ) = μ = cos θ.This demonstrates that for a dipolar source placed at the center of a spherical surface,
the effect of bounding the sphere produces a potential field on the spherical boundary that is threefold that of the
infinite medium potential. For source locations close to the spherical surface, the effect of bounding the medium is
less, tending to the factor  (.) for a planar boundary. For an arbitrary bound, the factor may be expected to lie
within these two limits,  and .

. While evaluating the expansion coefficients ck, (.) no value could be identified for k = .The Legendre polynomial
for k = , (.), P (μ) = .This leaves the mean value of the potential field undetermined.The potential field (.)
has an implicit zero mean of the potential over the boundary, as a consequence of excluding a term for k =  and the
orthogonality of the Legendre polynomials.
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. The mean level of the potential is unrelated to the impressed current density, as was discussed in > Sect. .... For a
bounded medium the location in space as a reference for measured potential difference cannot be chosen at infinity,
but must be selected somewhere on, or inside, the boundary. The selection of this location may be guided by practical
considerations. However, contrary to a frequently encountered belief, no universal, theoretical optimum exists [, ].

.. Realistically Shaped Interfaces; The Boundary Element Method

Although the inclusion of spherical bounds or interfaces, like the basic version treated in > Sect. .., are more realistic
than the one treated in > Sect. .., they still only poorly resemble the shapes of the interfaces of the most prominent
inhomogeneities, such as the torso boundary, the high conductivity of blood, or the low conductivity of lung tissue.

For the treatment of volume conduction effects involving such shapes, analytical methods of the type described
in the previous section are not available. Instead, several numerical methods have been developed over the past few
decades. The most prominent are the finite difference method (FDM), the finite element method (FEM), the finite vol-
ume method (FVM), and the boundary element method (BEM). The BEM lacks the possibility of treating situations
involving anisotropic electric conductivity that some of the other methods have but its conceptual relevance is higher. It
is for this reason that this topic is treated in this chapter. The other methods (FDM, FEM, and FVM) are discussed in
> Chap. . The BEM is based on formulations described by in  by Smythe [].

... Mathematical Preliminaries

Themathematics involved in the theory of the BEM uses some specific results from the field of vector calculus. To make
this section self-contained, these results are listed here. As in > Sect. .., all specific conditions required are assumed
to be satisfied. Dedicated proofs can be found in the standard references listed at the end of this chapter. Throughout, in
the scalar function /R, R denotes the length of the vector R⃗ = r⃗ ′ − r⃗ pointing from (source) point r⃗ to (field) point r⃗ ′

(compare > Sect. ..), A⃗ is a vector field, Ψ and Φ are arbitrary scalar functions.

● For vector field A⃗ within a volume closed by a boundary S

∫
V

∇ ● A⃗dV = ∫
S

A⃗ ● dS⃗ (Gauss’ divergence theorem; (.)) (.)

∇ 
R
= −πδ(r⃗ ′, r⃗) = ∇′ 

R
(.)

This is the result that is most specific for this section. The function δ(r⃗ ′, r⃗) is the D Dirac delta function. It is a so-
called distribution function, defined through the properties of a volume integral over a volume V of its product with
a scalar function f (r⃗). The defining equations are

∫
V

δ(r⃗ ′, r⃗)f (r⃗)dV =  if V does not encompass r⃗ ′, (.)

else, ∫
V

δ(r⃗ ′, r⃗)f (r⃗)dV = f (r⃗ ′) (.)

Note that this definition implies that ∫
V

δ(r⃗ ′, r⃗)dV =  and, hence, its unit is m−.

● Application of Gauss’ theorem to A⃗ = Ψ∇Φ yields

∫
V

∇ ● Ψ∇ΦdV = ∫
V

∇Ψ ● ∇ΦdV + ∫
V

Ψ∇ΦdV = ∫
S

Ψ∇Φ ● dS⃗ (.)

This result is known as Green’s first theorem.
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● Correspondingly, by exchanging Ψ and Φ, we have

∫
V

∇●Φ∇ΨdV = ∫
V

∇Φ ● ∇ΨdV +∫
V

Φ∇ΨdV = ∫
S

Φ∇Ψ ● dS⃗ (.)

● Finally, by subtracting second equation in (.) from the corresponding part of (.), we see that

∫
V

Φ∇ΨdV − ∫
V

Ψ∇ΦdV = ∫
S

Φ∇Ψ ● dS⃗ − ∫
S

Ψ∇Φ ● dS⃗ (.)

This result is known as Green’s second theorem.

... Equivalent Surface Sources

The BEM is based on the use of equivalent surface sources [, –]. To introduce this, we first consider the source–
volume–conductor configuration shown in > Fig. .. It depicts a volume segment bounded by a closed surface S. Its
interior has uniform conductivity σ and contains a primary, impressed current source (dotted region). Its exterior is left
unspecified: it may or may not contain primary sources and may or may not have the same conductivity.

Starting point for the theory described here is Green’s second theorem, (.), inwhichwe substitute Ψ = 
R , R⃗ = r⃗ ′−r⃗

pointing from (source) point r⃗ to (field) point r⃗ ′ as before, and take for Φ the potential field inside S, which leads to

∫
V

Φ∇ 
R
dV −∫

V


R
∇ΦdV = ∫

S

Φ∇ 
R
● dS⃗ − ∫

S


R
∇Φ ● dS⃗ (.)

All integrations are carried out with respect to the unprimed variable r⃗, and dS⃗ is the local outward normal of S. The four
integrals shown are worked out as follows.

Based on (.) and (.), the first one is found to be equal to −πΦ(r⃗ ′).The second integral equals −πΦ∞(r⃗ ′),
the potential field generated by the primary sources inside Swhen placed in an infinite medium having a conductivity σ .
This follows from (.). The third integral may be written as ∫S Φ(r⃗)dω, with dω the solid angle subtended by dS⃗ at r⃗ ′

(combine (.) and (.)). Note that for r⃗ on S, as is the case for this integral and r⃗ ′ an interior point of surface S, R⃗ is
pointing inward and consequently the sign of dω is negative. Finally, in the fourth integral ∇Φ ● dS⃗ is equal to −EndS,
with En the normal component of the electric field at r⃗ on S. For the latter, by using (.), we may write En(r⃗) = Jn(r⃗)/σ ,
with Jn(r⃗) the normal component of the current density passing the surface S at r⃗.

s

ds

R

r’r

O

⊡ Figure .

A part of space, delineated by a surface S, with uniform conductivity σ . Primary current sources are located in the region

surrounding r⃗. The field point is r⃗ ′ , R⃗ = r⃗ ′− r⃗.
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Substitution of the above expressions for the four integrals of (.), followed by a reordering of the terms, results in
the following, fundamental expression

Φ(r⃗ ′) = Φ∞(r⃗ ′) − 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) − 
πσ ∫

S

Jn(r⃗)
R(r⃗′, r⃗)dS(r⃗) (.)

It signifies that at any point inside any volumeV with homogeneous conductivity σ , bounded by a surface S, the potential
field can be expressed as the sum of the local infinite medium potential, a weighted sum (integral) of the potentials Φ(r⃗)
at S, and a weighted sum (integral) of the normal component of the current density Jn(r⃗) passing surface S.

The two additions represent the effect of the conditions in the external domain: the effects of any primary sources
present in that domain and/or differences of the electric conductivity with respect to the internal, homogeneous value σ .
Based on the results from > Sect. .., the first of these contributions may be interpreted as arising from a virtual double
layer source, (.), the second one as a virtual mono layer source, (.), both located at S.

... Application to Homogeneous, Bounded Volume Conductors

The results of the previous subsection facilitate the introduction of the BEM for evaluating the effect of bounds on the
electric conductivity having an arbitrary shape. To this end, we reconsider the same situation as depicted in > Fig. .,
now taking the part of space exterior of S to be nonconducting. This being the case, no current will pass S and (.)
reduces to

Φ(r⃗ ′) = Φ∞(r⃗ ′) − 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) (.)

In this expression, Φ(r⃗) represents the potential field at S in the bounded state,which needs to be known before the poten-
tial at an arbitrary internal point can be computed. To find Φ(r⃗), the field point r⃗ ′ is moved toward S. While assuming
no primary current sources close to S, the potential field Φ(r⃗ ′) is continuous, and in the limit of approaching S we have
Φ(r⃗ ) = Φ(r⃗ ′). Expression dω(r⃗′, r⃗) = R⃗ ● dS⃗/R requires special attention, since both numerator and denominator
approach zero when r⃗′ approaches r⃗. Its value may be found by taking an appropriate limit L. For a (locally) planar sur-
face its value is L = −π, in which π is the solid angle subtended by a planar semi-space and the minus sign stems from
the fact that locally, R⃗ and dS⃗ point in opposite directions. In numerical computations based on (.), the surface S is
approximated by a large number of small triangles. In early applications, the field points r⃗ ′ were situated at the centers of
gravity of these triangles, in which case L = −π for all field points (on S). In this case (.) may be formulated as

Φ(r⃗ ′) = Φ∞(r⃗ ′) − 
π ∮

S

Φ(r⃗)dω(r⃗ ′, r⃗) − −π
π

Φ(r⃗ ′), (.)

in which the integration excludes the small region dS around r⃗′ = r⃗, yielding

Φ(r⃗ ′) = Φ∞(r⃗ ′) − 
π ∮

S

Φ(r⃗)dω(r⃗ ′, r⃗) (.)

In numerical implementations in which the field points are formed by the triangle vertices, the absolute value of L = L(r⃗)
depends on the local curvature of S. For locally convex surface patches (as seen from the outside) it is less than π, while
for concave surface patches it is greater than π.

Numerical Implementation

For each ofN observation points on S, the numerical handling of (.) leads to a linear equation in the unknown values
φn = Φ(r⃗ ′n), n = ,  . . .N.The total set ofN equations in theN unknown φn values can be solved by computer implemen-
tations of the appropriate methods of linear algebra. The solution found is unique only up to a constant, corresponding
to the physics of the problem. It requires the specification of a point of the medium acting as a potential reference to
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make the solution unique, just like whenmeasuring bioelectric potentials. This point may be chosen at will. The outcome
of the entire procedure for determining all elements φn of a N-dimensional numerical vector φ may be formulated as a
matrix multiplication of the (numerical) vector φ∞ by a transfer matrix, say A, constituting a numerically determined
set of weighting coefficients, representing the effect of all volume conductor effects (inhomogeneities and bounds of the
volume conductor) []

φ = Aφ∞ (.)

The matrix A is a linear operator acting on the infinite medium potentials.
The computation of the involved elementary solid angles dω(r⃗′ ,⃗r) can be approximated using a discretized repre-

sentation of the surfaces involved, based on small triangular elements. Analytical expressions for the basic, required
computations are available in [, ].

Discussion

Themethod described above constitutes the essence of the BEM. Frequently, the interest lies in determining the potentials
on the bounding surface only. The determination of the elements of the transfer matrix constitutes the most elaborate
part of the BEM. However, once the potential Φ(r⃗) on S has been determined, the potential field at any interior point can
be found by means of (.).

For several applications, it is of particular significance, and a pronounced advantage of the BEM over some of the
other methods such as the FEM, that the transfer matrix A depends on the geometry of S only. Hence, when considering
a set of different locations of the source points, the most elaborate part of the procedure, the computation of A, needs to
be carried out only once, which greatly facilitates inverse procedures [].

As discussed in > Sect. ..., based on the results from > Sect. .., the integral in (.) may be interpreted as
representing the contribution from a virtual double layer source at S. This is specific for the variant of the BEM described
here. An alternative BEM approach has been formulated in which the virtual source of S is a monolayer. This was in fact
the case in the very first application of the BEM in electrocardiography [].

... Application of the BEM to Inhomogeneous Volume Conductors

The BEM can be extended to the handling of the effect of internal regions of the volume conductor having a different,
homogenous conductivity. This is worked out here in some detail for an application to a single inhomogeneous region
inside a bounded volume conductor. The generalization for multiple inhomogeneous regions is straightforward.

The starting point for the theory described here is once more Green’s second theorem, (.).
We apply it separately to the subregions I and II illustrated in > Fig. .. Subregion I has conductivity σ and is

bounded by surfaces S and S. It is assumed to contain primary sources. Subregion II is bounded by S, has conductivity
σ and is assumed to be source free.

For subregion I, with both the integration variable r⃗ and the field point lying within subregion I, (.),

ΦI(r⃗ ′) = ΦI,∞(r⃗ ′) − 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) + 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) + 
πσ ∫

S

Jn(r⃗)
R(r⃗′, r⃗)dS(r⃗) (.)

The first term on the right represents the potential generated by the primary sources in an infinite medium having the
conductivity of the source region, which will be referred to as σs. In the case illustrated, this conductivity is σs = σ.
The third term on the right stems from the fact that the subregion is bounded by both S and S. The difference in sign
compared with the corresponding term for S stems from the fact that the outward normal of region I at S is the reverse
of the outward normal of region II at S. The latter also explains the sign of the final term involving the current density
across S. This term is clearly nonzero, since the conductivity of region II is nonzero.

Next, we leave the field point within subregion I, while applying Green’s second theorem to region II.

∫
VII

Φ∇ 
R
dV −∫

VII


R
∇ΦdV = ∫

S

Φ∇ 
R
● dS⃗ − ∫

S


R
∇Φ ● dS⃗ (.)
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O

S1

IdS

dS

RS2

r
r’

II

s=0

s1

s2

⊡ Figure .

Volume conductor. Region I is bounded by surfaces S and S, with uniform conductivity σ . Internal region II is bounded by

S, with uniform conductivity σ . Primary current sources are locatedwithin region I, around arbitrary point r⃗ of region I. Field

point r⃗ ′ is also shown in region I, with R⃗ = r⃗ ′− r⃗.

The first integral on the left is zero since r⃗ ′ is exterior to subregion I ((.) and (.)). The second integral is also zero
since there are no primary sources within subregion II: ∇Φ = . Hence, as was the case when deriving (.), we now
have

 = − 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) − 
πσ ∫

S

Jn(r⃗)
R(r⃗′, r⃗)dS(r⃗) (.)

By comparing (.) and (.) it can be seen that the integrals involving Jn(r⃗) are identical: both represent the current
density across S. As a consequence these integrals will be eliminated bymultiplying (.) by σ, andmultiplying (.)
by σ, followed by the addition of both equations. After rearranging the terms of this addition and dividing the result by
σ, the following expression is found for ΦI(r⃗ ′), the potential field inside subregion I.

ΦI(r⃗ ′) = σs
σ
ΦI,∞(r⃗ ′) − 

π ∫
S

Φ(r⃗)dω(r⃗ ′, r⃗) − 
π

σ − σ
σ ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) (.)

Besides the infinite medium contribution of the primary sources, the expression shows two virtual double layer sources,
one for each of the surfaces that form the border of subregion I. Note that for σ = σ, the contribution of the final term is
zero, as required. The factor σs/σ in the first term on the right, a factor equal to one in the current example, arises when
the primary sources are present in a subregion different to the one where the potential field is evaluated.

When the field point r⃗ ′ is located in subregion II, the same method as shown above may be used to find the potential
field.The result is

ΦII(r⃗ ′) = σs
σ

ΦII,∞(r⃗ ′) − 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) − 
π

σ − σ
σ ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗), (.)

which, apart from a different scaling factor, is the same as (.). However, note that all solid angle terms, the factors
weighting the equivalent double layer strengths, are different because of the different location of field point r⃗ ′.

If K , possibly nested, subregions are present within the bounded volume conductor, the potential field within any
subregion k, a generalization of (.) and (.) can be formulated as

Φk(r⃗ ′) = σs
σ−k

Φk,∞(r⃗ ′) − 
π

K∑
ℓ=

σ−ℓ − σ+ℓ
σ−k

∫
Sℓ

Φℓ(r⃗)dω(r⃗ ′, r⃗), (.)

in which subregion k is defined by the label of its outermost interface, where σ+ℓ is the conductivity just outside the
interface ℓ and σ−ℓ is the conductivity just inside. If k =  is the surface encompassing the entire medium, and if its
exterior is nonconducting, then σ+ = .
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Discussion

Equation (.) constitutes the essence of the BEM. It expresses the potential field in any number of inhomogeneous
subregions as the sum of the contributions to the potential inside a virtual infinite medium of (a scaled version of) the
impressed primary sources and those of virtual double layer sources at each of the interfaces bounding the subregions.
The strength of these secondary sources is small if the differences between conductivity values at both sides of an interface
are small.

In a practical application (.) can only be used if the potentials Φℓ(r⃗) at the interfaces are known. These may be
computed numerically in the same manner as discussed in the previous subsection for the single interface problem.

... The BEMUsed To Compute Potentials On The Heart Surface

Thefinal demonstration of the use of the BEMdiscussed here is its application to the computation of the transfer between
potentials on the heart surface and the potentials on the body surface.The inverse of this transfer function is the key ele-
ment for the computation of potentials on the heart surface from observed body surface potentials.This topic is discussed
in>Chap. .Themethods are based on the fact that if no primary sources are presentwithin a volume conductor bounded
by a surface S and an internal closed region S the potential fields on these surfaces are linked in a unique manner. The
medium in between may contain different subregions having a different conductivity. The treatment presented here con-
siders just S representing the body surface, and the surface S, representing a surface closely encompassing the heart.
This surface is usually referred to as the epicardium, but its identification with the pericardium is more appropriate.

The volume conductor of the problem addressed is shown in > Fig. .. The transfer can be computed on the basis
of (.), which describes the field in subregion I. Since there are no primary sources in this subregion, this equation
reduces to

Φ(r⃗ ′) = − 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) + 
π ∫

S

Φ(r⃗)dω(r⃗ ′, r⃗) + 
πσ ∫

S

Jn(r⃗)
R(r⃗′, r⃗)dS(r⃗) (.)

In the computation of the forward transfer, the potential field Φ(r⃗) on S is assumed to be known.This leaves Φ(r⃗), the
potential on S, as well as the current density Jn(r⃗) at S, to be determined. As in the preceding subsections the numerical
approximation of these functions is carried out by placing field points on S and S. For N points placed on S and M

points placed on S this results in a systemofN+M linear equations in the unknown variables φn and Jm .The systemhas
a unique solution for any set of assumed values φm on S. The indeterminacy of the potential that needed to be addressed
in the > Sect. ... and > ... is not present here, since the specified φm values implicitly define the mean level of
the potential []. The application of these types of numerical methods is discussed in > Chap.  (> Sect. ..).

O

dS

dS

S1

S2

I

II

r

R

r’

s=0

s1

⊡ Figure .

Volume conductor. Region I is bounded by surfaces S and S, with uniform conductivity σ Internal region II, bounded by S,
contains primary sources, conductivity unspecified. No primary current sources are present within region I; r⃗ is an arbitrary

point of region I. Field point r⃗ ′ is restricted to region I, with R⃗ = r⃗ ′− r⃗.
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Appendix A Tools from Linear Algebra and Their Notation

A. Introduction

In some chapters of this book, notations and methods are used that are taken from linear algebra. These are the basic
tools involved in the numerical computation of potential fields (> Chap. ): the forward problem (> Chap. ) and in
particular for solving various variants of the inverse problem (> Chap. ). This appendix introduces some of the basic
concepts. For a formal, more complete treatment the reader is referred to the general literature on linear algebra and its
numerical implementation. Highly valuable examples are: [–]. Specific variants of vectors and matrices, as well as of
various definitions and notations used are listed in > Sect. A..

A.. Vectors

In> Sect. ., the vector concept is introduced in its application to D space. Any vector A⃗ can be seen to be characterized
by three elements, Ax , Ay , and Az (> Sect. ..). Addition and multiplication rules are treated in > Sects. ..–...
In linear algebra these concepts have been generalized by introducing variables that are specified by the values of an
arbitrary number of elements. Different types of notations for such “numerical” vectors can be found in the literature.
Here introduced are the notations used throughout this book.

In the sequel, the term “vector” will refer to a variable that is specified by a set of numbers being its elements.These
elementsmay either be listed in a single row or in a single column. In the latter situation, a vector is referred to as a column
vector, which is denoted by a bold lower case symbol. For vector a with m elements we have

a =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a
a⋅⋅
am

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(A.)

The listing of the values of the complete set of elements of a column vector may demandmuch space. A more economical
way is to listing the same values in a row. Accordingly, amay also be defined by its “transpose”: aT , defined as

aT = [a a ⋅ ⋅ am] , (A.)

which is called a row vector. The notation T , signifies “transpose”, a term that is clarified in > A...
In analogy with vectors in D space, a numerical vector having m elements is called an m-dimensional vector. Note

that for m =  the vector reduces to a scalar.
There is a particular role for vectors comprising zero elements only. Such vectors are called zero vectors (> Sect. A.).

A.. Basic Vector Algebra

A... Vector Addition

The familiar rules of addition that apply to “ordinary,” i.e., scalar, variables can be extended to vectors by defining that
these rules be applied to all corresponding elements. Applied to vectors a and b demands that both vectors have the same
number of elements, and that the elements si, i = ,⋯,m of the sum vector s:

s = a + b (A.)

be si = ai + bi.
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A... Vector Multiplication

Themost elementary version of multiplication involving vectors is the one in which a vector is multiplied by a scalar.The
elements of vector a after multiplication by a scalar c is carried out by multiplying all elements ai of a by the scalar, which
implies a uniform scaling of the elements by c. As a consequence we have

c a = a c. (A.)

Note that a combination of the definition of vector addition and scalar multiplication with c = − also defines the
subtraction of vectors:

v = a − b = a + (−)b. (A.)

All these properties can be seen to be straightforward generalizations of those defined in > Sect. .. for the vectors
in D space. In a similar fashion to what is shown in > Sect. .., the scalar product of two vectors a and b is the scalar d
that is the outcome of the pair-wise multiplication of their elements, followed by the summation of the resulting products:

d = m∑
i=

aibi = aT b = bT a. (A.)

The significance of the notation aTb is explained in the next section.
If the product of two vectors is zero the vectors are said to be orthogonal, analogous to the definition in> Sect. ...
The generalization of the magnitude of a D vector (> Sect. ..) leads to the definition of the “norm” of a vector as:

∣a∣ = √
aTa. (A.)

It is interesting to note that even the concept of the angle between two vectors in D space (> Sect. ..) can be
carried over to two vectors in n-dimensional space, an angle that is computed as

α = acos( aTb∣a∣ ∣b∣ ). (A.)

A.. Matrices

Many numerical methods lead to a problem formulation involving a collection of several, say n, column vectors of dimen-
sion m. This collection is called a matrix. In the sequel, bold face capitals are used to denote matrices. Matrix A, with
elements ai,j, i = ,⋯,m; j = , ⋯ ,n, can be visualized as

A =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a, a, ⋯ a,j ⋯ a,n⋅ ⋅ ⋯ ⋅ ⋯ ⋅
ai, ai, ⋯ ai,j ⋯ ai,n⋅ ⋯ ⋯ ⋅ ⋯ ⋅
am, am, ⋯ am,j ⋯ am,n

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(A.)

There arem × n elements in the above matrix; its size is defined as (m,n). Ifm = n the matrix is called “square.”
Next to any matrixA of size (m,n) there is a corresponding one, the transposed matrix AT of size (n,m). Its elements

are the elements aj,i of A.
If, in matrix A, n = , the matrix reduces to a single column. Thus, an m-dimensional column vector may be viewed

as a matrix of size (m, ). Similarly, a row vector having n elements may be viewed as a matrix of size (,n). The notation
aT introduced for a row vector paves the way for a unified formalism for multiplications involving matrices, vectors, or
both.

Definitions of specific matrices and their properties are listed in > Sect. A..
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A... Matrix Addition

As explained for vectors, the familiar rules of addition that apply to “ordinary,” i.e., scalar, variables can be extended to
matrices by demanding that these rules be applied to all corresponding elements. Applied to vectorsA andB this requires
that both matrices be of the same size and that the elements si,j, i = ,⋯,m; j = ⋯ ,n, of the sum S:

S = A + B (A.)

be si,j = ai,j + bi,j .

A... Multiplication andMatrices

The most elementary version of multiplication involving matrices is the one in which a matrix is multiplied by a scalar.
As worked out for the vector, multiplication by a scalar c is carried out by multiplying all elements ai,j ofA by c. This also
defines the difference of two matrices, as shown for the vector.

The most important, basic multiplication of two matrices is defined as follows. Let A be a matrix of size (m,n) and B
a matrix of size (n, p), then their product is defined as the matrix C of size(m, p):

C = AB (A.)

having elements

ci,ℓ = n∑
j=

ai,jbj,ℓ . (A.)

Note that this definition demands that the number of columns ofA be the same as the number of rows of B. It is only
if this condition is satisfied that this type of matrix multiplication is meaningful.

Contrary to the multiplication rules for scalars, this matrix multiplication does not have the property of commuta-
tivity, i.e., generally,

AB ≠ BA. (A.)

This can be seen most easily by comparing the multiplication of A specified by row vector [  ] and B a column vector
specified by its transpose: [  −]. By applying the rules of matrix multiplication (A.) we see that

AB = [  ] ⎡⎢⎢⎢⎢⎢⎣

−

⎤⎥⎥⎥⎥⎥⎦ = −. (A.)

In contrast,

BA = ⎡⎢⎢⎢⎢⎢⎣

−

⎤⎥⎥⎥⎥⎥⎦ [  ] = ⎡⎢⎢⎢⎢⎢⎣
  
  − − −

⎤⎥⎥⎥⎥⎥⎦ . (A.)

Another basic property of matrix multiplication is

(AB)T = BTAT , (A.)

as can be verified from the definition of “transpose” and the rule of matrix multiplication (A.).
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linearity
By combining the properties of matrix addition and multiplication it follows that

A(B + C) = AB +AC, (A.)

expressing the associatative law of matrix multiplication. The full set of definitions given identifies matrix multiplication
as a so-called linear operation.

The rank of a matrix, denoted as rank(A) = r ≤ min(m,n), is the maximum number of independent columns or
rows it comprises. For the product of two matrices A and B we have []

rank(AB) = min(rank(A), rank(B)). (A.)

A. Solving Linear Equations: the ProblemDefinition

The basic problems that require the use of linear algebra for their solution can be formulated as: find x that satisfies the
matrix equation

y = Ax + n. (A.)

The symbols denote
y, a column vector, of size (m, ) representing known or observed variables
A, a matrix, of size (m,n) usually representing a model based transfer
x, a column vector, either directly representing a signal or its parameters
n, a column vector, size(m, ), usually referred to as noise. It represents any In some applications, a set of t column
uncertainties in the problem formulation or measurement errors.
As a consequence, it is an unknown vector, but its statistical properties may be known.

Vectors (multiple realizations) y and n are available and the problem to be solved is: find matrix X that satisfies the
equation

Y = AX +N (A.)

involving matrices with
size(Y) = (m, t)
size(X) = (n, t)
size(N) = (m, t), and
size(A) = (m,n) as in (A.)

In the practice of analyzing observed data there is generally no exact solution to the so-called linear systems (A.)
or (A.). Instead, the true solutions are replaced by estimates, x̂ for (A.), computed such that the difference between
both sides of the equation is as small as possible. The next section introduces this approach.

A. Solution Types

Theproblem formulation as outlined in> Sect. A. leads to two essentially different types of solutions.These are discussed
here for the basic variant of the problem formulation (A.) with n =  .

A.. True Solutions

The basic variant of the problem formulation (A.) reads as

y = Ax, (A.)
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with A a matrix of size (m,n) and rank r. This system of equations may, or may not have a solution. Three different
situations can be distinguished.

● There is no solution. This is the case when the vector products of all possible vectors Ax and y are nonzero. An
equivalent statement of this condition is rank([y A]) > rank(A).

● There is a single, unique solution. This is the case when rank([y A]) = rank(A) and rank(A) = r = n.
● A multitude of different solutions exists. This is the case when rank([y A]) = rank(A) and r < n. This follows from

the definition of the rank of a matrix: r < n signifies that there exist nonzero vectors z such that Az = . Thus, if x is a
solution to Ax = y then A(x + z) = y, which indicates that x + z is also a solution. A matrix for which r < n is called a
rank-deficient matrix.

If the system has a solution it is called consistent, otherwise it is called inconsistent.
In linear algebra the treatment of (A.) is usually restricted to square versions of A. If r = n, a unique solution exists,

but for this situation only, which can be denoted as

x = A−y, (A.)

with A− denoting the inverse of matrixA. Note that under these conditions the existence of a unique solution x depends
on the properties of A only and not on the involved y. With rank(A) = n, matrix A is called non-singular, otherwise:
singular.

This document is directed towards solving (A.) in the more general situation whereA is not square.

A.. Least Squares Solutions

The linear systems that arise in several applications of numerical analysis are often inconsistent and, or rank deficient. It
is for the handling of these situations that the methods used in this chapter have been developed. Suchmethods are based
on the minimization of the squared Euclidean norm of y −Ax. As such they are called “least squares methods.”

If no further information is available on the nature of the problem (A.) the so-called ordinary least squares (OLS)
solution x̂, [], can be computed. This is the solution resulting from minimizing with respect to x of RES, the squared
(Euclidean) norm of the difference vector r = y −Ax, i.e., ∥y −Ax∥. Accordingly, the solution x̂ is taken from

min
x

∥y −Ax∥. (A.)

The minimization is carried out by equating all partial derivatives of the squared norm in (A.) with respect to the
elements of x to zero.The result of this procedure leads to the following condition, which needs to be satisfied by any least
square solution x̂,

ATAx̂ = ATy. (A.)

An important property of (A.) is that it has at least one solution [], irrespective of whether the system Ax = y is
consistent. How these are found is treated below.

A... Specific Notations

After minimization, the following variables can be distinguished:
x̂ ≡ the OLS solution
y ≈ Ax̂ x̂ solves the system in the least squares sense
ŷ = Ax̂
r̂ = y −Ax̂, the residual difference (=y − ŷ)
res = the norm of r̂
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A... The Over Determined Situation:m ≥ n

. full-rank case: r = rank(A) = n
In this situation a unique solution to (A.)

x̂ = (ATA)−ATy (A.)

exists, as follows immediately from (A.). It requires ATA to be non-singular, which is the case in this full-rank
situation.

. rank-deficient case: r < n
If r < n matrix ATA is singular and (A.) cannot be used, and so (A.) does not have a non-unique solution. The
solution can be made unique by imposing additional constraints on the solutions. A frequently used constraint is to
demand that the norm of the solution vector x be minimal. Other types of constraints as well as their implementations
are discussed in > Chap. .

A... The Underdetermined Situation:m < n.

. full-rank case: m = r < n
Here a multitude of solutions to (A.) exist. A unique solution

x̂ = AT(AAT)−y (A.)

is found by requiring it to be the one that minimizes the norm of x, subject to the constraint y = Ax. The fact that
m = r guarantees that AAT is non-singular, and thus the solution is indeed unique.

. rank-deficient case: r < m < n
Here, again, a multitude of solutions exist, all having the same value of RES, and can bemade unique only by imposing
appropriate constraints.

A.. General Methods

Several different methods have been described in the literature for solving the basic equations (A.) or (A.). All of
these require the inversion of a matrix, either one included in the basic equations, or the one resulting from the least
squares approach (A.). Usually, the solution is made unique by imposing a constraint that minimizes the norm of the
solution.

Algorithm HFTI [] as well as SVD [] produce LS solutions for all cases, yieldingminimum norm solutions in the
underdetermined situations.

Algorithm HFTI produces the solution only, algorithm SVD yields a decomposition into three matrices from which
the solution x can be found easily, as is shown below. The SVD is summarized in > Sect. A.. Both algorithms can also
be used to find (to estimate) the covariance of the solution (the estimate) for the general situation involving noise.

For the SVD-based approach involving any matrix of rank r, the least squares solution having minimum norm is

x̂ = VrΣ−r UT
r y, (A.)

with Σ−k a square diagonal matrix having elements /σi for i = , r.
For the notation used, see > A...

A. The Singular Value Decomposition

One of the major tools of linear algebra is the singular value decomposition of a matrix. It has a great value in theoretical
derivations as well as for practical computations.The treatment in this section is mainly descriptive. Proofs of the various
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statements can be found in Refs. [–]. However, they also follow directly from the way in which the various matrices
are constructed by the SVD algorithm.

A.. The Basic Statement

For any real matrix A of size (m,n) there exist matricesU of size (m,m) andV (n,n), and a matrix Σ of size (m,n) having
non-negative elements σi = σi,i for  ≤ i ≤ k ≤ min(m,n), all remaining elements being zero, such that

A = UΣVT . (A.)

This so-called factorization of A is referred to as its singular value decomposition (SVD).
The elements σi, i = , k, are called the singular values ofA.They are usually ordered such that σi ≥ σi+, accompanied

by a reordering of the corresponding columns of U and V, ui and vi, i = , k, respectively.
The matrices U and V have the following properties:

● U (size(m,m)) is orthogonal: UTU = I, hence UT = U− .
● V (size(n,n)) is orthogonal: VTV = I, hence VT = V−.

The integer variable k can be shown to be equal to the rank r of the matrix.
Based on the rank r of A, the ordered variant of the decomposition can be partitioned as

A = [ Ur Um−r ] [ Σr 
  ][ VT

r
VT

n−r
] ,

where the matrix subscripts denote the number of columns of the respective matrices.
By excluding the entries for σi =  this partitioning indicates that a different factorization of A is

A = UrΣrVT
r , (A.)

the so-called “lean” variant of the decomposition. It expresses the essence of the decomposition in its application to solving
the linear system. Some computer codes generate Ur and Vr only. It involves the first r columns of matrices U and V.
Matrix Σr is a diagonal matrix of size (r, r) comprising positive diagonal elements.

For the submatrices involved one has

● The columns of Ur are orthogonal: UT
r Ur = Ir .

● The columns of Um−r are orthogonal: UT
m−rUm−r = Im−r .

● The columns of Vr are orthogonal: VT
r Vr = Ir .

● The columns of Vn−r are orthogonal: VT
n−rVn−r = In−r .

Note that, since Ur and Vr need not be square, their transposed versions generally do not represent their inverses.
Yet another form of the basic expression (A.) is

A = r∑
i=

σiuivTi , (A.)

expressing A as a sum of the matrix products of corresponding column vectors ui and vi : uivTi , each being a so-called
rank-one matrix.
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A.. Applications of the Decomposition

For square, non-singularmatrices (m = n = r) the inverse ofmatrixA as required in (A.) can be computed from the three
matrices (factors) resulting from the SVD algorithm: equation (A.). Since all three factors involved are non-singular
and have the same size we immediately find, by applying the properties listed in > Sect. A., as well as the orthogonality
of U and V,

A− = (UΣVT)− = (VT)−Σ−U− = VΣ−UT . (A.)

Because of the diagonal nature of Σ and the fact that all its elements σi are positive, matrix Σ− is also diagonal, having
elements /σi.

If matrix A is singular or non-square, it does not have an inverse. As discussed in > A.., one then reverts to least
squares methods. At one stage or another, of these methods require solving expressions like (A.). Below it is shown that
the least squares solution to this problem having a minimal norm is

x̂ = VrΣ−r UT
r y, (A.)

with all matrices shown as defined in (A.).
We start by demonstrating that this solution is a least squares solution, which requires that it satisfies condition (A.).

To this end, we multiply the left side of (A.) byATA and the right side by the same factor, now expressed by in terms of
the equivalent variant (A.). This is permitted sinceA andAr have the same rank. We then find, by using the properties
of the matrices Vr , Σr and Ur as specified above, that

ATAx̂ = VrΣrUT
r UrΣrVT

r VrΣ−r UT
r y,= VrΣrΣrΣ−r UT

r y= VrΣrUT
r y= ATy. (A.)

Finally, we show that solution x̂ as found from (A.) has a minimum norm. Let x̂+ z be any other vector resulting in
the same (minimal) residual. Equation (A.) shows that x̂ is a linear combination of the first r columns of V appearing
in the full SVD of A. The weighting coefficients are the r-dimensional row vector Σ−r UT

r y. Adding an arbitrary linear
combination of the n − r columns of matrix Vn−r , with weighting coefficients w to the least squares solution x̂ will result
in the same residual since

AVn−rwT = [ Ur Um−r ] [ Σr 
  ] [ VT

r
VT

n−r
]Vn−rwT ,

and so

AVn−rwT = Um−rwT = . (A.)

This proves that the vector x̂+Vn−rwT is also a least squares solution. However, its norm is necessarily higher because
of the fact that the basis vectors, the columns of Vr and Vn−r , are orthogonal.

The matrix A+ Δ= VrΣ−r UT
r is called the natural pseudo-inverse of matrix A.
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A. Definitions and Notations

The following notations are used throughout.

General
Δ= is defined as
iff if and only if≈ equals in the least squares sense
T the transpose of a vector or a matrix⊥ is orthogonal to
Vectors

Column vectors are denoted by bold-face lower-case characters
e.g., x, their elements as xi , i = ,⋯,n

 a vector having all elements = 
x =  a vector having all elements xi = 
x >  a vector having all elements xi ≥  with at least one

element xi > ∥x∥ norm of a vector (Euclidean norm):∥x∥ Δ= (∑i x

i )/

dependent k vectors are called dependent if set of
numbers α(i), i = ,⋯, k exist, not all zero, such that
xα + xα +⋯+ xkαk = , else they are called independent

Matrices
General

Matrices are denoted by bold-face upper-case characters, e.g.,A,
Matrix A of size (m,n) has elements ai,j, i = ,⋯,m; j = ,⋯,n

r = rank(A) rank r, of a matrix is the maximum number
of independent columns or rows it contains; r <= max(m,n)

A+ denotes a pseudo-inverse of matrix A

A∮ alternative notation of a pseudo-inverse of matrix A
 a matrix having zero elements only
A ≠  a matrix having at least one element ai,j ≠ 
U is an orthogonal matrix if UTU = I, i.e., if all its columns, treated as

vectors, are mutually orthogonal and their scalar products equal one∥A∥f Freebies norm (also Euclidean norm):∥A∥f =Δ= (∑i ∑j a

i,j)/

Square matrices
D a diagonal matrix. All off-diagonal elements are zero
D=DT D diagonal
I the identity matrix: a diagonal matrix having unit

diagonal elements
A− denotes the inverse of matrix A: a matrix such that

A−A = AA− = I(AB)− = B−A− (non-singular square matrices of the same size)
AA = A notation valid for square matrices only
κ(A) condition number of matrix A with respect to inversion:

κ(A) Δ= ∥A∥⋅ ∥A−∥
tr(A) the trace of A: tr(A) Δ= ∑i ai,i
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Statistics
E(x) the mathematical expectation of x if its elements are stochastic
i.i.d. “independent and identically distributed” elements of

a stochastic vector

Cov(x) Δ= E{(x − E(x))(x − E(x))T}, the covariance of x;
in matrix notation: Γx

Var(x) Δ= diag(Γx), the variance of x
white noise independent samples drawn from a zero-mean Gaussian distribution
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. Introduction

The beginning of the era of cardiac electrophysiology can be attributed to the end of the nineteenth century, when
Einthoven discovered the ECG and described its configuration [], defining it more quantitatively in a later study [].
While the ECG remains an essential clinical tool and a symbol of cardiac electrophysiology, the discipline has evolved to
address the function of single myocytes, or even of specific processes within myocytes.

Myocytes represent the functional unit of the cardiac muscle; nonetheless, the heart behaves more or less like
an electrical syncytium, whose global activity depends on low resistance coupling between the myocytes. The phrase
“more or less” is used here intentionally to imply that, while the activity intrinsic to individual myocytes is affected
by coupling, its features remain recognizable within the context of the whole heart and are important to determine its
function.

The ECG signal represents the electrical activity of the whole organ and its relation with the activity of individual
myocytes is quite complex. Indeed, the potentials recorded by body surface electrodes are affected by spatial and temporal
summation ofmyocyte activity at different locations in the heart.This results in somany electrical signals being cancelled,
especially during the repolarization phase [], that the same ECG pattern may be compatible with different activation
and repolarization sequences. This implies that it would be theoretically possible to construct the ECG from the action
potentials of all underlying myocytes, but we cannot deduce individual myocyte behavior from the ECG, a condition
recognized by biophysicists as the “inverse problem” []. In the same way, analysis of the mechanisms andmodulation of
the electrical activity of single myocytes provides information relevant to the function of the whole heart, which cannot
be obtained from the ECG.

This chapter deals with the basic mechanisms of myocyte functioning such as excitation, repolarization, and auto-
maticity, which are relevant to the initiation and orderly propagation of electrical activity in the whole heart.The aim is to
provide a link between phenomena at the molecular level, potential targets of drug therapy or genetic manipulation, and
macroscopic electrical behavior. We have focused on issues essential to pursue this aim, sacrificing for the sake of clarity,
some of the overwhelming complexity of cardiac cell physiology. Reviews have been quoted to cover settled topics, and
references reserved for original papers and more recent or controversial issues.

.. Annotation Conventions

Knowledge of a few conventions on the annotation of physical parameters is useful for understanding the following
discussion.

. Following commonly used annotation, we have used E to denote electrochemical equilibrium potentials (e.g., EK for
potassium equilibrium potential) andV to denotemembrane potential (Vm, Vrest). For the sake of clarity, it should be
stressed that both E and V denote an electrical potential difference across the cell membrane and thus have identical
units (mV).

. The symbol Im refers to net current across the cellmembrane. Im may reflect the algebraic summation of currents carried
by different ion channels, possibly with different signs.Thus, Im =  does not necessarily imply that individual currents
are also null. Individual currents are appropriately annotated (e.g., INa for Na+ current).

. In defining the sign of potentials and currents, the extracellular electrode is used as reference (i.e., at mV by
convention). Thus: () Vm = −mV means that the intracellular side is mV negative to the extracellular one;
() membrane current has a positive sign whenever positive charges leave the cell (outward current); inward current
has a negative sign.

. The term “mole” refers to a quantity of substance (containing a number of molecules equal to Avogadro’s number),
whereas the term “molar” (M) refers to a concentration (M = mol/L).
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. Outline of Structure and Function

.. Myocyte Structure and Relation to Excitation–Contraction Coupling

Each myocyte is surrounded by a plasma membrane named sarcolemma. Its basic structure is a lipid bilayer, a few
nanometers thick, impermeable to ions and with a high dielectric constant. Ions can cross the sarcolemmal membrane
only via specialized embedded proteins, named ion channels.The sarcolemma forms multiple invaginations perpendicu-
lar to the long cell axis, named T-tubules (> Fig. .). They serve as extensions of the cell surface and host a large density
of ion channels and transporters important for excitation-contraction coupling. Myocytes contain a specialized cisternal
system, the sarcoplasmic reticulum (SR), in which Ca+ is actively accumulated by ATP-driven transport (SR Ca-ATP-
ase or SERCA). The SR is in close vicinity (about  nm) to the T-tubule sarcolemma on one side and to the contractile
apparatus on the other, but is not in contact with them. This kind of structural arrangement is essential for the coupling
between electrical excitation of the sarcolemma and massive release of Ca+ from the SR. Indeed, coupling is mediated
by a relatively small influx of Ca+ through voltage-gated sarcolemmal Ca+ channels (L-type channels, carrying ICaL),
which open Ca+-activated Ca+ channels in the SR membrane (ryanodine receptor (RyR) channels), a process named
Ca+-inducedCa+-release (CICR) [] (> Fig. .c). Each L-type Ca+-channel on the sarcolemma corresponds to a clus-
ter of RyR channels on the SR membrane, forming a sort of Ca+ release unit. RyR channels within a unit open and close
in a “cooperative” fashion, so as to make Ca+ release of the cluster a quantal (all-or-none) process. Such unitary Ca+
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Myocyte structure. Upper panel: arrangement of T-tubules, sarcoplasmic reticulum (SR) and sarcomeres within a cardiac

myocyte. Bottom panels: (a) clustering of Ryanodine receptors (RyR) on SR membrane, (b) spatial relationship between dihy-

dropyridine receptor (yellow) in sarcolemma and underlying RyR clusters (green); (c) Ca+ release by RyR, induced by Ca+

entry through dihydropyridine receptor (CICR: Ca+ induced Ca+ release).
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releases have been named “Ca+ sparks” []; physiological contraction is triggered by the fusion of multiple sparks into
a “Ca+ transient,” supported by synchronous activation of all release units by Ca+ entry through L-type Ca+-channels
during the action potential.

The transmission of actionpotentials from cell to cell occurs via non-selective, large-conductance ion channels, closely
packed in large arrays named gap junctions.These are primarily locatedwithin the intercalated disks connectingmyocytes
along their longitudinal axis, but are also present on lateralmargins, to provide side-to-side connections. Each cardiac gap
junction channel is made of  connexin molecules. Six of these form a hemichannel (connexon) in one myocyte, which
faces another hemichannel in the adjacent myocyte. Together they form a full channel providing electrical continuity
between myocytes. There are several isoforms of these connexins, but the most important one, abundantly present in
working atrial and ventricularmuscle, is connexin (Cx; see for review []). Intercalated disks also provide the physical
structure where mechanical force can be transmitted.

.. Tissue Structure and Relation to Global Heart Excitation

There are five functionally and anatomically separate types of heart muscle: sinoatrial (SA) node, atrioventricular (AV)
node,His-Purkinje system, atrial muscle and ventricular muscle. To date there is no convincing evidence for the existence
of “internodal pathways”.Under normal circumstances only the first three are capable of pacemaker function.The SAnode
generates the cardiac impulse, whereas the AV node and His-Purkinje system have a prominent role in its conduction.
The primary function of the remaining atrial and ventricular muscle tissues is force development, as expressed by the
comprehensive definition of “working myocardium.” The bundle of His and Purkinje fibers were anatomically described
in the nineteenth century, and the SA andAVnodeswere discovered during the first decade of the twentieth century [, ].
Indeed, an impressive, comprehensive reviewof the origin and conduction of the heartbeat appeared as the opening paper
in the very first issue of Physiological Reviews in  []. At that time the principal structural components of the heart
were known, but the study of function had to await a number of important technical breakthroughs. First, in , Ling
and Gerard introduced the microelectrode, which permitted the measurement of transmembrane potentials []. Thirty
years later, two important techniques were developed. Cell isolation techniques permitted the study of the characteristics
of single myocytes []. The patch clamp technique paved the path for the study of membrane currents at the level of
individual membrane channels [].

The SA node is composed of a heterogeneous population of cells with some common features. The myocytes are
small and generally spindle-shaped. They have little contractile material, which is not organized in myofibrils with a
clearly periodical structure. Compared to their relatively lowmyofilament density, they have a remarkably highmitochon-
drial density. They do not have a significant T-tubular system, but they do possess many caveolae []: cholesterol-rich
membrane domains containing a high density of receptor and channel proteins. In the SA node, myocytes form clusters
and bundles surrounded by abundant collagen. The SA node border is deeply interdigitated with the surrounding atrial
myocardium, forming structures in which relatively thin atrial bundles penetrate a larger mass of nodal myocytes.

Whether propagation from the SA node to the AV node occurs through specialized conduction tissue is an unresolved
issue. Internodal pathways have not been conclusively demonstrated and the dominating opinion is that the conduction
pattern results from the longitudinally oriented tissue architecture of the crista terminalis at the junction between the
intercaval area and the right atrium.

AV nodal cells are similar in both shape and function to those of the SA node [, ]. In contrast to the SA node with
its central origin of the cardiac impulse and radial propagation, the AV node has two functional inputs and one functional
output communicating with the bundle of His. Under pathological conditions, this morphological and functional trian-
gular make-up provides the substrate for AV nodal reentrant arrhythmias. Even in structurally normal hearts, isolated
echobeats can be provoked by appropriate stimulation protocols, not only in animal studies [], but also in humans [].

The specialized conduction system distal to the AV node (His bundle, bundle branches, fascicles and Purkinje net-
work) is composed of Purkinje myocytes, longitudinally oriented in bundles, packed by dense connective tissue. Purkinje
myocytes are of similar shape but larger than working myocytes, have less contractile material and contain large amounts
of glycogen. Connexins are abundantly expressed, particularly in terminal gap-junctional connections. Myocytes at the
transition between Purkinje fibers and working ventricular muscle have an intermediate morphology [].



  Cellular Electrophysiology

Atrial and ventricular myocytes are rod-shaped and about  μm long. Ventricular myocytes are about  μm wide,
atrial ones are slightly thinner. Both cell types contain a large amount of contractile proteins, organized in clearly periodic
myofibrils, a large number of mitochondria and glycogen deposits. T-tubules are well developed in ventricular myocytes,
but almost missing in atrial myocytes. The latter contain secretory granules, related to their endocrine activity (atrial
natriuretic peptide (ANP) secretion).

The morphological and functional differences between cardiac tissues account for orderly impulse propagation, pro-
viding the coordinated contraction required for pump efficiency. After the initiation of the cardiac impulse in the sinus
node (invisible in the surface ECG) the impulse travels rapidly over the atria, giving rise to the P wave in the ECG, fol-
lowed by atrial contraction.The impulse conducts through the AV node for a considerable time (between  and ms;
invisible in the ECG, leading to the PR interval), during which period the ventricles fill passively and are assisted by atrial
contraction. Once the impulse has passed the AV node, the His-Purkinje system is activated. Again this system has not
enough mass to show up on the ECG. The function of the His-Purkinje system is to warrant rapid ventricular activation
(visible in the ECG as the QRS complex with a duration of about ms). Moreover the site of earliest (septal) activation
is closer to the apex than to the base (in the human heart, not in the murine heart, for example), which is relevant for
hemodynamic reasons. Finally, after a long plateau phase of the ventricular action potentials (invisible in the ECG, lead-
ing to the ST segment), the ventricles repolarize, leading to the T wave in the ECG. In the next sections we describe the
basic active and passive membrane properties at the cellular and organ level.

. Biological Membranes

.. Bilayer Structure and Physical Properties

The basic structural component of biological membranes is a phospholipid bilayer, formed by molecules containing a
hydrophylic head and a hydrophobic tail (amphiphilic molecules). When put in water, pairs of such molecules turn their
tails to each other and their heads to face the water. Many such pairs form a sort of carpet, with a hydrophobic core
and hydrophylic shell, whose energy of interaction with water (hydration energy) provides a strong stabilizing mech-
anism. In spite of its structural stability, the phospholipid bilayer is fluid. Its constituent molecules are in continuous
random motion, which occasionally generates small gaps in the hydrophobic core, through which water molecules can
pass.Thus, in spite of its lipidic nature, the bilayer is significantly permeable towater by simple diffusion []. In biological
membranes, additional water permeability can be provided by water channel proteins, named “aquaporins,” which are
variably expressed in different cell types []. While uncharged molecules dissolve in the bilayer and freely permeate it
by diffusion, charged molecules, such as ions, do not.

Due to its impermeability to ions and thinness, the phospholipid bilayer is able to separate charges at a very close
distance (– nm) and favors their electrostatic interaction (high dielectric constant); thus, the bilayer is an electrical
condenser (or capacitor). The capacity of a condenser (charge accumulated per unit voltage, C = ΔQ/ΔV) (Electrical
capacity is expressed in farad (F),  F =  C/V. It should be noted that  F is a large capacity, e.g., found in heavy-duty
industrial condensers.) is proportional to its surface area. The presence of membrane invaginations (T-tubules, caveolae
etc.) increases the ratio betweenmembrane surface and cell volume. Capacity per unit area (specific capacitance) is rather
constant among biological membranes and amounts to about  μF/cm.

.. Special Routes for Ion Permeation: Ion Channels

To allow ion permeation, a hydrophilic pathway must be created through the phospholipid bilayer. This is provided by
“ion channels,” protein molecules inserted in the bilayer and connected to the cytoskeleton [].

Ion channels allow permeation of ions by generating a water-filled pore or, more often, by providing a path of charged
amino acidic residues which temporarily bind the ion, freeing it from its hydration shell. Since each permeation path
may bind different ions with different affinities, permeation is selective. Selectivity of ion channels is very important
functionally and may range among different channels from loose (e.g., cations vs. anions, monovalents vs. divalents) to
very strict (e.g., K+ vs. Na+, Ca+ vs. Mg+).
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.. IonMovements Require Energy: Electrochemical Potentials

Energy is required to move ions along the channel (i.e., to make them jump from one binding site to the next). This
energy (also named “driving force”) is provided by the electrochemical gradient, generated across themembraneby () the
presence in the cytosol of non-diffusible anions (mainly negatively charged proteins, to which the membrane is totally
impermeable); () active redistribution of ions, operatedmainly by theNa+/K+ pump through consumption ofmetabolic
energy (ATP).The direction of current flow in an ion channel is always along the electrochemical gradient of the ionwhich
permeates the channel. Only active transporters (different from channels) can move ions against their gradient, by using
metabolic energy.

The “electrochemical” gradient is a potential energy generated simultaneously by a difference in concentration (gen-
erating chemical energy) and in charge (generating electrical energy).When chemical and electrical energies are equal in
magnitude and of opposite sign they cancel each other and the net ion flow is null.This condition is named “electrochem-
ical equilibrium” and the membrane potential at which it occurs, is called “equilibrium potential.” To exemplify, given the
physiological distribution of K+ ions across the membrane, with a high intracellular concentration (≈ mM) and a
low extracellular concentration (≈ mM), the equilibrium potential of K+ (EK) is about −mV (negative toward the
cytosol). This implies that if the membrane potential is equal to −mV the net K+ flow across the membrane is null.
When the membrane potential (Vm) differs from EK, K+ flows through the membrane, carrying a current proportional
to the difference between Vm and EK, also known as the “driving force” for the ion. The current is outward if Vm is more
positive than EK and vice versa.TheVm value at which the current reverses its direction is also named “reversal potential”
of the current. If the channel is selectively permeable to a single ion species (e.g., K+) the current reversal potential and
the ion equilibrium potential coincide. If the channel is permeable to different ions, the current reversal potential is in
between the equilibrium potentials of the individual ions, and its precise value is determined by the ratio of the respective
permeabilities. For instance, if the channel is permeable to bothK+ (EK ≈ −mV) andNa+ (ENa ≈ +mV), the current
reversal potential will be positive to −mV and will approach +mV as the Na+/K+ permeability ratio increases.

.. Changes in Membrane Selective Permeability: Ion Channel Gating

Changes inmembrane selective permeability are caused by the opening and closing of selective ion channels.Opening and
closing correspond to changes in the conformation of the channel protein (or “state” of the channel).The energy required
for such transitions (gating energy) can be of a different kind for different channels. For most cardiac channels, gating
energy is provided by the transmembrane electrical potential field (voltage–gated channels), which acts by orienting
charged amino acid residues in the channel protein. However, some channels in the heart respond to the binding of a
specific molecule (ligand-gated channels), to membrane stretch (stretch-activated channels) etc.

Each specific current (e.g., INa) is actually carried by a large number of individual channel proteins of the same kind
(e.g., single Na+ channels) which can either be closed or open. The sum of such single channel currents generates an
ensemble (or “macroscopic”) current, whose magnitude can vary in an apparently “continuous” fashion. The historical
interpretation of channel gating (Hodgkin-Huxley model, see > Sect. ..) considers “ensemble” currents, carried by
“ensemble” channels. Conductance of the ensemble channel (g) is given by

g = x × gmax, (.)

inwhich gmax ismaximal conductance and x (gating variable, ranging from  to ) is the fraction of gmax actually expressed
in a given condition. Channel “gating” (activation, deactivation etc.) is modeled by varying the value of x.

In the following discussion, we will always refer to ensemble “channel,” “current,” “conductance,” etc. Nonetheless,
the relation between single channel and ensemble behavior can be easily understood by considering gmax as the g value
observed when all single channels are open (x = ) and x as the fraction of all single channels which are open in a given
condition (also named the “open probability” of the single channel). Channel “gating” corresponds to changes in the open
probability.
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To summarize, the amount of current flowing through an ion channel is proportional to the product of () the driving
force for the permeating ion(s) and () the channel conductance:

I = x × gmax × (Vm − Erev), (.)

where gmax represents the maximal conductance (all channels open), x the proportion of gmax actually available (activa-
tion variable) and the term in parenthesis corresponds to the driving force. Notably, in voltage-gated channels, x and the
driving force are both affected by Vm. Moreover, in some of them (e.g., INa and ICaL), the same Vm change (e.g., depolar-
ization) leads to two subsequent transitions: the channel is first activated (x approaches ) and then “inactivated” (made
non-conductive).This is expressed by adding an “inactivation variable” y, with a dependency onVm opposite to that of x:

I = x × y × gmax × (Vm − Erev). (.)

In this case, the current is present when both x and y are not null; thus, upon depolarization, the current flows only for a
very short time (a few ms), i.e., when x is already greater than  and y is not yet . Subsequent return of y to  (allowing
current to pass) is referred to as “recovery from inactivation” and it is the cause of excitation “refractoriness.” For further
discussion on modeling of ion channel gating, the reader is referred to > Sect. ...

By convention (see > Sect. ..), outward current makes Vm more negative (repolarization or hyperpolarization).
Similarly, inward current makes Vm more positive (depolarization). For cations (e.g., Na+, Ca+, K+) the direction of
ion movement and current coincide. Anions (e.g., Cl−) leaving the cell cause membrane depolarization and are said to
generate an “inward current.”

. HowMembrane Current AffectsMembrane Potential

Thus far, we have addressed the dependency of ionic currents onmembrane potential (voltage dependent gating).Now it is
time to ask the opposite question: how doesmembrane current changemembrane potential?Wewill start considering the
case of net membrane current (Im). If the membranewould behave as a simple resistance (Rm), the change in membrane
potential (ΔVm)would be given by Ohm’s law (ΔVm = Im ×Rm). However, a membrane is also a condenser, which needs
to be charged by Im before Vm develops to the value predicted by Ohm’s law; thus, the change in Vm always follows Im
with a lag proportional to membrane capacity (Cm). This can be expressed by the following relation:

− dVm/dt = Im/Cm (.)

which states that Im magnitude determines the velocity (−dVm/dt) by which the Vm change takes place (This relation
is valid only if Im is used entirely to charge Cm, i.e., in the absence of current flow along the cytoplasm (axial current =
). This is generally true in a single myocyte, but not during propagation between electrically coupled myocytes. In the
latter case, part of Im is used as axial current, thus leading to a smaller dVm/dt.) (the minus sign implies that inward Im
moves Vm in the positive direction). A larger Cm makes the relationship between velocity and current shallower. Cm is
constant in a given cell; thus, in practice it is safe to state that, at least in a single myocyte, the velocity of depolarization
(or repolarization) linearly depends on the absolute magnitude of net transmembrane current. Such a simple relation is
pivotal to the understanding of action potential complexity.

To predict the effect of a specific ionic current (e.g., INa) on membrane potential the following should be considered.
At each instant Vm tends to a value equal to the reversal potential of Im (Em), whose composition changes over time.
(Before Vm achieves the reversal potential of Im, membrane capacity needs to be filled up with charge (saturated). When
a channel opens (membrane permeability changes), charge flows through it and charges capacity; the larger the current,
the faster the charging process. The reversal potential (at which current is null) is truly achieved only at steady state,
i.e., when the capacitor is charged to saturation.) During rest, the prevailing permeability is that for K+. Accordingly Vm

is close to EK (e.g., −mV); during excitation Na+ permeability prevails (Na+ channels open and K+ channels close),
thus Vm quickly approaches +mV (fast depolarization). Thereafter, K+ permeability increases again over Na+ and Vm

returns toward EK (repolarization).
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. Maintaining Electrochemical Gradients: Membrane Transports

An alternative path for the movement of molecules through biological membranes is provided by membrane trans-
porters. Similar to ion channels, transporters are proteinmolecules embedded in the phospholipid bilayer that undergoes
conformational changes when exposed to energy. However, they show notable functional differences with respect
to channels. These consist mainly of () lower and more sharply saturable transport rates, and () the capability, at
least for “active transporters,” of transporting molecules against their electrochemical gradient by using other energy
sources.

The lower transport rates and complete saturability depend on the fact that the conformational change corresponds
to translocation of one or few bound molecules at a time, rather than to opening of a continuous permeation path.
Thus, translocation is slow and, once all the binding sites on the protein are occupied, flow cannot increase further
(saturation). Flow through channels may also saturate to some extent and recent observations suggest that, under
specific conditions, transporters can actually behave as ion channels. This has led us to question the ground for a
sharp distinction between the two types of mechanism; nonetheless, such a distinction remains meaningful for most
applications.

Active transporters can () directly hydrolyze ATP to ADP and use its energy to propel the transport; (primary active
transport, e.g., the Na+/K+ pump), or () simultaneously transport one substance against its gradient and a different
one along its gradient, with the latter providing the propulsion energy (secondary active transport, e.g., the Na+/Ca+
exchanger). In the case of secondary transport, the propelling gradient must be maintained by another active transport.
For instance, by extruding Na+, the Na+/K+ pump generates the inward Na+ gradient necessary to actively extrude Ca+

through the Na+/Ca+ exchanger and to actively extrude protons through the Na+/H+ exchanger.
If the number of charges carried in the two directions is not the same, the transport will also generate an electrical

current and is said to be “electrogenic.” If a transport is electrogenic it is also sensitive to Vm; in this case, as for ion
channels, an electrochemical “equilibrium potential” of the transport can be measured, at which transport is null and
current flow reverses. Under physiological conditions, the Na+/K+ pump carries outward current (INaK) throughout the
electrical cycle (i.e., its equilibrium is more negative than physiological values of Vm). The Na+/Ca+ exchanger current(INaCa) is inward during diastole (corresponding to Ca+ extrusion) but, due to the attending changes in cytosolic Ca+

concentration, tends to reverse during systole (Ca+may enter through the exchanger, which then acts in “reversemode”).
More details on membrane transport can be found in [].

. RestingMembrane Potential

Most nerve andmuscle cells and also epithelial cells have a negative resting membrane potential (Vrest) between − and−mV.This potential difference exists over a membrane only  nm thick and therefore the electrical field is very strong,
in the order of  V/cm. Such a powerful electrical field will influence the behavior of single ions strongly. A constant
and stable Vrest is needed in the working atrial and ventricular muscles that are supposed to follow a stimulus generated
elsewhere.

As mentioned above, the value of Vrest in the working myocardium is mainly determined by the presence of an over-
whelming K+ conductance, based on the membrane current named “inward rectifier” (IK), which is open at negative
potentials. High permeability to K+ brings Vrest close to the K+ equilibrium potential and effectively prevents its oscil-
lations. Smaller contributions to Vrest are also made by currents generated by Na+/K+ and Na+/Ca+ transports. Since
Vrest is based on the K+ electrochemical gradient, even small increases in extracellular concentration of this ion may
cause membrane depolarization (e.g., in acute ischemia). The effect of a decrease in extracellular K+ is more complex:
while it would tend to make Vrest more negative, it also causes a marked decrease in IK conductance, resulting in loss
of polarization. The two effects balance off at a K+ concentration of about mM and Vrest may become very unstable at
lower concentrations. This is one of the mechanisms underlying the adverse effect of hypokalemia on cardiac electrical
stability and explains why severe hypokalemia (as severe hyperkalemia) is incompatible with life.
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. Excitability

Excitability concerns conversion of a small triggering stimulus to a large, stereotypical response (the action poten-
tial). Such a conversion implies the existence of a voltage “threshold,” below which the triggering stimulus is ineffective
(subliminal).Thus, membrane excitation occurs in two phases: () achievement of the threshold, in which the membrane
passively responds to the triggering current (electrotonic phase); () autoregenerative excitation, which involves active
membrane properties (i.e., voltage dependent channel gating) and becomes independent of the triggering stimulus.

Two autoregenerative processes cooperate to determine the threshold: () activation of an inward current (INa) and
() removal of the outward current responsible for stabilizing diastolic potential (IK). The former is due to the pos-
itive feed-back interaction between INa and Vm. The latter depends on the peculiar voltage dependency of IK, whose
conductance is dramatically decreased if Vm is depolarized to a certain extent above its resting value. This IK prop-
erty, named “inward rectification,” is caused by intracellular cations (polyamines, Mg+ and Ca+) plugging the channel
when attracted into its pore by the favorable potential gradient provided by depolarization [–]. INa activation and IK
depression are simultaneously a cause and consequence of depolarization, as required by an autoregenerative process.

Achievement of the activation threshold (electrotonic phase) depends on both amplitude and duration of the trigger-
ing stimulus. We can understand this by realizing that the sarcolemma has both electrical resistance (Rm) and capacity(Cm). A current (Im) injected into themembrane chargesCm along an exponential time course, to produce a steady-state
voltage (VmSS) given by VmSS = Im × Rm). If VmSS is equal to the activation threshold (liminal stimulus), excitation may
require the whole charging time (several ms); on the other hand, if VmSS exceeds the threshold (supraliminal stimulus),
excitation may be achieved before VmSS is fully developed, that is in a shorter time.

There is a relationship between the amplitude and the duration of the stimulus required to achieve excitation. This
relation is named “strength-duration” curve and its steepness depends on tissue properties.Theminimum stimulus ampli-
tudewhich, irrespective of duration (made very long), is required for excitation is named “rheobase.”The term “chronaxy”
refers to the minimum effective duration of a stimulus of an amplitude twice the rheobase. Such parameters are also use-
ful in defining the energies required to stimulate the myocardium by external sources (e.g., artificial pacemakers). At the
functional level the basic concept of rheobase can be regarded as the diastolic threshold for activation. Refractory periods
are normally assessed by short stimuli (e.g.  ms) with an amplitude twice the threshold one.

. Action Potential

The ability to generate action potentials (AP) is the distinctive feature of excitable cells, for which conserved propagation
of the electrical signal is a functional requirement.The AP is essentially an electrical transient, which can propagate over
long distances preserving its amplitude. Such a “constancy” of the AP is achieved by basing its initiation (excitation fol-
lowed by depolarization) and termination (repolarization) on autoregenerative phenomenawhich, once initiated, become
independent of the triggering stimulus. To initiate the autoregenerative process, the triggering stimulus must achieve a
“threshold” of amplitude and duration.

.. The Cardiac Action Potential Contour

The cardiac electrical cycle has been schematically divided in five “phases,” four of them describing the AP contour and
one the diastolic interval (> Fig. .).

Phase  refers to the autoregenerative depolarization, which occurs when the excitation threshold is exceeded. Phase
 is supported by activation of two inward (depolarizing) currents, INa and ICaL. Membrane depolarization quickly acti-
vates these channels and, with a delay of several milliseconds for INa and of tens of ms for ICaL, inactivates them. Thus,
membrane depolarization provides both the triggering and breaking mechanism for the autoregenerative depolarization.
Although short-lived, INa is large and provides most of the charge influx required for propagation (see below). ICaL has
a small component with fast activation/inactivation (ICaT) and a larger one with slower kinetics (ICaL). ICaL mediates
most of Ca+ influx required to trigger myocyte contraction andmay support propagation under conditions in which INa

is not expressed or functional (e.g., in the nodes). Phase  depolarization also activates K+ currents, which contribute to
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Phases of a prototypical ventricular action potential (AP) and underlying currents. The numbers refer to the  phases of the

action potential. In each current profile the horizontal line represents the zero current level; inward currents are below the

line and outward ones are above it. See text for abbreviations of the membrane currents.

its termination and to subsequent repolarization. Among these, the transient outward current (Ito) is sufficiently fast to
limit depolarization rate during phase .

Phase  is the initial phase of repolarization, mainly supported by Ito. The latter is a K+ current that, similarly to
INa, is activated and quickly inactivated by depolarization. Thus, Ito supports fast repolarization. Recovery of Ito from
inactivation occurs during the diastole and is slow enough to make this current poorly available at high heart rates. Ito is
unequally expressed across the ventricular wall (see below), thus phase  is more prominent in subepicardial layers than
in subendocardial ones [].

Phase , also namedAP “plateau,” is the slow repolarization phase, which accounts for the peculiar configuration of the
cardiac AP. The net transmembrane current flowing during phase  is small and it results from the algebraic summation
of inward and outward components. The outward one (promoting repolarization) mainly consists of depolarization-
activated K+ currents collectively named “delayed rectifiers” (IK). IK is actually the sum of rapid (IKr) and slow (IKs)
components, carried by separate channels with different properties and pharmacology [].The interplay and roles of IKr
and IKs in determining repolarization rate will be discussed in more detail below.The inward phase  currents (opposing
repolarization) aremostly carried by “window” components of INa and ICaL, which flowwhenVm is such that the activated
state of these channels is not yet completely offset by the inactivation process.Thus, very small proportions of INa and ICaL
can contribute to the whole duration of phase  [, ]. Small Na+ currents with slow inactivation gating also exist in
Purkinje fibers [].The current generatedby the operation of the Na+/Ca+ exchanger (INCX) can variably contribute to
phase , according to themagnitude and course of the cytosolic Ca+ transient and to the subsarcolemmalNa+ levels [].

Phase  is the terminal phase of repolarization, and differs from phase  for its faster repolarization rate. Phase  is
dominated by IKr and IK, both characterized by a kinetic property, named “inward rectification” [, , ], suitable to
support autoregenerative processes []. Initiation of phase  is probably supported by IKr, with a threshold determined
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by the balance between its onset and waning of phase  inward currents. IK takes over during the final part of phase 
[, ] and effectively “clamps” membrane potential back to its diastolic value.

Phase  describes membrane potential during diastole. In myocytes expressing a robust IK (e.g., atrial and ventric-
ular myocytes), Vm is stabilized at a value close to the current reversal and a significant current source is required to
re-excite the cell. On the other hand, if IK is poorly expressed (Purkinje myocytes) or absent (nodal cells) [, ], phase
 becomes more positive and unstable. Under such conditions even small inward currents may cause progressive depo-
larization, eventually leading to re-excitation (automatic behavior) []. Besides the time-dependent currents, specific for
each AP phase, time-independent (or “background”) currents may also contribute to the whole AP course.These mainly
include the Na+/K+ pump current (INaK) and the Na+/Ca+ exchanger current (INCX). Direction and magnitude of
these currents during the various AP phases will be determined essentially by their electromotive force, which may vary
according to the distribution of the transported ions across the cell membrane.

.. The Repolarization Process

... Large Hearts have Long APs

> Figure . (from []) shows that action potentials are longer at low heart rate and that their duration is somewhat pro-
portional to heart size (short in rat and mouse, longer in rabbit, guinea-pig, dog etc.). This may be dictated by functional
needs. In an electrical syncytium, such as myocardium, the direction of propagation is indifferent; thus, any point along a
propagation path, unless refractory, can be re-excited by activity occurring distal to it []. Thus, extinction of excitation
during each cycle requires that cells at any point of the propagation path remain refractory until all cells downstream
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Cycle length and action potential duration (APD) or effective refractory period (ERP). Only in the rat, ERP seems independent

of cycle length. In man, two relations are shown. The solid line with filled squares represents monophasic action potential

duration in the normal human heart (MAPD). The dashed line with filled squares shows APD measured in single myocytes

obtained from explanted hearts from patients with heart failure (HF). In heart failure, action potentials are prolonged com-

pared to those in non-failing hearts. This is due to the combined effect of heart failure and to cell isolation which causes per

se prolongation of the action potential by loss of electrotonic interaction. (See also []) (modified from []).



Cellular Electrophysiology  

have been activated. In accordance with the seminal theoretical work of Wiener and Rosenblueth [] andMoe [], the
“leading circle” theory [] predicts that the minimum length of the propagation path at which re-excitation can occur,
named wavelength (WL in cm), equals the product of refractory period (RP in s) and conduction velocity (CV in cm/s)

WL = RP ×CV.

Thus, in a large heart with a large mass, re-excitation can be prevented only by a large RP×CV product.This requirement
is fulfilled in larger animals by prolonged RP, resulting from long AP duration (APD). (Since INa quickly recovers from
inactivation once Vm has repolarized, the refractory period is largely determined by APD under normal conditions.)
The same functional requirement justifies the observation that APD is generally longer at proximal than at distal sites
along a physiological propagation path. Therefore, it is understandable that preservation of correct temporal and spatial
repolarization patterns is essential for maintenance of cardiac electrical stability [].

In addition to the fact that APD is longer in species with larger hearts, > Fig. . also shows the pivotal effect of
electrotonic interaction on APD. Thus, APD in isolated human ventricular myocytes is substantially longer than in the
intact heart. This effect is probably much stronger than the APD prolongation caused by myocardial remodeling during
the development of hypertrophy and heart failure (see also []).

... Where Stability and Flexibility Meet

The need for repolarization stability and optimization of its synchrony contrasts with that of adapting APD to changes
in heart rate, and with the existence, even during normal functioning, of numerous factors potentially perturbing the
repolarization profile. (Notably those linking AP profile to mechanical activity, through Ca+-sensitivity of many among
currents active during repolarization (ICaL, INCX, IKs, IK))Thus, mechanisms to buffer perturbations and to allow flex-
ible rate-adaptation must coexist in repolarization; understanding these might help us in predicting conditions at risk of
cardiac electrical instability. Some cluesmay be provided by considering how the properties of IKr and IKs might be suited
to afford repolarization stability at different heart rates.

IKs is a repolarizing current, which when increased, tends to shorten APD; it has slow systolic activation and slow
diastolic deactivation []. Only a small proportion of total IKs is activated during an AP and its deactivation may be
incomplete during short diastolic intervals (DI). Thus, an increment in the APD/DI ratio, as the one occurring as rate is
increased, allowsmore IKs to be activated and less to be deactivated during each cycle.This makes IKs a good tool for APD
rate-adaptation, particularly in the high heart-rate range, when incomplete diastolic deactivation becomes significant
[]. However, recent reports indicate that IKs deactivation may be distinctly faster in dog [] and man [] than in the
guinea pig []; therefore, the role of IKs in human rate-dependency of repolarization is controversial. IKs’s contribution
to rate-adaptation is also mediated by the sensitivity of this current to ß-adrenergic stimulation [, ] and to increases
in cytosolic Ca+ [], both conditions physiologically associated with tachycardia. APD prolongation allows for more
IKs activation which, in turn, shortens APD again; thus, APD and IKs are tied in a negative feed-back loop. This points to
a potential role of IKs in stabilizing APD at each cycle length and in limiting its maximal duration at long ones []. At the
same time, this negative feed-back loop may also set a limit to the maximum amount of shortening of APD at extreme
high heart rates, when the reduction of relaxation time (diastole)may exceed that of activation time (systole). Under these
circumstances IKs would tend to become a steady-state current. However, it should be considered that negative feed-back
loops are paradoxically prone to oscillate whenever the conditions change quickly as compared to their response time.
Thismay result in specific forms of APD instability, such as APD alternans, facilitated by abrupt changes in heart rate [].

As shown in recent experiments, IKr kinetic features and response to heart rate are entirely different from those
described above for IKs []; IKr deficiency also leads tomajor repolarization instability [], suggesting a complementary
role for the twoK+ currents. At variance withwhat has initially been hypothesized [], at high heart rates IKr conductance
may increase similarly to that of IKs []. However, the mechanism underlying the rate-dependent enhancement is fun-
damentally different between the two currents. > Figure . (modified from []) shows that the extent of IKr activation
is in fact independent of the diastolic interval. APs recorded at paced cycle length of ms and ,ms were applied
to drive the membrane as IKr was recorded under voltage clamp conditions (> Fig. .). In one case (left panels) APs
were applied as originally recorded (i.e., with both AP profile and diastolic interval variable), in the other (right panels)
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Rate-dependency of IKr. (a) each panel shows action potential waveforms recorded at cycle lengths (CL) of  (blue) and

, (red) ms. (b) IKr recorded during repetitive application, at the appropriate CL, of the action potentials shown in A. (c) IKr
conductance (GKr), obtained by dividing the traces in B by the K+ driving force (calculated from the traces in (a)). In the right

side panels, the experiment was repeated by applying the waveforms in A after adjusting the CL to keep the diastolic interval

constant. A remarkable increase in IKr amplitude and speed is observed at the shorter CL, irrespective of whether the diastolic

interval is changing or not. This indicates that IKr increase at shorter CL is secondary to the change in action potential shape,

rather than depending on CL itself (modified from []).

the cycle length was adjusted to keep the diastolic interval constant. In both cases, IKr conductance (GKr) was larger and
faster at the shorter cycle length. This suggests that AP profile, rather than diastolic interval, determined IKr magnitude
and course. As shown in > Fig. . (modified from []), the feature of AP profile responsible for IKr rate-dependency
is actually the repolarization rate. Modeling studies suggest that dependency of IKr conductance on repolarization rate
can be explained by the interplay between the processes of deactivation and recovery from inactivation []. Since larger
IKr results in faster repolarization, IKr and APD may be tied in a positive feed-back loop, acting as an “autoregenerative”
repolarization mechanism. On the other hand, as IKr increase at high rates was the consequence of APD shortening; the
lattermust have been initiated by other mechanisms, probably including IKs.These findings suggest complementary roles
for IKs and IKr and may explain why the effects of their simultaneous inhibition are more than additive [].

Repolarization results from a balance between outward and inward currents. Thus, the properties of inward current
components are equally important in determining repolarization course. Besides their role in sustaining the AP plateau,
ionmovements through ICaL , INa and INCX determine the Ca+ flux balance across the sarcolemma.Thus, unlike outward
ones, inward currents are directly involved in contractile function and in its modulation.

The feature of INa and ICaL most relevant to the course of repolarization is probably the rate and extent of their inactiva-
tion during the AP plateau. Normally INa is quickly inactivated by voltage and only a small “window” component persists
during repolarization. Since such a component is a minor proportion of activated INa, even apparently small deviations
from normal inactivation properties may lead to significant increments in plateau current [–]. ICaL inactivation is
partly voltage-dependent and partly induced by subsarcolemmal Ca+, through aCa+- binding protein (Ca-calmodulin)
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IKr dependency on repolarization rate. (a) IKr was recorded during repolarizing ramps of different velocity (voltage protocol

shown in the inset). (b) IKr recorded during the two ramps. (c) IKr conductance (GKr) obtained by dividing the traces inb by the

K+ driving force (calculated from the traces in (a)) (modified from []).

[, ]. Ca+-induced ICaL inactivation provides feedback regulation of Ca+ influx and is part of a set of mechanisms
adjusting APD to intracellular Ca+ content. Changes in subsarcolemmal Ca+ profile may cause major APD changes
[]. The availability of ICaL during AP plateau strictly depends on the time course of membrane potential within the
“window” range. Plateau prolongation may cause autoregenerative oscillatory depolarization (EADs) based on undue
ICaL reactivation [].Thus, even if intrinsically normal, ICaL may amplify repolarization abnormality secondary to other
causes. Finally, the direction and magnitude of INCX are sensitive to the Ca+ transient profile, which may be altered in
response to the needs of contractility modulation.With this in mind, inward currents seem to serve contractility require-
ments better than repolarization stability. Thus, for the repolarization process per se, inward currents might be viewed as
a source of perturbation which, under normal conditions, is buffered by sufficiently strong outward currents.

. Pacemaker Function

The high right atrium had been recognized as the “primummovens” as well as the “ultimummoriens” for over centuries.
Doubt, however, has existed on the question of whether automaticity was an intrinsic property of the heart, or whether,
alternatively, the heart depended on the brain for its rhythmic activity. This controversy was still not completely settled
when Eyster and Meek published their famous review in the very first issue of Physiological Reviews []. The discovery
of the sinus node [] in the mole’s heart by Martin Flack in the late summer of , as described by Sir Arthur Keith in a
historical paper dating back to  [], provided an anatomical base for the natural pacemaker of the heart.The relation
between function and ultrastructure was reported in  by Trautwein and Uchizono [], although it took until 
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Outline of membrane currents of sinus node cells: current profiles (drawn by hand) are time aligned with the action poten-

tial. Vertical lines delimit diastolic depolarization. While the time course of currents approximates the real one, their relative

magnitude may not be accurate.

before the anatomical location of myocytes, from which sinus node action potentials had been recorded, was identified
by tagging through the recording electrode [].

Cardiac cells express currents of opposite sign and different time courses (e.g., ICaL and IK), linked by a common
dependency on Vm (> Fig. .). In such a situation the genesis of spontaneous Vm oscillations is very likely, unless there
is a specific mechanism to prevent them (e.g., IK expression in non-pacemaker cells). Thus, multiple mechanisms may
contribute to automaticity, and the absence of this function, rather than its presence, may be viewed as a functional
specificity. This view is supported by the observation that, at early stages of maturation, all cardiac cells are spontaneously
active and electrophysiological differentiation into working myocytes corresponds to the onset of IK expression [].
This provides the theoretical ground for localized IK knock-out, obtained through genetic manipulation, as a means to
artificially generate biological pacemakers in the ventricle [].

A distinguishing feature of nodal tissues is indeed the lack of IK expression [], which is responsible for many of the
functional peculiarities of pacemaker cells. These include () the presence of diastolic depolarization, and () maximum
(most negative) diastolic potentials of − to −mV, i.e., positive to those generated by a constantly high K+ permeabil-
ity. Such depolarized potentials would, per se, functionally inactivate INa; moreover, this current is also transcriptionally
downregulated in the nodes, making the upstroke of their action potentials dependent on ICaL (Ca+-dependent action
potentials).

In light of this, it is not surprising that the attempt to identify the mechanism for the initiation of the heartbeat with
a specific current has been a matter of scientific controversy in recent years [, ]. Nonetheless, in spite of the aspecific
nature potentially underlying automaticity, pacemaker tissues (nodal and Purkinje cells) are equipped with a current,
named If , with properties suitable to support pacemaker function and its modulation by autonomic transmitters [].
If is only scantily expressed in non-pacemaker tissues and has properties which make its functional role negligible under
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physiological conditions in those tissues [, ]. The specific role of If will be discussed below, along with that of other
currents contributing to diastolic depolarization.

.. Currents Underlying Diastolic Depolarization and its AutonomicModulation

Themembrane currents of sinus node cells have been reviewed in detail [, , ] and are summarized in > Fig. ..
Diastolic depolarization occurs at a low rate, thus requiring only a small amount of net inward transmembrane current

(several pA in a single SAmyocyte). However, such small net inward current results from the balance of larger inward and
outward components; the direct effect of an increase in inward components is acceleration of depolarization (increased
sinus rate), the opposite is true in case of an increase in outward ones.

Three voltage- and time-dependent currents, If and ICaL (inward) and IK (outward), are active during diastolic
depolarization and are modulated by autonomic transmitters. (Other currents of smaller magnitude, or not directly
modulated by neurotransmitters (ICaT, INCX) are present during diastolic depolarization. Their role in pacemaking is
discussed in > Sect. ...) These are superimposed on time-independent (background) currents, including inward (Ib)
(Several different inward background currents, potentially contributing to Ib, have been described. Dissection of Ib in
its components is not essential to the understanding of pacemaking and will not be discussed further) and outward(IKACh) ones.

If is an inward current (carried by Na+ at diastolic potentials); when increased it accelerates diastolic depolarization.
Contrary to most cardiac currents, If is activated by membrane hyperpolarization []; the more negative the diastolic
potential, the larger the If activation. Being triggered by the preceding repolarization, If may contribute to initiation
of diastolic depolarization []. Due to its peculiar voltage-dependency and kinetics, If may provide an efficient buffer
mechanism preventing excessive slowing of sinus rate by other mechanisms (see below). If is directly stimulated by bind-
ing of cytosolic cAMP []; thus, it is reciprocally regulated by membrane receptors increasing adenylate cyclase activity
(ß-adrenergic, glucagone) and decreasing it (M-muscarinic, A-adenosine etc.) [, ]. ICaL plays a role both in dias-
tolic depolarization and in the generation of the upstroke of the SA nodal AP. Thus, its inhibition may cause pacemaker
slowing and arrest in central nodal cells. However, ICaL activates only in the terminal portion of diastolic depolariza-
tion [] and it is probably not involved in its initiation (but see []). ICaL is stimulated by cAMP-dependent protein
kinase (PKA) []. Its receptor modulation is slower (channel phosphorylation requires extra time) but is consensual to
that of If .

At first glance, it may be surprising that IK (an outward current) is important to support pacemaking. Indeed, its main
role is to repolarize the membrane to its maximum diastolic potential. However, IK-mediated repolarization is essential
for If activation (see above); this accounts for the apparently paradoxical observation that IK inhibition leads to pace-
maker slowing []. IK deactivation is slow, causing a decay of outward current during the whole diastolic depolarization.
If summed to adequately large background inward current (Ib), such a decay would result in a progressive increase of
net inward current, whichmight alone sustain diastolic depolarization. Such a mechanism, although not specific to pace-
maker tissues, might serve a backup function in the SA node []. IK is stimulated by PKA and by cytosolic Ca+ []
therefore it is enhanced by the same receptors stimulating ICaL . IK stimulation should theoretically slow the rate; however,
a larger IK leads to more If activation, and the net effect is hardly predictable.

IKACh is an inward rectifier K+ current, structurally and functionally similar to IK []. However, different from
IK, IKACh channels are active only in the presence of acetylcholine (or adenosine). IKACh activation adds outward
current during diastolic depolarization, brings it to more negative potentials and, if sufficiently large, may cause pace-
maker arrest. However, IKACh-induced hyperpolarization activates If to a larger extent, which may limit the direct
depressant effect []. A physiological amount of vagal stimulation is accompanied by an increase in membrane con-
ductance []. When a decrease of If would be the predominant effect of vagal stimulation, a decrease in membrane
conductance, not an increase would be expected. This might suggest that IK,Ach activation constitutes the most relevant
mediatorof cholinergic pacemakermodulation []. Nonetheless, acetylcholine concentrations required to activate IKACh
in sinoatrial myocytes also inhibit If []. Therefore, physiological pacemaker regulation may be based on simultane-
ous modulation of both currents. This view is supported by model simulations. > Figure . suggests that modulation
of both currents may provide more efficient rate control than separate modulation of either IKACh or If . Functional
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⊡ Figure .

Interaction between IKACh and If modulation by acetylcholine (ACh) in the control of pacemaker rate. Model simulations of

sinoatrial pacemaking (Oxsoft Heart model [Noble D. Oxsoft Heart . Program Manual. Oxford, UK: Oxsoft Ltd. ]) con-

sidering the action of ACh as IKACh activation only (a), If inhibition only (b) and combined IKACh and If modulation (c). In each

panel the top trace shows membrane potential (shown only negative to −mV to illustrate changes in maximum diastolic

potential), themiddle trace If and thebottom trace IKACh. Vertical arrowsmark the change inAChconcentration. (d) Pacemaker

cycle length is plotted vs. ACh concentration for the three simulations. ACh effect on IKACh and If was simulated according to

the quantitative data in []. The simulation shows that coupled modulation of the two currents is required to modulate CL

on a wide range of ACh concentrations. In particular, the effect of IKACh modulation alone is very small because it is offset by

the increase in If , secondary to membrane hyperpolarization (A. Zaza, unpublished data).

coupling between the two currents is probably instrumental in a wide-range and fail-safe regulation of sinus rate by vagal
activation.

Controversy on the role of each of the above currents in SA pacemaking (If and ICaL) largely stems from the obser-
vation that pharmacological blockade of either of them may fail to suppress diastolic depolarization. This is not only
true for If [], but under conditions of Ca+-independent excitability, true also for ICaL []. On the one hand this
may reflect the existence, within SA myocytes, of multiple pacemaker mechanisms, possibly taking over when one is
abolished. On the other hand, this might also be the consequence of fail-safe mechanisms, determined by the kinetic
properties of pacemaker currents. > Figure . shows model simulations in which If was deliberately made essential for
diastolic depolarization. The model predicts that even after % If blockade, pacemaker activity and its cholinergic mod-
ulation would still be preserved. While the mechanisms underlying this surprising observation are discussed elsewhere
[], this demonstrates that the interpretation of the effects of current blockade on cellular electrical activity may be quite
complex.
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⊡ Figure .

Effect of If blockade on pacemaker rate and itsmodulation in an If –dependent pacemakermodel. Model (Oxsoft Heart [Noble

D. Oxsoft Heart . ProgramManual. Oxford, UK: Oxsoft Ltd. ]) parameters were set to obtain complete pacemaker arrest

in the presence of % If inhibition (If-dependent pacemaking). (a) If inhibition by % (red trace, e.g., by mM Cs+) caused

only % prolongation of cycle length (similar to the change experimentally observed with mM Cs+). (b) Pacemaker rate

changes induced by ACh under control conditions and in the presence of % If blockade. ACh effects simulated by If and

IKACh modulation as in> Fig. .. (c) Pacemaker rate changes induced by ß-receptor stimulation with isoprenaline (Iso) under

control conditions and in the presence of % If blockade. Iso effects simulated by If and ICaL modulation according to the

quantitative data in []. The simulation shows that such a large amount of If blockade results in only a moderate decrease

in pacemaker rate, and preservation of its autonomic modulation, although full blockade of If causes quiescence. (A. Zaza,
unpublished data).

.. Intracellular Ca+-Dynamicsmay Contribute to Pacemaking

Pacemaker function of various cardiac tissues, including SAmyocytes, is inhibited by ryanodine, an alkaloid which blocks
Ca+ release from the sarcoplasmic reticulum.This observation has raised interest in the role of intracellular Ca+ dynam-
ics in the genesis and modulation of SA pacemaking. Earlier reports of ryanodine effects have been followed by confocal
microscopy studies establishing temporal and causal relationship between () voltage-dependent activation of sarcolem-
mal ICaT during diastole, () a small “pre-systolic” Ca+ release from the sarcoplasmic reticulum, and () the genesis of
a slow inward current transient, crucially contributing to achievement of the SA activation threshold []. As for other
Ca+-dependent membrane potential oscillations, in this case the Na+/Ca+ exchanger may also be primarily involved
in coupling the pre-systolic SR Ca+ release to the genesis of inward current transient [, ].The contribution of the SR
to SA pacemaker activity has been further extended by more recent studies suggesting that pre-systolic SR Ca+ release
may even occur as part of an oscillatory phenomenon, intrinsic to SR and independent of voltage-gated activation of
sarcolemmal Ca+ channels. A direct role of the “SR Ca+ oscillator” in the pacemaker activity is suggested by correla-
tion between the intrinsic frequencies of the two phenomena []. While SR-based pacemakers are common in smooth
muscle cells, this represents the first example of such a mechanism in cardiac muscle.
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Inhibition of SRCa+ release by ryanodine has also been reported to abolish ß-adrenergic receptor (ß-AR)modulation
of pacemaker rate []. Although this finding is consistent with the important effect of ß-AR on SR function, it does not
imply that adrenergic modulation of pacemaker rate may entirely occur through SR modulation. Indeed, sarcolemmal
currents involved in pacemaker control (If , ICaL) are altered by the change in cytosolic Ca+ caused by ryanodine by
beta AR.

The finding of a role for SR in pacemaking has potentially important pathophysiological implications because SR
dysfunction is common in cardiac disease and possibly part of the maladaptive response associated with myocardial
hypertrophy/failure. Nonetheless, the emphasis recently put on this novel pacemaker mechanism should not lead to the
conclusion that SR-mediated phenomena are the only relevant mechanism in the genesis and modulation of sinoatrial
automaticity.

.. Redundancy and Safety Factor in Pacemaking

As described above, redundancy in pacemaking mechanisms may be intrinsic to each myocyte. Nonetheless, a further
factor in pacemaker safety is probably how the sinus node cells communicate with each other and with the surround-
ing atrium. The interest in the specificity in SA intercellular coupling stems from the apparent disproportion between
the small excitation source, provided by the SA node, and the large current sink (electrical load) imposed on it by the
surrounding atrial tissue, to which the impulse must propagate. Moreover, in the presence of low resistance coupling,
quiescent and more polarized atrial myocytes would tend to “clamp” SA myocyte potential, thus preventing diastolic
depolarization. This makes the coexistence of pacemaking and sinoatrial synchronization and conduction towards the
atrium an apparent mystery.

As in the whole heart, gap junctions are a prerequisite for conduction in the SA node. Still, it has been argued that
the spread of activation within the sinus node should be regarded as synchronization rather than as conduction [].
Semantics or not, the resistance for intercellular current spread is high in the sinus node centre, mainly due to low density
of gap junctions []. Moreover, at variance with working myocardium, smaller sinus node cells from the (putative)
primary pacemaker area virtually lack connexin.Their gap junctions aremade of connexin and connexin proteins
only []. Honjo et al. [] have found, however, that larger sinoatrial cells from the (putative) more peripheral area –
relevant for communication with the surrounding atrial muscle- express connexin and connexin. Connexin has
a lower unitary conductance than connexin []. As a consequence the “space constant” in the sinus node is around
– μm, as compared to several mm in Purkinje fibers. This implies that pacemaker cells within the sinus node
centre do not “see” much of their surroundings. From the central, primary pacemaker region, towards the periphery, the
density of gap junction increases [], thus establishing the lower resistance connection required for effective sinoatrial
propagation. Centrifugal changes in the densities of intrinsic membrane currents [] and gap junctions [] predict that
the “space constant” might be different according to the direction of propagation (node to atrium vs atrium to node);
this prediction awaits experimental confirmation. This special feature is, however, functionally exemplified by the fact
that the centre of the sinus node is “blind” to the effects of atrial fibrillation. Indeed, during this arrhythmia, central
nodal cells continue their regular spontaneous discharge, unaffected by neighboring chaotic activity occurring at cycle
lengths as short as ms []. Thus, the delicate requirement to reconcile pacemaking with sinoatrial propagation is
solved by a suitable arrangement of intercellular coupling, still adequate for pacemaker synchronization, but limiting
the influence of atrial tissue. Nonetheless, coupling of the sinus node to the right atrium does slow pacemaker rate, as
demonstrated experimentally [, ] and in computer simulations []. If response tomembrane hyperpolarization (see
above) contributes to the limiting of such an effect.

.. Functional Inhomogeneity in the Sinus Node

One of the most intriguing features of the sinus node is that its intrinsic cycle length is remarkably constant, although
this is not the case with respect to its individual myocytes. Thus, isolated sinus node cells show substantial beat-to-beat
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Shifts in pacemaker locationwithin the sinus node. Scheme of (rabbit) sinus nodewith primary pacemaker location (asterisk).

Arrows indicate shift of the site of pacemaker dominance under various conditions: SVC: superior vena cava; SEP: interatrial

septum; IVC: inferior vena cava; CT: crista terminalis; RA: right atrium; E-: blocker of the rapid component of delayed

rectifier current (IKr); -AP: -aminopyridine (blockerof transientoutwardcurrent (Ito )); Adr: adrenaline;Nif: nifedipine (blocker

of L-typeCa+ current); Ach: acetylcholine. Basedon [] and []. Reproduced from []withpermission fromElsevier Science.

variability [, ] but this irregularity already disappears in clusters of sinus node cells of less than mm× mm [, ].
Sinus node cells in small clusters have shorter action potentials than in the intact node []. The intact sinus node is
in fact an inhomogeneous mixture of cells with different responses to environmental changes. A larger number of sinus
nodal myocytes is not only required to obtain beat-to-beat regularity, but also to expand the frequency range of beating.
Changes in the ionic composition of the extracellular fluid, drugs and autonomic stimulation induce pacemaker shifts
between different areas within the sinus node [, ] with different pacemaker rates (> Fig. ., from []).This probably
reflects not only the presence, within the node, of cell populations with different channel expression and receptor density,
but also the presence of inhomogeneity in innervation.The functional implication is that, the whole sinus node is capable
of producing a larger range of cycle lengths than individual sinus node cell. Also, an intact heterogeneous sinus node
may produce a larger cycle length range than an homogeneous one. Positive chronotropy results from myocytes with the
highest sensitivity to the applied agent, f.e. noradrenalin. Negative chronotropy by vagal activation results from shift of
pacemaking from the area with highest intrinsic rate to another one with lower intrinsic rate, but less sensitive to the
depressant effect of acetylcholine [, ] (see also> Fig. .).The chronotropic response of the intact sinus node cannot
be deduced from the chronotropic responses of its constituent cells [–].
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.. Abnormal Automaticity

Abnormal automaticity is defined as the occurrence of spontaneous firing in cardiac cells which are normally quiescent
(e.g., working atrial and ventricular myocytes). Since such cells lack the mechanisms underlying physiological pacemaker
function, abnormal automaticity is based on differentmechanisms, put into action by pathological conditions. A common
cause of abnormal automaticity is partial membrane depolarization, to a range of potentials at which IK conductance is
reduced. Under such conditions, diastolic potential becomes unstable and is likely to be driven by mechanisms which are
normally silenced. Such mechanisms may be based on the interplay between time- and voltage-dependent currents with
opposite signs, such as ICaL and IK and on Ca+ -activated currents.The intrinsic rate of an abnormal focus based on such
mechanisms is generally proportional to the degree of membrane depolarization []. It has been recently observed that
in hypertrophic ventricular myocytes If may be expressed at an abnormally high density and with kinetic properties []
favoring its role in pacemaker activity. Thus it is possible that, under specific pathological conditions, If may contribute
to abnormal automaticity.

Action potentials resulting from abnormal automaticity generally arise in partially depolarized membranes, in which
INa is partially or completely inactivated. Thus, depending on the extent of INa inactivation, their upstroke may be par-
tially or completely dependent on ICaL []. Accordingly, abnormal automaticity is often suppressed by Ca+ channel
inhibition.

If abnormal automaticity occurs at a rate exceeding the sinoatrial one, the automatic focus becomes the dominant
pacemaker and its activitymaybe propagated to thewhole heart. If the abnormal automatic rate is lower than the sinoatrial
one, its discharge can become manifest only if the automatic focus is protected from resetting by the dominant activity.
This may occur through a unidirectional “entry block,” which prevents propagation of sinoatrial activity to the abnormal
focus, but allows propagation of abnormal activity to the surrounding myocardium. Even if reset by sinoatrial activity
(i.e., in the absence of entry block), abnormal foci are less sensitive to overdrive suppression than normal pacemaker
tissue []. They may therefore become active during slow heart rate and are not easily overdriven when the sinus node
resumes its activity. Low rate abnormal automaticity is a commonmechanism of “parasystolic” arrhythmias and “escape”
ventricular beats. Due to its dependency on Ca+ current, abnormal automaticity is strongly enhanced by ß-adrenergic
stimulation.

Subacute and chronic myocardial infarction are probably the conditions in which abnormal automaticity is most
common and a frequent cause of arrhythmia []. Tissue at the junction between the pulmonary veins and the left atrium
is particularly prone to abnormal automaticity []. Its role in triggering atrial fibrillation has been recently identified
with a major impact on the therapeutic approach to this arrhythmia [].

. Ionic Homeostasis and Electrical Activity

Bioelectricity constitutes by far the fastest communication system of the body. Action potentials come with a price. They
disturb the ionic homeostasis, which has ultimately to be corrected by the Na+/K+ pump at the dispense of metabolic
energy. The disturbance of the homeostasis is surprisingly small. If we consider a cylindrical myocyte with a length of
 μm and a diameter of  μm, we arrive at a cellular surface of , μm and a cellular volume of ,  μm. The
surface is necessary for the calculation of the number of ions that pass themembrane during the action potential upstroke,
which can be considered as a depolarizing step of mV. We need the volume in order to calculate the disturbance of
the cellular Na+ concentration under the assumption that all depolarizing current is carried by Na+ ions. The amount of
charge related to an upstroke of the action potential can be calculated with

Q = C ×V

in which Q is charge in coulomb (C), C is cell capacitance in farad (F) and V is voltage in volt (V).The typical capacitance
of cellular membranes is  μF/cm. Thus, with the above cellular surface of , μm, the capacitance of one myocyte
is . × − F. Here we have neglected the effect of caveolae on the cell surface, which might double it. Because the
amplitude of the action potential (mV) equals . V, we obtain a total charge (see formula) of . × − C. Because
the passage of the membrane by mol equals a charge of ,C (Faraday constant), the amount of . × − C is
carried by . × − mol of Na+ ions. Multiplying by the number of Avogadro (. × , i.e., the number of ions
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or molecules in mol) then yields the number of Na+ ions that passes the sarcolemma of a myocyte with a length of
 μm and a width of  μm during the upstroke of an action potential with an amplitude of mV. This number
amounts to  million. The number may seem impressive, but in a cellular volume of , μm (see above), which
equals . × − L, these  million Na+ ions only increase the intracellular Na+ concentration by . μM. Given the
intracellular Na+ concentration of mM, one action potential results in an increase of .% in the intracellular Na+

concentration. Thus, assuming for the sake of simplicity that the action potential configuration does not change over
time, the intracellular Na+ concentration would double after , action potentials, that is, after more than one hour at
normal heart rate, if this “extra” Na+ were not pumped back by the Na+/K+ pump.

Although the concentration increase of Na+ (. μM) per action potential is small compared with the normal Na+

concentration (mM), this concentration step is substantial compared with both the systolic and diastolic intracellular
Ca+ concentrations, which are at and below the micromolar level.

. Region-Specific Currents

While the nodes represent the most striking case of functional specificity within the heart, relevant differences in action
potential shape and underlying currents also characterize other cardiac tissues. Rather than providing a systematic
description of regional variations in electrical activity, the aim of this section is to illustrate some examples of major
pathophysiological relevance.

.. Receptor-Activated Current (IKACh) Replaces IK in the Nodes and is Highly Expressed
in the Atria

As discussed above, IK is responsible for diastolic membrane potential stability in working myocardium and its absence
from nodal tissues is instrumental to pacemaker function. Nonetheless, all atrial tissues (including the nodes) express
at high density IKACh, an inward-rectifier current strictly related to IK in terms of channel structure and function [].
However, unlike IK constitutive activation, IKACh is turned on by the binding of acetylcholine or adenosine to M and
A receptors respectively. Activation occurs through direct channel interaction with beta-gamma subunits of receptor
coupled G-proteins (Gi or Go) []. IKACh activation leads to substantial hyperpolarization of the diastolic potential
and decreased membrane input resistance, both contributing to lower excitability, and APD shortening. This translates
into negative chronotropic and dromotropic effects in nodal myocytes and reduced refractoriness in the atria. Recent
reports suggest that IKACh channels are also present in ventricular myocytes, but their functional expression is limited
by competition with other K+ currents (e.g., IK) for a common pool of subsarcolemmal K+ []. IKACh function also
depends on PKA-mediated phosphorylation [] and on the availability of amembrane phospholipid component (PIP),
which is a substrate of phospholipase C (PLC). Accordingly, IKACh availability is limited by PLC activating receptors
(endothelin, angiotensin, α-adrenergic, etc.) that consume PIP [].

.. Different Delayed Rectifier Currents Underlie Repolarization in the Atria

Atrial repolarization, characterized by a prominent phase , is distinctly faster than ventricular repolarization. This sug-
gests differences in the expression of repolarizing currents. Ito and two components of delayed-rectifier current, with
properties similar to IKs and IKr in the ventricle, have been described in canine [] and human atrial myocytes [].
However, atrial myocytes also express an additional depolarization activated K+ current characterized by () fast activa-
tion and deactivation; () slow and only partial inactivation; () sensitivity to low (μM) -aminopyridine concentrations.
Currents with such properties have been identified in animal and human atrial myocyte by different groups and named
Isus [], IKur [], and Iso []. Despite slightly different properties, possibly due to different recording conditions, all
these currents are probably carried by the same channel protein Kv.. Due to its kinetic properties IKur may contribute
to the whole repolarization process. Since its amplitude is reduced at high stimulation rates [], IKur probably does not
play a role in rate-dependent APD shortening. In terms of molecular nature, IKur is closer to Ito, with which it shares
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pharmacological properties, than to ventricular delayed rectifiers. This provides the rationale for targeting IKur as a tool
for selective prolongation of atrial repolarization.

.. Differential Expression of K+ Currents Generates a Gradient of Electrophysiological
Properties Across the Ventricular Wall

In subepicardial layers phase  is prominent and results in a “spike and dome” AP morphology, which is at variance
with subendocardial layers, in which the repolarization course is more monotonic []. As a consequence, a significant
gradient of action potential morphologies exists across the ventricular wall []. Different phase  amplitude is the con-
sequence of a gradient in functional Ito expression, resulting from non-uniform distribution of a functionally essential
channel subunit []. Electrical heterogeneity across the ventricular wall is also contributed by lower expression of IKs
in midmyocardial layers [], albeit established at non-physiological conditions. Myocytes isolated from these layers
(M cells) are characterized by a particularly steep rate-dependency of repolarization, with marked APD prolongation at
long CLs []. Lack of IKs also makes isolated M cells susceptible to develop early afterdepolarizations during sympa-
thetic activation. The functional significance of these transmural inhomogeneities has been subject to vigorous debate
even in the dog, the species in which M cells have been extensively investigated [, ]. Recently, Janse and cowork-
ers, in a study performed with high density recording over and within the wall, showed that transmural repolarization is
remarkably synchronous in the canine left ventricle []. The role of M cells in the human heart has only been assessed
in a very limited number of studies. M cells have been identified in the human wedge preparation [], but not in whole
human hearts [, ], and also not in a larger wedge preparation obtained from the human heart []. A midmural
zenith in action potential duration cannot be demonstrated in the left human ventricle [], let alone a midmural zenith
in repolarization time []. Although the electrical peculiarity of M cells may be less apparent within the myocardial
syncytium, they may become functionally important in the presence of IKr blockers, when they have been suggested to
lead to repolarization abnormalities []. However, even under such challenging conditions the role of M cells has been
questioned []. While methodological differences might contribute to the discrepancy between these studies, the con-
tribution of M cells to overall cardiac repolarization remains controversial. Overall, intercellular coupling (electrotonic
interaction) seems to substantially blunt repolarization heterogeneitywithin the ventricular wall.Thismay be particularly
true in larger species, includingman, with long action potential duration and relatively highmembrane resistance during
repolarization, which in turn, is likely to increase intercellular communication (see below) [, ].

. Cardiac Channel Proteins

The molecular identity of most cardiac ion channels has been identified; the corresponding proteins have been cloned
and can be expressed by heterologous transfection in various cell types []. Many functional studies are nowadays per-
formed on heterologously expressed channel clones, whose nomenclature is often unrelated to that of the native current.
> Table . summarizes the correspondence between each native current and its molecular counterpart (see also []).

Each functional channel results from the interaction between several proteins (subunits): an α-subunit, usually
including permeation and gating structures, and one or more β-subunits, which confer to the channel specific kinetic
and pharmacological properties. Within the cell membrane, α-subunits are generally clustered in tetramers. The latter
may be composed by a single (homeotetramers) or different (heterotetramers) isoforms of the protein, often resulting in
different functional properties []. Inmany instances, expression of the cloned proteins does not precisely reproduce the
functional properties of the native current.This is true even if all the α- and β-subunits known to contribute to the chan-
nel are coexpressed. Moreover, function of a channel clone can change according to the cell type in which it is expressed
[], to reflect the multiplicity of factors contributing to the function of the native channel. Nonetheless, functional
changes induced by drugs or structural abnormalities (mutations) in cloned channels expressed in mammalian cell lines
have been thus far reasonably predictive of those occurring in native ones []. Thus, as long as its intrinsic limitations
are duly considered, heterologous expression of channel clones is a useful tool for electrophysiological studies.
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⊡ Table .

Correspondence between cardiac ionic currents and channel proteins

Current α-subunit(s) β-subunits Notes

INa NaV. (SCNA) β, β, β TTX-sensitive type

ICaT CaV. (αG) γ Mainly in nodes

ICaL CaV. (αC), CaV. (αD) ß, γ, δ CaV. in nodes

If HCN + HCN MiRP (KCNE) Specific for pacemaker tissues

IK Kir. (IRK) Kir. “Inward rectifier”

IKATP Kir. SUR Inactive at physiological [ATP]

IKACh(IKado) Kir. (GIRK) + Kir. (GIRK) Activated by ACh or adenosine; mostly atrial
and nodal

Ito KV. + Kv. KChIP Mainly subepicardial

IKur(IKsus) KV. KChAP, KVβ, KVβ Specific for atrium

IKr KV.(HERG) MiRP (KCNE) Rapid “delayed rectifier”

IKs KV .(KVLQT) minK (KCNE) Slow “delayed rectifier”

INCX(ITI) NCX Na+/Ca+ exchanger current
INaK NaK α ,, β, β Na+/K+ pump current

IGJ Cx (ventricle), Cx, Cx (nodes) Gap-junctional current

Denomination of α-subunits according to the IUPHAR compendium of voltage-gated ion channels []. Other frequently used denominations in
parentheses

. Propagation

.. General Mechanism of Propagation

If considered in detail, propagation of excitation through the heart is very complex, as described in some excellent
reviews by Kléber, Janse and Fast [], and Kléber and Rudy []. Nonetheless, a relatively simple description of its
basic principles is possible and very useful for the understanding of cardiac pathophysiology.

During propagation there is a difference in membrane potential between the excited myocytes (i.e., the site of an
action potential) and the still unexcited neighboring one. This difference defines the “activation front.” Let us suppose
that an activation front moves from left to right through a strand of myocytes. At the left the inside of the myocytes is
positively charged (due to inward current of Na+ ions from the extracellular space into the intracellular space), whereas
the inside of the not yet excited myocytes is still at the resting membrane potential of about −mV. This potential
difference causes an intracellular current flow along the cell axis and through gap junctions, i.e., the positive chargemoves
from the excited cell to the unexcited one. At the same time, in the extracellular space a current flows in the opposite
direction; this is because the extracellular side of the excitation site is made negative by the movement of Na+ ions into
the cell. To summarize, during propagation, local current moves forward through the intracellular space and backward
in the extracellular space, forming a complete “propagation circuit.” As a result of intracellular current positive charge
accumulates under the membrane of the cell to be excited and depolarizes it to the excitation threshold; this triggers a
new autoregenerative INa activation (action potential). The latter, in turn, serves as the “source” of charge for excitation of
the next cell and the process is repeated. In this process, the cell(s) to be excited can be viewed as the electrical “load” to
be imposed on the charge “source.” The relevant parameter is actually the amount of membrane capacity to be charged,
which directly depends on the area of membrane electrically coupled to the source. For propagation to occur, the charge
supplied by the source must at least match the charge required by the load. Under physiological conditions, the former
largely exceeds the latter; such a redundancy of the system is important in establishing a “safety factor” for propagation,
which may prevent the occurrence of conduction block in a wide range of conditions.

Propagation is characterized by its “conduction velocity” (in cm/s) and the “safety factor,” which we consider in more
detail in the next two subsections.
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.. Conduction Velocity

The speed at which the activation front travels essentially depends on how many cells along the propagation path can
be simultaneously excited by the charge supplied by the “source.” This, in turn depends on () the amount of source
charge (INa density in working myocardium and ICaL density in the nodes), and () how far along the cell axis charge can
travel without being dissipated to the extracellular space. According to cable theory, the latter can be characterized by
the ratio between specific membrane resistance (Rm, in Ω⋅m) and specific axial resistance (Ri , in Ω⋅m) (Rm and Ri are
expressed here with the conventional units of “specific resistance”. The term a/ is omitted if Rm is specific resistance per
circumference unit (Ω⋅m) and Ri is specific resistance per cross-sectional area (Ω/m)) and is defined by a parameter
named “space constant” (λ):

λ ∼ √{(Rm/Ri) × (a/)}
where a is the radius of the cable and λ is the distance overwhich the amplitude of a small voltage deflection has decayed to
% of its original value.Rm essentially depends on howmanymembrane ion channels are open, whereasRi is determined
by the sum of cytoplasmic, gap junctional, and extracellular resistances.

In the sinus node, Rm is high due to the absence of IK; however this is off-set by a high Ri due to the low density
and conductance of gap junctions, thus resulting in a small λ (≤.mm). In the Purkinje system, in which IK is small
compared with the working ventricular myocardium, but large compared with the sinus node, and in which the gap junc-
tional density is high, λ can be in the order of severalmm, substantially larger than in the working myocardium. It should
be noted that, for technical and theoretical reasons, λ is measured only at the resting membrane potential [], at which
Rm is substantially different than during an action potential. For instance, during the upstroke of the action potential Rm

is smaller, due to the massive opening of Na+ channels; during the plateau phase and early repolarization Rm is higher
(no IK, small currents). This predicts that λ may be maximal, thus supporting optimal electrotonic interaction, during
the action potential plateau and the early phase of repolarization. The fact that electrotonic interaction may be lower in
smaller animals (e.g., rodents) due to their shorter action potential duration, caused by larger repolarizing currents and
leading to a smaller Rm during repolarization, is starting to be recognized [, ].

An important consequence of the role of gap junctional resistance is that it creates a physiologically relevant difference
in velocity between propagation parallel to cell orientation (longitudinal propagation) or perpendicular to it (transverse
propagation). This difference is named “electrical anisotropy” and can be explained as follows. Cardiac myocytes are
elongated (about – μm long and – μm wide); when packed in the tissue they can establish side-to-side and
end-to-end connections. Thus axial current will travel in both directions. However, to travel the same tissue distance
(e.g.,  cm), current must cross about fivefold more cell borders (i.e., gap junctions) in the transverse than in the lon-
gitudinal direction. Gap junctions are “in series” with respect to axial current flow, which implies that their individual
resistances are summed. Thus as far as the contribution of gap junctions in Ri (specific axial resistance; sum of cyto-
plasmic, gap junctional, and extracellular resistances) is involved, it can be expected that conduction velocity is lower in
transversal than in longitudinal direction. Variation in the density of gap junction expression andmore complex arrange-
ment of cells (e.g., end-to-side connections) may also contribute to determine the anisotropy ratio. Measured anisotropy
ratio is about . in dog [], but it might be substantially less in human ventricle, where these simple measurements
are surprisingly scarce []. An anisotropy ratio even larger than predicted by tissue geometry may reflect propagation
“discontinuity” [], resulting in junctional delays larger than predicted for continuous propagation.

These considerations have an interesting bearing on conduction velocity in hypertrophy and heart failure. Both are
in general associated with delayed conduction [], which is often considered to be the result of decreased conduction
velocity. However, hypertrophy per se (increase in cell size), results in a smaller number of junctions per unit length of
the propagation path. Thus, as long as no factors other than cellular dimensions change during hypertrophy, an increase
and not a decrease, in tissue conduction velocity is expected, as was recently confirmed experimentally []. Under such
circumstances an observed conduction delay is explained by increased cardiac mass, which is insufficiently compensated
for by increased conduction velocity. On the other hand, at more severe stages of hypertrophy, concomitant interstitial
fibrosis and changes in gap junction expression may cause a decrease in conduction velocity itself. Further pathological
changes in the density of membrane channels, also known as remodeling, may exacerbate this process.
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Besides electrotonic interaction, conduction velocity is also affected by the magnitude of the current source, which is
substantially larger for INa than for ICaL .Thus, differential expression of these currents contributes to the large difference
in conduction velocity among cardiac tissues. Longitudinal conduction velocities are in the order of  and  cm/s in SA
andAV nodes respectively, and around  cm/s in atrial and ventricular working myocardium. In specialized conducting
tissues conduction velocity is higher; values of  and  cm/s can be measured in crista terminalis and Bachman’s
bundle respectively and – cm/s in Purkinje fibers [].

.. Safety Factor of Propagation

As introduced above, the propagation safety factor is determined by the ratio between the electrical charge supplied by
the “source” and that required by the “load” [, , ]. The former is primarily determined by the magnitude of
depolarizing current (INa in the working myocardium and Purkinje, ICaL in the nodes) available at a given time. The
latter is determined by the electrical capacity to be charged, physically represented by the membrane area electrically
coupled to the source. Under physiological conditions, the current size available in a single cell is large enough to charge
the membrane capacity of the cell itself plus a number of connected cells.

Source/load mismatch can result from () depression of INa (or ICaL in the nodes), by incomplete recovery from
inactivation (partial membrane depolarization, extrasystoles falling in the relative refractory period etc.), drugs or genetic
defects with loss of function (e.g., the LQT syndrome), and () tissue geometry such as to impose a large load on a
small source. Illustrative examples of the latter are discrete Purkinje-myocardial junctions, at which a small number of
Purkinje cells are coupled to a relatively large mass of underlying myocardium (i.e., a large membrane capacity). Under
such circumstances the safety factor is low for orthodromic and high for antidromic propagation, setting the stage for the
occurrence of unidirectional conduction block. In the case of the Purkinje-myocardial junction the potential source/load
mismatch is compensated by a very high expression of Na+ channels and long action potential duration in Purkinje
cells. However, under pathological conditions, a similar tissue geometry may be generated by patchy fibrosis, producing
expanses of myocardium connected by relatively thin bundles of excitable tissue. In this case compensatory mechanisms
are absent and arrhythmias resulting from unidirectional block (reentry) are greatly facilitated.

Although safety factor and conduction velocity are affected in the same direction by several factors (e.g., INa magni-
tude), their changes are not always consensual. Indeed, an increase in gap junctional resistance decreases conduction
velocity (smaller λ), but may simultaneously increase the safety factor []. This is because the effective membrane
capacity “seen” by the source decreases when coupling resistance increases []. This is the mechanism underlying the
observation that, although longitudinal propagation is faster, depression of INa may lead to blocking of longitudinal prop-
agation with persistence of the transverse one []. The relation between safety factor, conduction velocity and coupling
resistance is illustrated in > Fig. ..

Under source/load mismatch conditions, ICaL may become necessary to support propagation even if INa is intact
[, ]. This unexpected observation has been interpreted as follows. Due to discrete distribution of axial resistance
(at gap junctions), a small delay occurs whenever excitation crosses a cell border. Thus, even if apparently continuous
at macroscopic level, propagation is “discontinuous” at the microscopic one []. Under source/load mismatch condi-
tions such delays may be increased and outlast the duration of INa flow. In this case the smaller, but longer lasting ICaL
may become pivotal to provide the sustained generator current required for excitation of the downstream cell. Thus, not
only the magnitude, but also the duration of the generator current may be important in determining the safety factor of
propagation.

. Mathematical Models

Over the past decades patch-clamp experiments have provided us with detailed information on the different types of ion
channels that are present in the cardiac cell membrane. The sophisticated cardiac cell models that are available today
can help us understand how the different types of ion channels act together to produce the cardiac action potential (cf.
> Figs. . and > .). Moreover, such models have become essential instruments for the assessment of the functional
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Influenceof junctional coupling conductanceon conductionvelocity and safety factor. Conductionvelocity (leftordinate) and

safety factor for conduction (rightordinate) as a functionof intercellular coupling (abscissa). At first glance, against intuition, a

decrease in intercellular coupling leads to a transient increase in safety of conduction, before conductionblocks. Reproduced

from [] with permission from Physiological Reviews. This figure is adapted from > Fig. .a in Shaw RM, Rudy Y. Circ Res
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implications of changes in density or kinetics of ion channels, e.g., changes due to ion channel mutations underlying the
congenital long-QT syndrome.

Back in , van der Pol and van der Mark presented the first mathematical description of the heartbeat, which
is in terms of a relaxation oscillator []. Their work has given rise to a family of models of nerve and heart “cells”
(excitable elements) in terms of their key properties, i.e., excitability, stimulus threshold, and refractoriness.Thesemodels
are relatively simple with a minimum number of equations and variables [, ]. Because they are compact, these
models have been widely used in studies of the spread of excitation in tissue models consisting of large numbers of
interconnected “cells” (e.g., []).

A major drawback of this family of models is the absence of explicit links between the electrical activity and the
underlying physiological processes like the openings and closures of specific ion channels. Today’s sophisticated cardiac
cell models provide such links and are all built on the framework defined by the seminal work of Hodgkin and Huxley
[], for which they received the Nobel Prize in Physiology or Medicine in .

.. The Seminal Hodgkin-Huxley Model

Hodgkin and Huxley investigated the electrical activity of the squid giant axon, on which they published a series of five
(now classical) papers in . In their concluding paper they summarized their experimental findings and presented
“a quantitative description of membrane current and its application to conduction and excitation in nerve” []. This
“quantitative description” included a mathematical model derived from an electrical equivalent of the nerve cell mem-
brane. They identified sodium and potassium currents flowing across the giant axon membrane and represented these
in terms of the sum of conductive components that we now identify as ion channels, and membrane capacitance. In the
electrical equivalent, the cell membrane was represented by a capacitor (cf. > Sect. ..) in parallel with three resistors
representing the sodium conductance, the potassium conductance and a leakage conductance. The associated sodium
and potassium currents were described using the mathematical formulation introduced in > Sect. ...

In their series of papers, Hodgkin and Huxley demonstrated that gm can be separated into sodium and potassium
components (gNa and gK, respectively), which are both functions of Vm and time. In their analysis they introduced the
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Common layout of cardiac cell models. Data from patch-clamp experiments (bottom left) provide quantitative information

on each of the individual membrane current components (top left). This information is turned into an electrical equivalent

(top right). The resulting equations, together with equations describing intracellular processes, e.g., the calcium uptake and

releaseby the sarcoplasmic reticulum, are then compiled into a computermodel of the cardiac cell, e.g., anSAnodal cellmodel

(bottom right).

concept of activation and inactivation “gates” and provided equations governing the time and voltage dependence of these
gates. Upon a change in Vm, x (the gating variable introduced in > Sect. ..) changes with time as:

dx/dt = α × ( − x) − β × x, (.)

where α and β are “rate constants,” which are both functions of Vm. In this concept, α is the rate at which x gates change
from the closed to the open state, whereas β is the rate at which x gates change from the open to the closed state.

As illustrated in> Fig. ., today’s ionic cardiac cell models still follow the concept of Hodgkin and Huxley.The ionic
currents that have been identified in patch-clamp experiments are described in terms of “activation” and “inactivation”
and turned into components of an electrical circuit, which underlies the set of model equations.The only extension to the
concept ofHodgkin andHuxley is the inclusion of an additional set of equations governing the changes in intracellular ion
concentrations (sodium, potassium, and calcium) and the intracellular calcium uptake and release processes (“second-
generation models,” see > Sect. ..).

.. Early Cardiac Cell Models (–)

TheHodgkin andHuxley concept was first applied to cardiac cells byNoble [, ]. Hismodel of cardiac Purkinje fibers
was relatively simple and had five variables. With more experimental data becoming available, the model was updated
twice, in the seventies byMcAllister et al. [] and in the eighties by DiFrancesco and Noble [].The latter two models
formed the basis for the development of ventricular, atrial, and sinoatrial cell models (> Table .; [–]).
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⊡ Table .

Early ionic models of mammalian cardiac cells (–)

Model Parent model

Purkinje fibremodels

Noble [, ] –

McAllister et al. [] Noble [, ]

DiFrancesco and Noble [] McAllister et al. []

Ventricular cell models

Beeler and Reuter [] McAllister et al. []

Drouhard and Roberge [] Beeler and Reuter []

Atrial cell models

Hilgemann and Noble [] DiFrancesco and Noble []

Sinoatrial cell models (rabbit)

Yanagihara et al. [] –

Irisawa and Noma [] Yanagihara et al. []

Bristow and Clark [] McAllister et al. []

Noble and Noble [] DiFrancesco and Noble []

Noble et al. [] Noble and Noble []

.. Detailed Cardiac Cell Models (–)

According to current standards, the models that were developed during the first three decades of cardiac cell model-
ing (> Table .; [–]) were simple, with a small number of variables and equations, and of a generic nature, with
limited specificity regarding species or location within the tissue. This changed rapidly during the subsequent period.
Starting in the early nineties, a large number of cardiac cell models of increasing complexity have been developed, prof-
iting from the immense progress made in cardiac cellular electrophysiology and the powerful computer resources that
have become available (> Table .; [, –]). Among thesemodels, the “Luo-Rudy II” ventricular cell model [],
also known as “phase- Luo-Rudy” or “LR” model, has become a classical one. Several more recent ventricular and
atrial cell models have been built upon the Luo-Rudy equations. After the Luo-Rudy II model was published in ,
it has been updated several times, keeping track with experimental data appearing in literature. The source code of the
current version of the model (“LRd model”), as well as that of several other models, is available on the Internet (see
> Sect. ..).

.. First-Generation and Second-GenerationModels

In the early ionic models of cardiac cells, all the concentrations of the various ionic species were held fixed, so that no
provision had to bemade for pumps and exchangers to regulate these concentrations.We refer tomodels that incorporate
variable ion concentrations as well as pumps and exchangers as “second-generation” models, in contrast to the earlier
“first-generation” models []. There are two major problems with the more physiologically realistic second-generation
models, in which, besides membrane potential and gating variables, ion concentrations vary in time: () drift, with very
slow long-term trends in some of the variables, particularly some ionic concentrations, and () degeneracy, with non-
uniqueness of equilibrium solutions such as steady states and limit cycles (see [] and primary references cited therein).
Drift has beenmanaged in several ways, including stimulus current assignment to a specific ionic species [].The other
major problem noted with second-generationmodels is degeneracy. Essentially, second-generationmodels form a system
ofN− equations inN unknowns. As a result, there is a continuum of equilibrium points (“steady-state solutions”), rather
than isolated equilibrium points, so that, e.g., the resting potential of a quiescent system depends on the initial conditions.
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⊡ Table .

Detailed ionic models of mammalian cardiac cells (–)

Model Species Parent model

Ventricular cell models

Noble et al. [] Guinea pig Earm and Noble []

Luo and Rudy [] Guinea pig Beeler and Reuter []

Nordin [] Guinea pig –

Luo and Rudy [] Guinea pig Luo and Rudy []

Jafri et al. [] Guinea pig Luo and Rudy []

Noble et al. [] Guinea pig Noble et al. []

Priebe and Beuckelmann [] Human Luo and Rudy []

Winslow et al. [] Canine Jafri et al. []

Pandit et al. [] Rat Demir et al. []

Puglisi and Bers [] Rabbit Luo and Rudy []

Bernus et al. [] Human Priebe and Beuckelmann []

Matsuoka et al. [] Guinea pig –

Bondarenko et al. [] Mouse –

Shannon et al. [] Rabbit Puglisi and Bers []

Ten Tusscher et al. [] Human –

Iyer et al. [] Human –

Hund and Rudy [] Canine Luo and Rudy []

Atrial cell models

Earm and Noble [] Rabbit Hilgemann and Noble []

Lindblad et al. [] Rabbit –

Courtemanche et al. [] Human Luo and Rudy []

Nygren et al. [] Human Lindblad et al. []

Ramirez et al. [] Canine Courtemanche et al. []

Sinoatrial cell models

Wilders et al. [] Rabbit –

Demir et al. [] Rabbit –

Dokos et al. [] Rabbit Wilders et al. []

Demir et al. [] Rabbit Demir et al. []

Zhang et al. [] Rabbit –

Zhang et al. [] Rabbit Zhang et al. []

Zhang et al. [] Rabbit Zhang et al. []

Kurata et al. [] Rabbit –

Sarai et al. [] Rabbit –

Lovell et al. [] Rabbit –

∗Model has Markov type channel gating

This can be overcome through a “chemical” approach using an explicit formula for the membrane potential of cells in
terms of the intracellular and extracellular ionic concentrations [].

When using cardiac cell models, one should realize that first-generation models tend to reach a steady state within
only a few beats, whereas second-generationmodels should be run for amuch longer time to reach steady state. For exam-
ple, in the canine atrial cell model by Kneller et al. [] action potential duration reached steady state after approximately
min of pacing, which limits its suitability for performing large-scale (whole-heart) simulations, where simulating a sin-
gle beat may take several hours on a state-of-the-art computer. Furthermore, it should be emphasized that the equations



  Cellular Electrophysiology

representing the calcium subsystem of the second-generation models are still evolving and even the latest comprehen-
sive models fail to adequately represent fundamental properties of calcium handling and inactivation of L-type calcium
current by intracellular Ca+ (see, e.g., [, ] and primary references cited therein).

.. Deterministic, Stochastic andMarkovModels

Until a few years ago, cardiac cell models all employed the traditional Hodgkin-Huxley formulation of ion channel gating.
In this concept, the state of an ion channel is defined by one or more independent gates that can each flip between their
open and closed state, with the channel being open if and only if all of its gates are in their open position. Accordingly
a channel with n different gates, can reside in any of n different states (> Fig. .a). It had been noted that many ionic
currents can more accurately be described using state diagrams that are not limited to the Hodgkin-Huxley concept of
one or a few independent gates.The generic Markov type models, named after the mathematician Andrei Markov (–
), are used instead. Markov models allow for more complex interactions between open, closed or inactivated states,
as illustrated in > Fig. .b, and thus have the advantage of being more closely related to the underlying structure and
conformation of the ion channel proteins. A disadvantage is that Markov models often introduce additional differential
equations to the model that must be solved, thus slowing the computation time. In the recent comprehensive model of
a rabbit ventricular myocyte by Shannon et al. [], Markov channel models were therefore generally avoided unless
considered necessary.

Markov models should not be confused with stochastic models. Cardiac cell models employing Markov type chan-
nel gating are as deterministic as models employing the Hodgkin-Huxley channel gating. The number of ion channels
occupying a certain channel state is represented as a fraction (between  and ) that changes with time as a continu-
ous number. The changes with time are described by a set of differential equations governing the average behavior of
the thousands of individual ion channels. Stochastic models are non-deterministic (probabilistic) models in which the
stochastic “random” openings and closures of each individual ion channel are taken into account. The number of ion
channels occupying a certain channel state is then represented as a discrete number that changes “randomly” with time:
the computation of changes in these numbers with time involves drawing of random numbers instead of solving differ-
ential equations. As a consequence, action potential parameters may show beat-to-beat fluctuations, like experimental
recordings [, ]. Stochastic ionic models of cardiac pacemaker cells have been developed by Wilders et al. []
and Guevara and Lewis []. Recently, Greenstein and Winslow [] have developed an ionic model of the canine
ventricular myocyte incorporating stochastic gating of L-type calcium channels and ryanodine-sensitive calcium release
channels.
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Hodgkin-Huxley and Markov type models of IKr (HERG, KCNH) channel gating. (a) State diagram of classical Hodgkin-Huxley

type model. The conductive state of the channel is controlled by two independent activation and inactivation gates (x and

y, respectively), resulting in four different channel states. (b) State diagram of Markov type scheme (after []). C, C, and

C are closed states, O is the open state, and I the inactivated state. All transition rates, except Kf and Kb, are a function of

membrane potential.Ψ is defined as a function of other transition rates to satisfy the microscopic reversibility condition.
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.. Computational Aspects

The original computations by Hodgkin and Huxley [] were done by hand. As memorized by Huxley in his Nobel
lecture, “this was a laborious business: a membrane action took a matter of days to compute, and a propagated action
potential took a matter of weeks.” For his initial Purkinje fiber action potential simulations, Noble [, ] could make
use of the university computer for which he had to write a program in machine code. It took two hours of CPU time to
simulate a single action potential of the -variable model. In the seventies, Beeler and Reuter used a mainframe computer
to solve the differential equations of their -variable ventricular cell model. A single action potential could be computed
in about  s []. In subsequent decades, computational power has grown exponentially. Simulating a single Noble or
Beeler-Reuter action potential now takes no more than one or a few milliseconds on a moderate personal computer.
Nevertheless, computational efficiency is still an important issue when modeling cardiac cells. Models have not only
becomemuchmore complex, but also require much longer time to reach steady state (see > Sect. ..). Computational
efficiency is of course, of particular importance in large-scale tissue or whole-heart simulations.

The ongoing demand for computational power is illustrated by the development of human ventricular cell models.
The models by Priebe and Beuckelmann [] and ten Tusscher et al. [], with  and  variables, respectively, are of
a similar complexity. Both use Hodgkin and Huxley type equations for the ionic currents and they model intracellular
sodium, potassium, and calcium dynamics. The Iyer et al. [] human ventricular cell model uses Markov type models
rather than Hodgkin-Huxley type equations to describe the dynamics of the major ionic currents. As set out above, this
allows one to fit single channel experimental data and to incorporate knowledge on ion channel structure, but this comes
at the cost of a much higher number of variables; as many as  in the case of the Iyer et al. model [].

Apart from the number of variables, the computational efficiency of a model is also determined by the “stiffness” of
its equations: a model with “stiff” equations requires a small integration time step for a stable and precise solution of its
differential equations. TenTusscher et al. [] compared the computational efficiency of the above humanventricular cell
models under standardized conditions, using simple Euler forward integration, which is the most widely used integration
method for large-scale spatial simulations in electrophysiology. They observed that the Priebe & Beuckelmann and the
ten Tusscher et al. models allowed for a much larger integration time step ( μs) than the Iyer et al. model (. μs).
Together, the differences in the number of variables and the integration time step cause simulations with the Priebe and
Beuckelmann and the tenTusscher et al. models to be approximately equally fast, whereas the Iyer et al. model is almost
, times “slower.”

.. Multicellular Simulations

The “bidomain” model has been widely accepted as the major approach for theoretical and numerical investigation of
macroscopic electric phenomena in cardiac tissue. It is based on the representation of the tissue as two interpenetrating
extra- and intracellular domains each of them having different conductivities along and across the direction of the fibers
[]. The state variables describing the system are the local intracellular and extracellular potentials (φi and φe, respec-
tively), with the transmembrane potential defined asVm = φi−φe. Although the bidomainmodel gives themost accurate
approximation of heart tissue, it requires considerable computational power for calculations, both in terms of CPU speed
and computer memory. The bidomain model of the human heart developed by Potse et al. [], for example, requires> GB of computer memory and takes  days on a -processor parallel computer to simulate a complete cardiac cycle.
This explains why large-scale simulations are often “monodomain,” i.e., φe is ignored and set to zero. Differences between
monodomain and bidomain simulation results are small enough to permit the use of a monodomain model for prop-
agation studies, even when extracellular potentials are required. However, bidomain models should be used if external
currents are applied (pacing, defibrillation) [].

Ionic models of single cardiac cells are also “monodomain”: as in experiments on isolated cardiac cells, the extracel-
lular space is grounded to earth (cf. > Fig. .). Given the required computational power, only simple first-generation
cardiac cell models, with few variables and equations, can be used in large-scale bidomain simulations. Thus, bidomain
simulations do not permit highly detailed studies of the effects of individual ionic currents on cardiac activation. This
also holds, to a lesser extent, for monodomain simulations. Cardiac cell models that are typically used in large-scale
simulations include the simplified ionic models by Fenton and Karma [] and Bernus et al. [].



  Cellular Electrophysiology

⊡ Table .

Cardiac cell models available on the Internet

Source code

Source code of numerous models in CellML format

Web address: http://www.cellml.org/

Source code of cardiac cell models from the Rudy group (C++, Matlab)

Web address: http://rudylab.wustl.edu/

Source code of cardiac cell models from the Winslow group (C++, Fortran)
Web address: http://www.ccbm.jhu.edu/

Source code of the “Kyoto model” (several formats)

Web address: http://www.card.med.kyoto-u.ac.jp/Simulation/

C++ source code of the Bernus et al. [] human ventricular cell model

Web address: http://www.physiol.med.uu.nl/wilders/

C++ source code of the ten Tusscher et al. [] human ventricular cell model

Web address: http://www-binf.bio.uu.nl/khwjtuss/

Fortran source code of the Zhang et al. [, ] rabbit sinoatrial cell models

Web address: http://personalpages.umist.ac.uk/staff/H.Zhang-/

Ready-to-use Java applets

Applets of numerous ionic models from the Centre for Arrhythmia Research at Hofstra University

Web address: http://arrhythmia.hofstra.edu/

iCell: Java-based interactive cell modeling resource

Web address: http://ssd.bme.memphis.edu/icell/

Ready-to-useWindows program

LabHEART: Windows version of Puglisi & Bers rabbit ventricular cell model []

Web address: http://www.meddean.luc.edu/templates/ssom/depts/physio/labheart.cfm

See Table  of [] for a comprehensive list of tools for cardiac cell modeling

.. Cardiac Cell Models on theWorldWideWeb

Thesource code of various cardiac cellmodels is available through the Internet.This code canbe compiled into a computer
program using the appropriate “compiler,” which requires basic computer programming skills. > Table . lists some of
the sites at which source code is made available. A few “ready-to-use” programs are also available. These include Java
applets of several ionic models as well as a Windows version of the rabbit ventricular cell model by Puglisi and Bers [].

Several efforts have been made to set a language standard for cardiac cell modeling. One example is the “CellML”
language, which is an open standard based on the XMLmarkup language, being developed by the Bioengineering Institute
at the University of Auckland and affiliated research groups. The purpose of CellML is to store and exchange computer-
based mathematical models. A large number of models are already available on the CellML website (> Table .). To run
simulations, a simulation environment that imports CellML files is required.
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. Introduction

The cardiac electrical impulse is initiated in the sinoatrial node and spreads rapidly over the atria, slowly through the
atrioventricular node, and rapidly over the specific ventricular conduction system and myocardium of both ventricles.
These excitable tissues are able to generate an action potential in response to a suprathreshold current stimulus. The
voltage difference between excited and resting tissue drives local current circuits that excite the resting tissue thereby
causing spread of excitation in a wave-like manner. The main factors that determine propagation are () the proper-
ties of the ionic channels in the cell membrane, () the passive electrical properties of the tissue, and () in two- or
three-dimensional media the curvature of the excitation wave. In atrial and ventricular myocardium, and in the spe-
cific ventricular conduction system, the current responsible for the action potential upstroke and for delivering local
current for propagation is carried by Na+ ions. In the cells of the sinoatrial node and the atrioventricular node a major
contribution is made by the Ca+ current. In tissue with a high degree of electrical cell-to-cell uncoupling and in tis-
sue with geometrical discontinuity, flow of inward Ca+ current becomes necessary to maintain propagation [, ].
The various regions of the heart differ with respect to distribution of ionic channels, and with respect to passive elec-
trical properties, which depend on cell morphology, type and distribution of gap junctions, and the arrangement of cells
in strands and layers. Therefore values of conduction velocity vary from about .m/s, the lowest value found in the
atrioventricular node, to about .m/s, the highest value in the His-Purkinje system [].

. The Sinoatrial Node

Themorphological sinoatrial, or sinus node, first described by Keith and Flack in  [], lies at the junction of the supe-
rior vena cava and the right atrium close to the crest of the atrial appendage. Its boundaries are not sharply defined in all
species [, ]. The node consists of two types of myocytes [–]. The central nodal cells are arranged in a complex inter-
digitating manner interspersed with connective tissue. They contain very few myofilaments. The intracellular organized
structures (myofilaments, mitochondria, nuclei and sarcoplasmic reticulum tubules) occupy only % of the cell volume,
whereas in atrial cells these structures comprise % of cell volume. The second type of myocytes is transitional in that
it changes gradually from the typical central nodal cell to an ordinary atrial cell. In some species, such as the rabbit, the
zone of transitional cells is large, in others, such as the dog or the pig, it is narrow.The boundary between transitional and
atrial cells is morphologically often poorly defined. Studies using immunohistochemical staining techniques did show
a sharp boundary between nodal and atrial cells []. Nodal cells reacted with a monoclonal antibody against bovine
Purkinje fibers and did not react to an antibody against connexion . Atrial cells on the other hand did not react to the
antibody against Purkinje fibers but did react with the connexion  antibody. Since no electrophysiologic measurements
were made, and no morphological studies were performed to quantify the number of intracellular organelles and fila-
ments, no certainty exists whether some cells defined as atrial by immunohistochemical criteria might not be transitional
according to other criteria. In a study combining immunohistochemistry, electrophysiology and electronmicroscopy [],
it was found, in contrast to previous studies, that atrial cells could be found in the very center of the node. Furthermore,
the sinus node comprised three morphologically distinct cells that had the same electrophysiological characteristics. In
contrast to the traditional concept of a transitional zone in which the transition from nodal cells to atrial cells occurred
gradually, the situation in human, feline, and canine nodes is such that typical nodal cells are intermingled with atrial
cells, and the transition is formed by a zone in which the density of atrial cells gradually increases from the central node
to the crista terminalis [, , ].

A striking feature of the sinus node, including that in the human, is the presence of abundant connective tissue sur-
rounding the nodal cells [–]. There are marked species differences regarding the amount of collagen. In cats –%
of the volume of the sinus node may consist of collagen; in pigs %, and in guinea-pigs % [–]. Attempts to cor-
relate the amount of connective tissue with age yielded variable results. Thus, in humans approximately % of the sinus
node in young individuals has been reported to be occupied by myocytes, while at the age of  years the proportion of
the node occupied by myocytes may be as low as % []. In another study, the relative volume of collagen in the sinus
node was found to remain constant once adulthood was reached in both cats and humans. No consistent relationship
between the amount of collagen and sino-atrial conduction time could be established []. An increase in the amount of
adipose tissue between the transitional cells has been reported to be age related [].
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The first combined electrophysiological and morphological studies on the pacemaker of the heart were performed in
 [, ].The site of origin of the heartbeatwas determined by searching for the site of primary extracellular negativity,
which was found on the epicardial surface of the canine right atrium in the sulcus terminalis near the vena cava superior.
This site of “primary negativity” coincided with the site of the histological sinus node. Transmembrane potentials from
pacemaker cells were first recorded from the sinus venosus of the frog heart in  [] and in  from the sinus node of
mammalian hearts []. These studies revealed the most characteristic electrophysiological feature of pacemaking cells:
spontaneous diastolic depolarization of the membrane potential. A number of ionic currents are involved in normal
pacemaking in the sinus node: a decay in outward current carried by potassium ions following repolarization, an inward
current carried by sodium ions, called If, which is activated after repolarization, and finally the slow inward current carried
by calcium ions, which is activated as the membrane depolarizes [–].

In  Trautwein and Uchizono [] determined the ultrastructure of cells very close to cells from which typical
pacemaker potentials were recorded, and in  direct identification of the cell from which the pacemaker potential
had been recorded was made []. Not unexpectedly, pacemaker potentials originated from nodal cells. Microelectrode
recording in isolated, superfused rabbit heart preparations [, , –] resulted inmaps depicting the spread of excitation
during spontaneous sinus beats (see > Fig. .). Dominant pacemaker cells, i.e., those with the earliest action potential
upstrokes, the fastest rate of diastolic depolarization, the slowest rate of rise of the action potential, and a gradual transition
from diastolic to systolic depolarization, comprise a small area of about .mm square, containing about , cells that
fire synchronously. Gap junctions, although less frequent than in transitional or atrial cells, were found in every cell
contour in ultrathin sections. It was estimated that every cell in the pacemaker center was coupled to other cells via at least
 gap junctions [].This is far in excess of what is needed to ensure synchronisation of diastolic depolarization [, ].
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Isochronal map of spread of excitation from the sinus node of an isolated rabbit heart preparation. Numbers correspond

to activation times in ms. Configuration of action potentials is shown along the pathway of conduction from central node

towards the atrium. The dashed line indicates the beginning of the atrial electrogram used as a time reference. Towards

the periphery the action potentials show an increase in amplitude and dV/dtmax and a decrease in the rate of diastolic

depolarization. The hatched area is an area of conduction block (© reproduced with permission from Bleeker et al. []).
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This is in apparent contrast with a study in which the sinus node failed to react with antibodies against connexion  [],
although in another study nodal cells did show a reaction [].

Electrotonic interaction between atrial and nodal cells plays a crucial role in the functioning of the sinus node. Pace-
maker activity in the peripheral transitional cells is suppressed because they are coupled to atrial cells, which do not have
the capacity for spontaneous diastolic depolarization. Because the constant resting potential of atrial cells is more neg-
ative than the maximum diastolic potential of transitional cells, an electrotonic current flows from atrial to transitional
cells, hyperpolarizing the latter and thus suppressing diastolic depolarization. When transitional cells are isolated from
the surrounding atrium, their intrinsic pacemaking rate is actually higher than that from the centrally located “dominant”
pacemaker [, , ]. Computer simulations have shown that a critical degree of coupling between atrial and transi-
tional cells, as well as a gradual decrease in coupling resistance from central nodal cells towards the atrium, are necessary
for the small group of nodal cells to activate the atrium. When coupling resistance is too low, electrotonic current from
the large mass of surrounding atrial tissue will suppress diastolic depolarization. When coupling resistance is too high,
the current provided by the small group of dominant pacemaker cells will not be sufficient to depolarize atrial cells to
threshold [].

As shown in > Fig. . conduction from the central node towards the crista terminalis in the isolated rabbit heart
preparation occurs preferentially in an oblique cranial direction. This can be explained by the tissue architecture, con-
duction being faster in areaswhere fibers are arranged in parallel. Conduction block occurs towards the interatrial septum,
due to a reduced excitability of cells in this region []. In intact hearts, the excitation process is more complicated. First
of all, alterations in the activity of the autonomic nervous system not only cause changes in sinus rate, they also produce
pacemaker shifts. Under the influence of acetylcholine, the dominant pacemaker shifts away from the central area of
the node towards transitional cells in the cauda; adrenalin induces a pacemaker shift towards a more inferior site [–
]. Extracellular recordings form intact canine and human hearts [, ] showed that in the area of the sinus node
two deflections of low amplitude and frequency precede the large high-frequency deflection caused by activity of atrial
tissue: a “diastolic slope” corresponding to diastolic depolarization and an “upstroke slope” corresponding to systolic
depolarization. Asynchronous activity of several pacemaking groups was recorded, suggesting that, despite strong cou-
pling within one group of pacemaking cells, intergroup coupling may not be strong. Earliest right atrial activation could
result from impulses arising from more than one automatic group within the sinus node. Studies by Boineau and co-
workers in the canine heart showed that impulses were simultaneously initiated from up to three atrial sites separated
by more than  cm [–]. Multiple depolarization waves originating from these sites, merged into a common wave-
front after –ms. Changes in heart rate were associated with changes in the sites of origin. It was argued that these
findings should be explained by a multicenter pacemaker model, and that the system of atrial pacemakers is much larger
than the sinus node, extending both craniocaudally and mediolaterally. At extreme heart rates, extranodal pacemakers
could dominate the pacemakers in the sinus node. Thus, whereas in isolated preparations the site of the dominant pace-
maker is constant, in the heart in vivo, considerable pacemaker shifts may occur and the earliest activated atrial areasmay
shift as well. > Fig. . shows that in the human heart, simultaneous atrial activation may occur at multiple sites [].
To quote Cosio et al.: “The expression ‘sinus node area’ is commonly used as a reference for the diagnosis of ectopic
atrial tachycardia; however, our data show that the origin of activation can be so wide as to make this expression almost
meaningless” [].

. Subsidiary Pacemakerswith Normal Automaticity

Cells with the capacity of spontaneous diastolic depolarization can be found in other areas of the heart besides the sinus
node, particularly along the crista terminalis and in the inter-atrial septum, in the atrioventricular junction and in the
specialized ventricular conduction system [–]. The intrinsic rate of impulse formation is highest in the sinus node
and decreases progressively in pacemakers in the atrium, atrioventricular junction and His-Purkinje system. Normally,
the sinus node is the dominant pacemaker over a wide range of heart rates because diastolic depolarization of latent
pacemakers is inhibited by repeated excitation by impulses from the sinus node. This inhibition is called overdrive sup-
pression []. Overdrive suppression is mediated by enhanced activity of the Na+/K+ pump. This pump, depending on
energy derived from a membrane-boundATPase, is responsible for maintaining ionic homeostase by pumping Na+ ions
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Schematic representationof the right humanatrium ina left anterior obliqueviewdisplayingpoints of earliest activation. The

orifices of the superior vena cava, inferior vena cava, coronary sinus, and the ring of the oval fossa are shown for orientation.

Left: Points of onset of activation in all patients are represented in black for cases with single endocardial zero points and in

white for cases with multiple points of onset. Right: Seven examples of onset of activation simultaneously in multiple points

are represented. Each shape and tone (black or white) identifies multiple sites in each patient (© reproduced with permission

from Cosio et al. []).

that entered the cell during the action potential upstroke out of the cell, and pumping K+ ions that left the cell during
repolarization back into the cell. When a latent pacemaker is driven by the sinus node at a faster rate than its normal
intrinsic rate more Na+ ions enter the cell than would have been the case if the pacemaker were firing at its own intrin-
sic rate. The activity of the Na+/K+ pump is largely determined by the level of intracellular Na+ concentration [], so
that pump activity is enhanced during high rates of stimulation. Since the pump drives three Na+ ions out of the cell
against two K+ ions into the cell, it generates a net outward current that hyperpolarizes the cell membrane and coun-
teracts inward currents responsible for spontaneous diastolic depolarization. If the dominant pacemaker is stopped, for
example by strong vagal stimulation, the overdrive suppression is responsible for a period of quiescence which lasts until
the intracellular Na+ concentration, and hence pump current, becomes small enough to allow subsidiary pacemakers to
depolarize spontaneously to threshold. Impulse generation by latent pacemakers begins at a low rate and gradually speeds
up to a final steady state. When sudden atrioventricular block occurs and pacemaker cells in the distal atrioventricular
node or His-Purkinje cells need a long time to recover from overdrive suppression, the period of cardiac standstill may
be long enough to cause loss of consciousness (Adams-Stokes attack).

Another mechanism that may suppress subsidiary pacemakers is electrotonic interaction between pacemaker cell
and non-pacemaker cells.This mechanism is particularly important in preventing overt pacemaker activity in the central
part of the atrioventricular node. In these cells the action potential upstroke is, like that of the central sinus node, largely
dependent on the slow inward calcium current.Therefore, in those cells far less Na+ ions enter the cell than in cells of the
atrium and His-Purkinje system. As a result there is far less stimulation of the Na+/K+ pump during overdrive and less
overdrive suppression. Isolated small preparations of atrioventricular nodal cells have intrinsic pacemaker activity that is
as rapid as that in the sinus node and is not easily overdrive suppressed []. Because of electrotonic inhibition, ectopic
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pacemaker activity seldom occurs in the central atrioventricular node. Normally, the atrioventricular nodal pacemakers
that drive the heart during complete atrioventricular block are located in the distal node []. These cells are overdrive
suppressible.

. Atrial Activation

Lewis, who was the first to map the spread of excitation in the atria, described this process as follows: “the excitation wave
in the auricle may be likened to the spread of fluid poured upon a flat surface, its edges advancing as an ever widening
circle, until the whole surface is covered; such variation as exists in the rate of travel along various lines in the auricle is
fully accounted for by the simple anatomical arrangement of the tissue” []. In the accompanying figure the isochrones
deviate over the crista terminalis, indicating preferential conduction over that bundle. The right atrium is a “bag full of
holes.” The orifices of the superior and inferior vena cava, the ostium of the coronary sinus, and the fossa ovalis divide
the atrial myocardium into various muscular bands. Owing to this architecture, there are only a limited number of routes
available for conduction of the impulse from sinus node to atrioventricular node. From the many studies in which atrial
activation was mapped [, –], it emerged that internodal conduction follows routes indicated by gross anatomical
landmarks.The crista terminalis and the anterior limb of the fossa ovalis are the main routes for preferential conduction
between the sinus node and the atrioventricular node, and these prominent muscle bands provide a dual input to the
atrioventricular node. A similar activation sequence as that found in isolated rabbit heart was found in the human heart
during surgery []. Here also, the AV node received a dual input. In most patients, the anterior septum was activated
some ms prior to the posterior input via the crista terminalis. In patients with a low crista terminalis pacemaker the AV
node was activated via the crista terminalis –ms before activation of the anterior input (NB: in the older literature
the terms anterior and posterior are used. Given the position of the heart in the body, it is better to use “superior” instead
of “anterior,” and “inferior” instead of “posterior”).

There are twomain routes for the sinus impulse towards the left atrium: an anterior one corresponding to Bachmann’s
bundle, and a posterior one via interatrial posteromedial connections inserting around the orifices of the right pulmonary
veins [, ]. Some authors consider Bachmann’s bundle as themost important connection [], others find the posterior
interatrial connection as important as Bachmann’s bundle for activation from right to left, whereas activation from left to
right occurs predominantly via Bachmann’s bundle [].

Irrespective of the site of earliest breakthrough, the pattern of left atrial activation is determined by a line of conduction
block related to an abrupt change in left atrial endocardial fiber orientation and wall thickness at the lateral margin of the
septal pulmonary bundle as this traverses the posterior left atrium between the pulmonary veins towards the septal mitral
annulus []. A third interatrial connection exists through the coronary sinus [–]. This muscular connection has a
variable anatomy in the human heart [], and is particularly important during pacing from the coronary sinus [].

A typical feature of left atrial activation is that different wavefronts simultaneously proceed in different directions and
that wavefronts frequently collide [, ]. In a study on atrial activation of the horse, it was said that the explanation
for the “chaotic pattern of left atrial activation may be that the two great pulmonary veins break the left atrial surface
into discontinuous islets in which no general front of depolarization can develop” []. The major portion of the left
atrium depolarizes after right atrial activation has been completed. In the canine heart, atrial activation is completed in
approximately ms, in the isolated human heart after –ms [, , ].

During retrograde atrial activation, studied while pacing the ventricles at a rate higher than the sinus rate, the pattern
of left atrial activation is similar to that during sinus rhythm [, , –]. The retrograde wavefront quickly spreads
up the interatrial septum to emerge very early at Bachmann’s bundle. Activation then proceeds over this bundle to acti-
vate the left atrium in much the same way as during sinus rhythm. When the atrium is paced from the posteroinferior
left atrium or from a site just posterior (or rather inferior) to the ostium of the coronary sinus, Bachmann’s bundle is
activated late, and P waves in leads I, III, and avF are negative. When Bachmann’s bundle was activated early, as dur-
ing ventricular pacing or from an atrial site anterior (superior) to the coronary sinus, P waves are positive [, ].
The time of arrival of a retrograde wavefront at Bachmann’s bundle is therefore critical in determining the polarity of a
“retrograde” P wave.
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. Specialized Internodal Pathways?

Controversy regarding the spread of activation of the sinus impulse has existed since the discovery of the sinus node and
the atrioventricular node. In  Thorel [] claimed to have demonstrated continuity between both nodes via a tract
of “Purkinje-like” cells. This possibility was debated during a meeting of the Deutschen pathologischen Gesellschaft in
 [] and the consensus of this meeting was that both nodes were connected by simple atrial myocardium. In the
s and s, the concept of specialized internodal tracts was again promoted, notably by James []. This promotion
was so successful that the tracts are denoted in the well-known atlas of Netter [] in a fashion analogous to that used to
delineate the ventricular specialized conduction system. In the s and s pediatric cardiac surgeons took care not
to damage these tracts. The specialized tracts were considered to play a role in the genesis of atrial flutter []. A review
of the early literature, together with own experimental and histological data was presented by Janse and Anderson in
 []. It was concluded that there was no well-defined specialized conduction system connecting the sinus node to
the atrioventricular node. The definitive proof that specialized internodal tracts do not exist was given by Spach and co-
workers [].They argued that preferential conduction in atrial bundles could either be due to the anisotropic properties
of the tissue or to the presence of a specialized tract. If the point of stimulation would be shifted to various sites of the
bundle, isochrones of similar shape would result from stimulating multiple sites if the anisotropic properties primarily
influenced local conduction velocities. On the other hand, isochrones of different shapes would be obtained if there was
a fixed position specialized tract in the bundle. Their experimental results clearly provided evidence that preferential
conduction in the atria is due to the anisotropic properties of cardiac muscle.

. The Atrioventricular Junction

The atrial part of the atrioventricular (AV) junction is contained within the triangle of Koch, as depicted for the human
heart in > Fig. .. The triangle is delineated by the tendon of Todaro, the attachment of the septal leaflet of the tricuspid
valve, and by the ostium of the coronary sinus. In , Tawara [] described a spindle-shaped compact network of small
cells in the superior part of Koch’s triangle. These cells were connected via Knotenpunkte in which four or five fibers were
joined together. It was this characteristic that prompted him “for simplicity’s sake” to call this compact network Knoten
(node). Nowadays, this part of the AV junction is usually called the compact node. The compact node is surrounded by
transitional cells. Although Tawara did not use the term transitional cells, he wrote that between the compact node and
the atrial musculature “the cells are very small.They do not form a complicated network, but course more or less parallel.
They are joined into several small bundles, separated by strands of connective tissue, which in this area is abundant”
(p. ). “These bundles are connected to atrial muscle. . .these connections are so gradual that no sharp boundary can
be detected. . . . Either single cells become gradually larger and change inconspicuously into atrial fibers, or several small
bundles gradually join into a broader bundle which then merges with atrial muscle” (p. ).There is room for confusion
when speaking of the atrioventricular (AV) node, because some authors mean by this the compact node only, others the
whole area occupied by compact node and transitional cells. Tawara was unable to determine precisely where the atrium
ended and the specialized AV nodal region begins, because of the gradual change from atrial to transitional cells, as were
subsequent investigators [–]. When traced superiorly, the compact node, without any perceptible change in cellular
configuration, enters the central fibrous body. This point marks the transition from compact node to the penetrating
atrioventricular bundle, or bundle of His. Tawara noted that at the point of entry in the central fibrous body, typical
nodal cells were interspersed with larger His bundle cells. Again, on a histological basis, he could not tell where the AV
node ended and the His bundle began. “I set the boundary at the site where this system penetrates into the membranous
septum” (p. ; all quotations from Tawara are in my translation).

. Activation of the Atrioventricular Nodal Area

In , Paes de Carvalho and de Almeida studied the activation pattern of the AV node in isolated rabbit heart prepa-
rations []. Based on activation times and transmembrane action potential characteristics, they described three cell
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Anatomy of the AV junction. Photograph and sketch of a normal human heart showing the anatomical landmarks of the

triangle of Koch. The approximate site of the compactAV node is indicatedby the stippled area adjacent to the central fibrous

body (© reproduced with permission from Janse et al. []).
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types arranged in different layers and classified them into atrionodal (AN), nodal (N), and nodo-His (NH). N cells had
action potentials with low amplitudes and upstroke velocities, the AN zone was a transitional zone between fast con-
ducting atrial tissue and the slowly conducting N zone, and the NH zone was a transitional zone between the N zone
and the His bundle, where conduction became rapid and action potential upstroke velocity became high. AN poten-
tials were found to be generated by transitional cells, N potentials by the compact node, and NH potentials by the distal
AV node []. However, N potentials could also be recorded from transitional cells and from cells in the tract of lower
nodal cells in continuity with the His bundle. This raises the question whether there is a strict correlation between cel-
lular electrophysiology and histology. In a study on isolated, arterially perfused canine and porcine hearts, it was found
that cells with N type action potentials were not confined to the triangle of Koch, but extended along both AV orifices.
These cells had low resting membrane potentials between − and −mV, a maximum upstroke velocity lower than
V/s, a low action potential amplitude between  and mV, and they responded to the administration of adenosine by
a further reduction of action potential amplitude and upstroke velocity. Histologically, these cells were similar to atrial
cells, but they lacked the gap-junctional protein connexin  (Cx) []. It is possible that immunohistochemistry is
a more discriminating tool than light microscopy in delineating various cell types in the AV junction. Thus, Petrecca
and co-workers [] showed a paucity of sodium channel immunofluorescence in the central compact node. A gradual
increase of expression was detected when moving to the peripherally located circumferential transitional cells. In the
transitional zone, and in the lower nodal cell tract, levels of sodium channel immunoreactivity were comparable to that
found in atrial and ventricular myocardium. The pattern of distribution of Cx was similar to that of the sodium chan-
nel, with a paucity of Cx immunoreactivity central mid-nodal cells. Both factors contribute to the slow conduction in
the N zone.

There are only two studies in which mapping of Koch’s triangle have been performed by both extra- and intracel-
lular electrodes simultaneously [, ]. Mapping with extracellular electrodes is difficult because the rate of change in
extracellular deflections may be very slow, because extracellular potentials may have multiple deflections, and because
activation of the central node is a three-dimensional event where slow, low-amplitude action potentials in deep layers
may not generate extracellular potentials of sufficient amplitude to be recorded by surface electrodes. The two studies
mentioned above differ with respect to the cause of extracellular potentials with double components. In a study on super-
fused rabbit and canine preparations [], where extracellular waveforms with multiple deflections were found at the
posterior (inferior) approach to the node, the initial rapid deflection corresponded to the action potential upstroke of
superficial atrial cells, the second, usually slower deflection originated from underlying nodal cells. In a study on arteri-
ally, blood-perfused canine and porcine hearts, the initial rapid deflection originated from deep atrial cells, the second
slow deflection from more superficial nodal cells [].

In shows an activation map of the superfused rabbit heart preparation, where sites transmembrane potential were
recorded, the activation sequence is depicted in ms intervals, with time zero being the activation time of a site close
to the sinus node. The main features of the activation sequence are () there is a dual input into the AV nodal region,
a posterior (inferior) one via the crista terminalis and an anterior (superior) one in front of the ostium of the coro-
nary sinus; () in the central part of Koch’s triangle, the activation pattern is complex and isochronal lines cannot be
drawn. This is so in part because at one location superficial cells may be excited up to ms earlier than deeper cells.
The speed of propagation is very slow; it takes some ms to cover a distance of about mm, which corresponds to a
conduction velocity in the order of . cm/s; () in the last part to be activated (at –ms), activation is rapid and
synchronous. There is a sharp demarcation between cells activated early and cells activated late. The anterior (supe-
rior) input does not bypass the central node but curves posteriorly (inferiorly) to merge with the posterior (inferior)
input. One feature is not apparent is this case is the existence of “dead-end pathways.” These consist of cells that do not
participate in transmitting the impulse from atrium to His bundle and vice versa. They can be identified by express-
ing their moment of excitation as a percent of the atrium-His bundle and His bundle-atrium conduction time during
anterograde and retrograde conduction, respectively. The sum of these times for cells in the mainstream is around
%. For dead end pathway cells, this sum far exceeds %, indicating that they activated too late in both modes
of conduction. One dead-end pathway consists of atrial overlay fibers terminating in the base of the septal leaflet of
the tricuspid valve, another one branches off the central node and extends posteriorly (inferiorly) along the tricuspid
orifice [, ].
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. Dual Atrioventricular Nodal Pathways and Reentry

The two atrial inputs into the AV nodal area have different properties. When pacing the atria at a relatively fast rate,
stimulation on the crista terminalis (inferior input) still results in : conduction to the His bundle, while pacing at the
same rate on the superior input causes : block []. It is now customary to call these inputs “slow” and “fast” pathways,
which are thought to underlie AV nodal reentry.

As early as , Mines [] described what he called a reciprocating rhythm after electrical stimulation of the auricle-
ventricle preparation of the electric ray, a species which does not have a real atrioventricular node as described by
Tawara. He reasoned that the atrioventricular connection had two divisions with a slight difference in the rate of recovery.
A premature stimulus delivered to the ventricle “should spread up to the auricle by that part of the A-V connection hav-
ing the quicker recovery process and not by the other part. In such a case, when the auricle would be excited by this
impulse. The other portion of the A-V connection would be ready to take up transmission again back to the ventricle.
Provided the transmission in each direction was slow, the chamber at either end would be ready to respond (its refractory
phase being short) and thus the condition once established would tend to continue, unless upset by the interpolation of
a premature systole” []. A similar explanation was given two years later by White, who described a clinical case where,
during AV dissociation, idioventricular beats were sometimes conducted back to the atria, and the retrograde inverted P
wave was followed by a narrow QRS complex []. In , Scherf and Shookhoff studied reciprocating rhythms in dogs
and introduced the term “longitudinal dissociation” [], Moe et al. in  suggested “dual AV transmission” [], and
Rosenblueth in  coined the phrase “ventricular echoes” []. Reciprocation in the other direction, where an atrial
premature impulse turns back in the AV node to reexcite the atria as an echo was also described [].

When catheters were used for intracardiac recording and stimulation in patients,many studies reported on the induc-
tion of both atrial and ventricular echoes in hearts without apparent conduction abnormalities and without arrhythmias,
so that functional longitudinal dissociation was considered to be a property of the normal AV node [–]. Animal
studies supported this conclusion [, , ]. In some animal studies, it was possible, if only occasionally, to induce
repetitive reciprocation leading to sustained AV nodal reentrant tachycardia [–], but in humans with normal AV
nodal function this was not observed. In patients with spontaneous AV nodal reentrant tachycardias, this arrhythmia
could easily be induced by premature stimulation [, , ].

A key factor thought to indicate the presence of dual AV pathways is the so-called discontinuity in the AV conduc-
tion curve during premature stimulation, which can be demonstrated both in individuals with and without spontaneous
tachycardia [, ]. During atrial premature stimulation the interval between the premature atrial response and the
subsequent His bundle deflection (the A–H interval) gradually prolongs with increasing prematurity until at certain
coupling interval it abruptly increases (“jumps”) and then continues to increase gradually. The explanation is that with
moderate prematurity AV conduction proceeds over a fast pathway that has a long refractory period. When at a certain
coupling interval the fast pathway is refractory, conduction now occurs over the slow pathway having a shorter refractory
period. During ventricular premature stimulation, the exits of slow and fast pathways correspond the posterior (inferior)
and anterior (superior) inputs found in animal experiments [, , ].These findings form the basis for successful sur-
gical or catheter ablation of either fast or slow pathway to cure AV nodal reentrant tachycardia [, ]. No anatomical
abnormalities have been detected in the AV nodal region in patients with proven dual AV nodal pathways [], but it has
been shown that fast and slow pathways are formed by connexin -expressing bundles, surrounded by tissue without
connexin  [].

There is a long standing debate on the precise location of the reentrant circuit, and on the question whether atrial
tissue forms a substantial part of the circuit. Josephson and Miller [] introduced premature atrial stimuli during the
tachycardia prior to the time the atria would have been retrogradely activated by the reentrant wave. Evenwhen perinodal
atrial myocardiumwas depolarized –ms before the expected arrival of the retrograde wavefront, the tachycardia was
not interrupted, nor was its cycle length changed. Mignone and Wallace [] came to the same conclusion by showing
that perinodal atrial tissue could be made refractory by pre-excitation without abolishing ventricular echoes. However,
other investigators [–] suggested that atrial tissue, including the sinus septum above the ostium of the coronary
sinus, is involved in the circuit. The fact that AV nodal reentrant tachycardia can successfully be terminated by catheter
ablation of sites far from the compact node was also seen as evidence that atrial tissue is involved in the circuit. However,
in isolated, blood-perfused canine hearts, it was demonstrated that the reentrant pathway during ventricular and atrial
echo beats was confined to the compact node [, ]. Interestingly, in these hearts there was no “jump” in the AV or VA
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conduction curve during premature stimulation of atria or right bundle branch. It is of course possible that in sustained
AV nodal reentrant tachycardia, the circuit is different from that during single echo beats.

. Factors That Cause AV Nodal Delay

There is no single factor responsible for the slowing of the impulse as it traverses the AV nodal area. Various geometrical
factors, such as the small size of AV nodal cells, the paucity of intercellular connections, and the complex network of
small bundles separated by connective tissue where summation and collision of impulses occur, play a role in addition to
the role of the slow calcium inward current, which is the dominant current depolarizing AV nodal cells.

Conduction velocity in a linear cable is proportional to the square root of the fiber diameter. Given a diameter of
Purkinje fibers of  μm, and of  μ for AV nodal cells, the ratio of conduction velocity of both tissues would be ., if
fiber diameterwould be the only factor. In fact, the ratio is much higher, conduction velocity in the Purkinje system being
in the order of meters per second, that in the N zone being less than  cm/s.

Several studies have measured space constants in the AV node [–]. The reported values are much lower than
those for other cardiac tissue, with the lowest value in the N zone in the order of  μm. All measurements were made
in superfused tissue, where the large volume of extracellular fluid acts as an extracellular shunt resistance. In densely
packed tissue, extracellular resistance has a value similar to the intracellular resistance, and the space constant of arterially
perfused papillary muscle is  μm, as compared to  μm in superfused tissue [].Thus, in the intact heart, the space
constant of the densely packed compact node may be much smaller than that of isolated, superfused tissue. Assuming
that the extracellular resistance would be the same as in an arterially perfused papillary muscle, and that intracellular
resistance is a higher by a factor ten, conduction velocity in the node would be about three times less than in ventricular
tissue, in the order of  cm/s, which still is about ten times that of the lowest values found in the N zone.

Summation of impulses, arriving more or less simultaneously over converging pathways, appears to play an important
role in AV conduction [, –]. As already mentioned, AV nodal conduction is much less effective when the site of
initial activation is switched from crista terminalis to the interatrial septum []. Zipes et al. [] separated both nodal
inputs by making a cut through the roof and floor of the coronary sinus. Premature stimulation of each input separately
gave rise to a local response in an n cell, while simultaneous stimulation of both inputs resulted in a fully developed action
potential that was propagated to the His bundle.

There is no doubt that the calcium current plays a dominant role in depolarizing nodal cells. However, the question
whether central AV nodal cells have no sodium channels at all, or are merely inactivated by the low resting potential, has
not been settled.

Recovery from inactivation of the slow calcium current is slow, andmay lag behind completion of repolarization [].
This may be an important factor in causing cycle length-dependent conduction delay.> Figure . shows selected action
potentials from the AV nodal area during application of five successive atrial premature stimuli at progressively shorter
coupling intervals.The key feature is that with prolongation of the atrium-His bundle conduction time, the action poten-
tial upstroke of cells in the N region separate into two components. The first component coincides with the upstroke of
the last activated AN cells, the second component with the upstroke of the earliest activated NH cells. No action potential
were recorded with upstrokes occurring in between these two components.The cycle length-dependent conduction delay
appears to be caused by a local discontinuity of conduction, rather than by a progressive slowing of continuous propaga-
tion. One may also speak of “saltatory” conduction. The explanation given by Billette et al. [] is that the excitability of
the N cells progressively diminished at short cycle lengths, so that at very short cycles the N cells acted as a purely passive
barrier between late AN cells and early NH cells, capable only of transmitting electrotonic currents that would slowly
bring NH cells to threshold.

. Ventricular Activation

In the mammalian heart, the impulse that has passed through the AV node reaches the ventricular myocardium by way
of the specialized conduction system, consisting of the His bundle, the main right and left bundle branches, and the
peripheral Purkinje network, which at discrete sites – the Purkinje-ventricular muscle junctions – is in contact with
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Cycle length-dependence of AV nodal conduction. Action potentials show dependency of first and second component of the

upstroke of N cells on late AN cells and early NH cells. Signals  and  were recorded from AN cells, signals ,  and  from N

cells, and signal  from an NH cell. Inset shows position of cells. First component is largest in N cells close to AN cells, second

component is largest in cells close to NH cells (© reproduced with permission from Billette et al. []).

ventricular myocardium. Proximal to the Purkinje-muscle junctions the specialized conduction systemhas no functional
contact with the myocardium because it is isolated from it by a thin collagenous sheet []. Conduction velocity in the
bundle branches is high, in the order of m/s [].

It is often assumed that the main left bundle in its course below the membranous part of the interventricular septum
splits into two divisions: the anterior and posterior fascicles. As shown in> Fig. ., in a number of hearts there is a more
or less separatemiddle fascicle occupying the leftmidseptal area [].This was already described by Tawara in  [].
In isolated, Langendorff-perfused humanhearts, three distinct areas of initial myocardial activation have been found that
correspond to the transition of these three fascicles into the peripheral Purkinje network (, see > Fig. .).

Because of the many connections between the main branches of the left sided conduction system, only exten-
sive lesions result in complete block in the left bundle branch system. In clinical electrocardiography, a distinction is
made between incomplete bundle branch block, anterior and posterior fascicular block, and complete bundle branch
block [].

After activation of the subendocardial myocardium by the specialized conduction system, at anterior, midseptal and
posterior sites on the septum, excitation of the left ventricular wall in the human and canine heart occurs by myocar-
dial conduction in an endocardial to epicardial direction with a more or less concentric arrangement of the isochrones
[, ]. Epicardial breakthrough in the human left ventricle occurs almost simultaneously in anterior and posterior
paraseptal areas located halfway between apex and base, after about ms following onset of ventricular activation.
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Division of the left bundle branch. An illustration of the variation of the structure of the divisions of the left bundle in 

different human hearts (© reproduced with permission fromDemoulin and Kulbertus []).

The septum is largely activated in a left-to-right direction, although a small part of this structure is activated in the oppo-
site direction by a wavefront originating in the lower right septal surface. The basal portions of the septum, particularly
the posterior parts, are devoid of Purkinje fibers and are the last to be depolarized.

The papillary muscles are activated via false tendons, consisting mainly of Purkinje fibers, that run through the ven-
tricular cavity from the septal surface to the apex of the anterior and posterior papillary muscles. From there, activation
proceeds over the sheet of Purkinje fibers to excite the muscles via the Purkinje-muscle junctions (see later) at their base,
nearly synchronously with the onset of depolarization of the initially activated left septal areas.

The myocardium of the left ventricular wall consists of discrete muscle layers that follow a curving radial path
from the subendocardium to the subepicardium []. To which extent the laminar organization of the ventricular wall
affects propagation is unclear. Intramural recordings, utilizing needles with multiple electrodes at mm distance have not
revealed discontinuities in the spread of excitation from endocardium to epicardium []. On a microscopic scale, one
might suppose that the pathway of activation is convoluted, if themuscle layers are electrically insulated andmake contact
only via direct muscle branches. It is possible that the structural anisotropy may lead to irregular pattern of activation
when coupling between muscle layers becomes impaired, but direct evidence for this is lacking.

The right bundle branch in its course over the right endocardial surface of the septum ends at the base of the anterior
papillary muscle, where it gives off branches to the lower right anterior surface of the septum, to the free right ventricular
wall at the pretrabecular area, and to the subendocardial Purkinje network of the right ventricular free wall [, ].
Initial right ventricular activation occurs near the base of the papillary muscle and the overlying free wall (see> Fig. .).
From there, activation proceeds in a right-to-left direction in the septum, and tangentially towards the epicardium of
the right ventricular free wall. Right ventricular epicardial breakthrough occurs about ms after onset of left septal
activation. The last parts of the right ventricle to be activated are the outer layers of the outflow tract and the crista
supraventricularis.
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Activation sequence of ventricular myocardium in an isolated, Langendorff-perfused normal human heart, as determined

from intramural electrodes. The ventricles are shown opened, according to the inset in the lower right. Note initial activation

at three sites of the inside of the left ventricle and terminal activation in the right ventricular conus. Activation of the inter-

ventricular septum begins at the left endocardial surface and meets between  and ms with an excitation front that has

started at –ms in the right ventricle. Activation times are in milliseconds after the onset of left ventricular activation

(© reproduced with permission from Durrer et al. []).

. The Purkinje-Muscle Junction

The junctions between the terminal Purkinje fiber and ventricular muscle are electrophysiologically defined as sites where
unipolar electrograms show a completely negativemuscle deflection that is preceded by –ms by a Purkinje spike [].
At non junctional sites where both Purkinje and muscle deflections are found, the muscle deflection is characterized by
initial positivity (“R wave”). Unidirectional block has been shown to occur at Purkinje-muscle junctions, where conduc-
tion is maintained in a muscle-Purkinje direction but fails in the opposite direction [, ]. Mendez et al. proposed
the “funnel” hypothesis in which “the narrow portion would correspond to a terminal Purkinje fiber whose conical
part would be composed of a progressively increasing number of interconnected muscle fibers” []. In this view, the
Purkinje network is seen as a branching cable, and at the Purkinje-muscle junction the “terminal” Purkinje fiber has to
provide excitatory current to a three-dimensional mass of ventricular muscle. Joyner and co-workers suggested that the
Purkinje network is better represented by a two-dimensional sheet that is coupled at discrete sites to the deeper mus-
cle mass [, , ]. If coupling resistance at these sites is too low, the load that the large muscle mass imposes on
the Purkinje network would prevent activation of the Purkinje sheet. If coupling resistance is too high, the Purkinje
network could not deliver sufficient excitatory current to activate the muscle layers. A certain resistive barrier between
the two tissues allows rapid propagation of the Purkinje layer over the endocardial surface to synchronize ventricular
activation, facilitates ventricular activation, and maintains a longer action potential duration in the Purkinje layer as
compared to ventricular muscle [, ]. Microelectrode recordings by Alanis and co-workers suggested that the delay
between the Purkinje fiber and ventricular muscle was not due to slow conduction but to a “stop of the impulse in this
region” []. Action potentials from junctional sites can be typical for Purkinje cells or ventricular muscle cells, or they
can show upstrokes with multiple components. These latter action potentials were thought to arise from “transitional
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Schematic representation of the structure of a rabbit Purkinje-muscle junction. P Purkinje fibers, T transitional cells, V ven-

tricular muscle (© reproduced with permission from Tranum Jensen et al. []).

cells” [–]. They show a slow foot and a dissociation of the upstroke into two or more components. This feature is
consistent with the view that conduction at the junction is discontinuous and is compatible with the existence of one or
several resistive barriers between Purkinje andmuscle. Transitional cells in the rabbit heart are thin, broad, band-like cells
(– μm by – μm) arranged in one or two sheets in the subendocardium between Purkinje and muscle. Transitional
cells are coupled via short, thin strands to both Purkinje and muscle fibers. Distances between Purkinje-transitional cell
coupling sites and transitional cell-ventricular muscle coupling sites varied between  and ,  μm.This arrangement
is schematically depicted in > Fig. . []. In this structure there are two high resistance barriers: the thin connections
between Purkinje fibers and transitional cells and those between the sheet of transitional cells and ventricular muscle. In
the pig, another type of Purkinje-muscle junction was frequently observed, but only rarely in the rabbit. Here, a short
linear segment of small transitional cells connected large-diameter Purkinje cells to ventricular muscle.This arrangement
would be compatible with the “funnel” hypothesis.

. TheM Cell

Besides the cells of the specialized conduction system there appear to be other specialized cells in the ventricle. There
is one report on the existence of a bundle of slowly conducting cells on the left septal surface of the normal human
heart []. This report awaits confirmation by other studies, and the functional significance is unclear.

Another specialized cell is the midmural M cell [–]. Its most conspicuous feature is that its action potential
duration is significantly longer than that of epicardial or endocardial cells, especially at (very) long cycle lengths. In
addition, their maximal upstroke velocity is considerably greater than that of epicardial and endocardial cells. The slowly
activating component of the delayed rectifier, IKs, is smaller in M cells than in epicardial and endocardial cells, and
this may account for the longer action potential duration of M cells []. Most attention has been given to the role of
M cells in ventricular repolarization, but the latter feature suggests that M cells may conduct the impulse faster than other
ventricularmyocardial cells. As alreadymentioned, on amacroscopic scale (i.e., electrodes mmapart) no discontinuities
in propagation from endocardium to epicardium have been found [].

The existence ofM cells in isolated cells and isolated in vitro preparations is well documented, although they could not
be found inmyocytes form the pig heart []. However, their role in the intact heart is uncertain. Electrotonic interaction
between cells with intrinsically different action potential durations will shorten the long action potentials and prolong the
short ones. As summarized byTan and Joyner “the isolated rabbit ventricular cell is extremely sensitive to even a very small
electrical load, with shortening of the action potential by % with electrical coupling to a model cell (of similar input
resistance and capacitance to the ventricular cell) as high as ,MΩ, even though the action potential amplitude and
current threshold are very insensitive to the electrical load” []. In a review by Anyukhovsky et al. [], literature data
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are summarized in their Fig. .. The difference between longest and shortest action potential, or Activation-Recovery-
Interval, are in the order of ms for intact hearts, ms for ventricular wedge preparations, ms for thick myocardial
slices, ms for thin slices, and ms for isolated cells. Most studies in intact hearts have failed to provide evidence for
a midmyocardial layer with longer repolarization times. This was the case for studies in which refractory periods were
measured at various depths in the left ventricular wall [–], and for studies in which Activation-Recovery-Intervals
or repolarization times were measured at intramural sites in intact canine or human hearts [, –]. It therefore
appears that in the intact heart, M cells have no functional significance.
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  Genesis of the Electrocardiogram

. Introduction

In the beginning, Waller [] measured voltage differences between two electrodes placed on the body surface and found
that they changed in rhythm with the heartbeat. That was more than  years ago [].

It is now known that electrocardiograms (ECGs) are possible because active tissueswithin the heart generate electrical
currents that flow intensively within the heart muscle itself, and with lesser intensity throughout the entire body.The flow
of current creates voltage differences between sites on the body surface where electrodes may be placed. These voltage
differences, measured as a function of time, are called ECGs.

Since access to the body surface is much easier than access to the heart, it is not surprising that ECGs were measured
extensively before an explanation of their origin, in terms of electrical events within the heart, could be obtained. What is
more surprising is howproductively ECGswere used beforemost of what are now considered the fundamental underlying
principles were known. In fact, quantitative explanations for some significant electrocardiographic phenomena remain
unavailable even today.

A consequence is that an understanding of the genesis of the ECG requires two frames of reference. The first derives
from the colorful history of electrocardiography, which is the frame of reference from which most of the conventions of
notation and practice, as well as a tremendous base of empirical knowledge, originated. Accordingly, a few salient points
are presented in the section that follows. A more extensive history has been given in > Chap. .

The second frame of reference is the base of knowledge available from studies of cardiac electrophysiology. Especially
significant is the knowledge about the way currents flow in and around the cells of the heart as a whole. As with electro-
cardiography, important progress in cardiac electrophysiology has been accumulating for more than a century. However,
only within the last  years have many central experimental methods been invented and used for the study of trans-
membrane potentials and currents within and throughout larger cardiac structures. A theoretical framework has been
developed to assimilate and organize the experimental findings describing transmembrane and intracellular potentials,
and how their associated currents flow and change with time. Many electrophysiological developments have come about
largely independently of electrocardiographic viewpoints and conventions. The same applies to the insights stemming
from the more recent biophysical studies in the field of electrocardiography. Much of the current electrocardiographic
practice seems to be anchored more on the first  years than on the period thereafter.

This chapter aims at providing a link between the treatment of the fundamental aspects of electrocardiography found
in clinical text books and the more advanced treatment of the same material discussed in detail in the other chapters of
this volume.

. Historical Summary

.. Electrocardiography

The curious history of electrocardiography was said by Burch and DePasquale [] to be a history of errors and
misconceptions, and by Johnson and Flowers [] to be a “chronicle of wonder and discovery.”

An immediate problem for the first electrocardiographers was that the capillary electrometer used by Waller gave
tracings of poor quality. Electrocardiography advanced greatly when Einthoven invented the string galvanometer [, ]
around . Although heavy and bulky, the string galvanometer produced ECG waveforms (measurements of voltage
versus time) that had a quality comparable tomodern recordings. An electrocardiographic waveform as a whole was seen
to consist of a series of deflections. For purposes of identification, Einthoven marked the peaks of the successive major
deflections with the labels P, Q, R, S and T (> Fig. .).

While the string galvanometer provided a means for recording ECGs, it did not provide an explanation of their gen-
esis. There were substantial differences of opinion about the origin of the deflections, or even whether they had clinical
significance. Einthoven demonstrated their clinical significance by showing differences between waveforms recorded
from normal subjects and patients suffering from arrhythmias. For this work Einthoven received the Nobel prize in .

There remained many questions and controversies about how electrocardiographic deflections originated within the
heart. Thomas Lewis [, ] recognized that the temporal sequence of the deflections of the ECG occurred because there
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P-Q-R-S-T-U peaks on a lead II waveform. While Einthoven’s nomenclature implicitly emphasized the waveform’s peaks, the

durations of the intervals such as P-R and Q-T often are also carefully examined. The point where S rises to the baseline and

abruptly changes slope is often identified as the J (“junctional”) point.

was a temporal sequence in which different cardiac structures became electrically active. To prove this thesis, Lewis mea-
sured the sequence of electrical excitation directly from the atria and ventricles of dogs, while simultaneously measuring
ECGs from the body surface.

Because of the limited sensitivity of the original recording devices, early ECGs sometimes were measured from sub-
jects whose hands or feet were placed in buckets of saline solution. The buckets of saline were “electrodes,” which had a
large contact area with the skin. As time went by, a system of “standard leads” evolved.The standard leads used measure-
ments between specific limbs (> Fig. .). For example, lead II uses the left leg as the positive input and the right arm as
the negative input and so the signal observed by lead II represents the time course of the potential at the left leg minus
that at the right arm.

Frank Wilson and others recognized the limitations in a system where all the electrodes were distant from the heart.
Theydemonstrated the value of the precordial leads, which use electrodes placed on the chest. Voltages from the precordial
leads are measured with respect to “Wilson’s central terminal” (WCT), which is the average potential of the three limbs,
right arm (RA), left arm (LA), and left leg (LL) []. This average was originally found by connecting the electrodes to the
three limbs with ,Ohm resistors. Under most circumstances, potentials ahead of an advancing excitation wave are
more positive than the potential atWilson’s central terminal, and potentials behind the excitation wave aremore negative.
Combinations of standard leads and precordial leadsmeasuredwith respect toWilson’s central terminal form the basis for
the measurements of most ECGs even today. Lead theory and lead systems are discussedmore extensively in>Chaps. 
and >  respectively.

.. Electrophysiology

In  Ling and Gerard introduced the glass microelectrode [], a tool suitable for measuring potential differences
across the membranes of individual cells, thereby greatly advancing the study of transmembrane potentials.This tool was
rapidly adapted to cardiac studies. For example, in Woodbury, Hecht and Christopherson [] reported on measure-
ments from cardiac cells. In time, such methods allowed an extensive description of cardiac action potentials. Examples
of their variation from structure to structure (nodes, atria, conduction system, ventricles) became available through
sources such as Hoffman and Cranefield [].> Figure . is a drawing of action potential wave forms of different cardiac
structures [].

The value of the transmembrane potential recordings was magnified by the mathematical descriptions put forward
by Hodgkin and Huxley [] to describe membrane currents in nerves. The Hodgkin-Huxley formulation provided a
framework for the development of related mathematical descriptions for the cardiac muscle. An early example of this
is the Beeler and Reuter model [] and its later modifications, such as the one proposed in []; it assumes that only
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Electrode placement. Electrodes attached to the limbs are used for the “standard leads” I, II and III. For example, lead II mea-

sures the potential at electrode LL (connected to the positive input of the recorder) with reference to the potential on the

electrode RA. “Unipolar” lead V is measured with electrode V located as shown on the chest, with reference to the average

potential at electrodes RA, LA and LL. This configuration is called “Wilson’s central terminal,”WCT. The locations of the elec-

trodes V-V are indicated by dots on the chest. Potentials measured at these electrodeswith reference toWCT are referred to

as leads V-V.

capacitative displacement current and sodium-channel current contribute during the time period of the action-potential
upstroke. The model provides a quantitative description of the upstroke of the cardiac action potential using voltage-
clamp data obtained from small spherical clusters of tissue-cultured heart cells. In a marked contrast are the much more
comprehensive models of DiFrancesco-Noble [] or Luo and Rudy [] for ventricular myocardium, or those like that
of Courtemanche et al. for the atria []. These include other channel currents and provide a much more comprehensive
picture of the contribution of different ionic currents to the total membrane current.

A picture of the flow of currents within and around cells during the course of an action potential has emerged from
these measurements and models. On the one hand, this picture can be used to examine in detail potentials and currents
in the vicinity of active fibers and relate them to ionic movements through the membrane, as done, for example, by Spach
and Kootsey []. The same picture can be used as a building block for models of larger segments of cardiac muscle,
whether quantitatively, as with the bidomain model [] (see also> Chap. ), or only qualitatively. Such models form the
basis for much of the modern understanding of the genesis of the ECG. Cardiac electrophysiology is discussedmore fully
in > Chap. .

.. Synthesis

Recent years have seen a renewed emphasis on unifying the electrocardiographic and electrophysiological frames of ref-
erence, a goal held from the beginnings of electrocardiography.The objective is to provide an explanation of the genesis of
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Characteristic action potentials drawn for different cardiac structures. Among the evident differences are the sloping base-

lines for the SA and AV nodal traces, and the flat baselines elsewhere; the differences in duration; and the differences in rate

of rise during depolarization, a characteristic associated with the velocity of propagating wave fronts, showing some of their

characteristic differences. Striking color drawings of cardiac structures and their action potentials have been presented by

Netter [].

ECGs that is consistent with the underlying electrophysiology, quantitatively as well as qualitatively. For quantitative con-
sistency, it is necessary to have mechanisms that are presented mathematically and then verified through measurements
of sufficient precision; this ambitious goal remains to be accomplished in many important respects. More qualitatively, it
is from the perspective of attempting to explain the genesis of the ECG in terms of the underlying cardiac events that the
remainder of this chapter is presented.

. Electric Current Sources and Their Potential Fields

How can the potentials and currents from individual fibers be related to those potentials observed some distance away?
Such questions have been analyzed extensively elsewhere (as in []) and are examined in detail in > Chaps.  and > .
Some central elements that relate to the genesis of the ECG are summarized here.

.. Source Character of a Single Fiber

The most basic building block for describing the cardiac electric generator is the single cardiac cell. Its properties are
described in> Sect. ... Here we take it to be a single cardiac fiber alongwhich, after being activated at one end, a process
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of local depolarization followed by repolarization propagates. Its properties as an equivalent electric source (> Sect. .)
are discussed from a different perspective in> Sect. ...The transmembrane potentialVm, is the difference between the
potentials Φi and Φe at two points just inside and outside the membrane of cardiac cells or fibers, defined by convention
as Vm = Φi − Φe. > Figure . illustrates the potentials and currents generated during the propagation of an excitation
along the fiber. This figure is drawn to illustrate the main concepts involved.

If the fiber is immersed in an extensive conducting medium the transmembrane current per unit length, im, (unit:
A m−) acting as an equivalent line current source density for the extracellular compartment, may be approximated as

im(x, t) = π aσi
∂Vm(x, t)

∂x
, (.)

Vm

Vm

at Xo

at to

at to

at to
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⊡ Figure .

Potentials and currents of an action potential propagating to the right along a fiber. Part (a) identifies a site for measuring

intracellular potentialΦi and extracellular potentialΦe with respect to a reference electrode located at an arbitrary point in

the surrounding medium. Vm is the local transmembrane potential. The cylinder has radius a and intracellular and extracel-

lular conductivities σ i and σe. Part (b) shows a hypothetical tracing of Vm as a function of time at position xo on the cylinder.

Such a waveformmight result from a previous excitation on the left. Because of the time scale used, only the depolarization

phase is shown. Time to is taken to be near the middle of the upstroke of this waveform. Part (c) shows the value of Φi as

a function of distance along the fiber at time to for the same fiber. Note that the potential declines to the resting value to

the right. Part (d) shows the spatial distribution of the corresponding transmembrane current im along the fiber, defined as

positive for outward flowing current and negative for inward flowing current.
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with σi the intracellular conductivity and a the fiber radius. This expression is derived from the linear core-conductor
model of the membrane processes along a single linear fiber []. It holds true quite generally, i.e., for the segments that
locally depolarize, as well as for those that are repolarizing. Applying the potential profile along the fiber at time instant
t requires taking the second spatial derivative of the function shown in > Fig. .c. This results in the distribution of the
source strength im along the fiber at that same time instant t shown in > Fig. .d.

.. Extracellular Current Flow

In a segment of local depolarization, from the viewpoint of the extracellular space, the presence of an action potential
in the fiber produces two major effects. First, there is a large current entering the extracellular space just ahead of the
advancing excitation wave. Second, there is a large current sink just behind it.This is illustrated in> Fig. ..The potential
field set up in the external medium is positive ahead of the wave front and negative behind it, both with reference to the
potential at some remote reference point.

Inside the fiber, there is an axial gradient of the potential set up by the active processes at the cell membrane
(> Fig. .c).The intracellular current Ii flows “down” this gradient and is directed from the location of the (extracellular)
sink to the (extracellular) source. Outside the strand, the passive return current flows from source to sink near the strand
(along path A). It also flows, but less intensively, along pathways further away, such as path B. As a result, a potential field
Φe is generated throughout the external volume by the current flow.

This current flow pattern can be understood intuitively in the following way. An approaching excitation wave
drives large currents of magnitude I out of the membrane, in effect, by discharging the membrane capacitance. (The
ionic charge accumulation across the membrane is high because the membrane is thin and the polarizing voltages, at
rest, are substantial.) Once the approaching excitation wave has depolarized the membrane past a threshold level, the
membrane has a large sodium conductance, so large inward currents I flow through the membrane. The inward cur-
rents are driven in part by the concentration gradient of sodium ions between the inside and the outside. The inward
currents are also driven by the potential difference driving positive ions inward. Large intracellular potential differences
exist along the fiber between the partially depolarized region where the current is entering, and the fully polarized
regions ahead of the advancing excitation wave. These axial intracellular potential differences cause large intracellular
axial currents, Ii . The intracellular currents then begin the process of discharge at the next portion of the membrane
capacitance.

These processes occur within themembrane because of its ability to change conductivities in an ion-selective manner.
They create relatively positive voltages on the outer surface of the membrane at the (extracellular) current source and a
relatively negative voltage on the outer membrane near the sink. In contrast, the current flow through the intracellular
and extracellular volumes (all the way out to the body surface) is essentially a passive current flow in the surrounding
conducting medium.
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⊡ Figure .

Current flow patterns in and around the fiber during depolarization. Intracellular longitudinal current Ii, transmembrane cur-

rents I, and extracellular current flowpaths A and B are shown. The flow of current throughout the extracellular volume

creates the potential fieldΦe.
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.. Potential Field arising from Lumped Sources; Current Dipoles

For observation points in the external mediumwith electric conductivity σe, at some distance from the fiber the (infinite
medium) potential field is indistinguishable from the one that results by lumping the inward currents together into a
single current monopole −I (sink) and all outward currents into a single current monopole I (source) (> Sect. ....),
separated by a distance d.

At distances from the monopole pair that are much greater than d, the potential field in the external medium
approaches the one generated by a current dipole D⃗ = Id⃗, > Sect. .... Vector D⃗ is called the dipole moment; its
strength is proportional to the gradient of the transmembrane potential along the fiber. The potential field (generated in
an infinite medium) at a field point r⃗′ with reference to the position of the dipole is,

Φe(r⃗′) = 
πσe

D⃗ ● R⃗
R , (.)

or, equivalently, as

Φe(r⃗′) = 
πσe

D cos φ
R (.)

This expression shows that the potential produced by the dipole depends on several factors. One is the dipole’s magnitude
D (unit: A m). Another is the cosine of the angle φ between the dipole direction (from sink to source) and a line from
dipole location to the field point. A third is the reciprocal of the square of the distance R from the dipole location to the
field point. See also > Sect. ....

.. Potential Field Around a Single Fiber

Amore general expression for the external potential generated by themembrane processes of a fiber follows from the addi-
tion (superposition) of the contributions to the potential at field point (x′ , ρ′) arising from elementary currentmonopoles
im(x, t) Δx, with im(x, t) as specified in (.) and Δx a small segment along the fiber. Based on (.) we have

Φe(x′, ρ′; t) = π aσi
πσe ∫ ∞

−∞
√(x′ − x) + ρ′

∂Vm(x; t)
∂x

dx, (.)

in which ρ′ denotes the distance from the external observation point to the fiber axis.
An alternative, equivalent expression, found by means of partial integration, is as follows

Φe(x′, ρ′; t) = −aσi
σe ∫ ∞

−∞
x′ − x((x′ − x) + ρ′) ∂ Vm(x; t)

∂x
dx (.)

By introducing S⃗(x) = π a e⃗x in (.), and since ∂Vm(x, t)/∂x has components along the fiber only, we may write

Φe(x′, ρ′; t) = −σi
π σe ∫ ∞

−∞
∂Vm(x; t)

∂x
R⃗
R ● S⃗(x)dx, (.)

with R⃗ the vector from source point (x, ) to field point (x′, ρ′). By using (.) we find
Φe(x′, ρ′; t)= −σi

π σe ∫ ∞

−∞
∂Vm(x, t)

∂x
Ω(x,⃗r′)dx, (.)

with Ω(x, r⃗′) the solid angle of the cross-section of the fiber at location x along the fiber subtended at field point (x′, ρ′)
(> Sect. ..).This expresses the external potential field as the sum of the contributions from elementary double layers



Genesis of the Electrocardiogram  

with strength ΔMS = −σi(∂Vm/∂x)dx, stacked up along the fiber and pointing in the direction of propagation at locations
that are depolarizing.

Equation (.) has great significance for the description of the potential field generated by bioelectric sources.
A more complete treatment of this topic is presented in > Chaps.  and > . In this chapter it is used mainly for source
descriptions during the depolarization phase, for which the source strength (dipole density) is assumed to be uniform
over the depolarization wave front.

Equations (.) and (.) involve the so-called convolution integrals. The first one is the convolution of a monopole
source function derived from the second spatial derivative of the transmembrane potential along the fiber and the func-
tion /R, and as can be seen from (.), the second that of a double layer with its strength proportional to the first spatial
derivative and the function expressing the solid angle subtended by the wave front.

.. Source Description at DepolarizationWave Fronts; Uniform Double Layer Theory

What if there are many fibers rather than just one, as in some extensive part of the myocardium?
A first approximation is to compute the potential when many fibers are active, as the sum of the potentials generated

by each one (superposition). At the depolarization wave front this can be viewed as a collection of elementary dipoles
distributed over the surface S(t) of the wave front at time t, as illustrated in > Fig. ..

The expression for the potential then reads

Φe(r⃗′; t) = 
π σe ∫S(t)

M⃗S(r⃗; t) ● R⃗
R dS(r⃗), (.)

with R⃗ = r⃗′ − r⃗ the vector from source location r⃗ on S to field point r⃗′, with length R
(> Sect. ...). Note that, as a consequence of the propagation, the integration at different time instants t is taken

over different surfaces S(t).
Next, we assume the direction of the dipole densityMS(r⃗′; t) to be lined up with the direction of local propagation of

the wave front. Then (.) becomes

Φe(r⃗′; t) = 
π σe ∫S(t)

MS(r⃗; t)dω(⃗r), (.)

compare (.). If, moreover,MS is a constant over the wave front S(t), then (.) takes on a particularly simple form:

Φe(r⃗′; t) = MS

πσe
Ω(r⃗′; t), (.)

Fe

Ω
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⊡ Figure .

Depolarizationwave front propagating towards an observer. The potentialΦe generated by the distributed sources and sinks

is proportional to the solid angle of the excitation wave as seen from the field point.
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where Ω(r⃗′; t) is the solid angle subtended by the entire wave front S(t) as seen from the field point, as illustrated in
> Fig. ..

The source model based on the two assumptions of elementary dipoles lined up with the direction of the wave front
propagation and having uniform strength is known as the uniform double layer (UDL). Based on (.), the theory of
its application is referred to as the solid angle theory. It is a classic source model, originating from the work of Wilson
et al. []. It is used in most basic texts on the relationship between electric cardiac sources and resulting potentials, as
in the sequel. A particularly thorough demonstration of its usefulness has been published by Holland and Arnsdorf [].
Note that this model is restricted to describing the major sources during depolarization only; its validity is discussed in
> Chap. .

.. The Effects of the Geometry of Torso Boundary and Inhomogeneous
Tissue Conductivity

The expressions for the potentials Φe above assume implicitly that a uniform medium of infinite extent surrounds the
active fibers. In reality, cardiac sources are immersed in a volume conductor containing regions of different conductivity.
These include the blood within the heart, the lungs and skeletal muscle. Rather than having infinite extent, the volume
conductor is sharply delimited at the body surface by the torso-air boundary. A cross-sectional drawing of the human
torso identifying the locations of the heart and lungs within the torso is given in > Fig. .. The level corresponds to the
fourth intercostal space, the level of electrodes V and V. The position of the remaining four electrode placements, as
projected into the plane of the figure are those proposed by Goldman [].The drawing shows the asymmetric placement
of the ventricular muscle within the thorax. Note how closely the right ventricular (RV) free wall approaches the chest
near V, and how much further V is from the left ventricular (LV) free wall. In the preceding section, it was established
that the distances between the cardiac sources and the sites of electrodes on the body surface was highly significant, in
that potentials from the dipole sources declined as /R. Gross inspection of > Fig. . shows that moving around the
thorax circumference, starting from the position of V, the length of R may vary by as much as a factor of , depending
on the particular membrane that is active. That implies that the potentials may vary in magnitude by a factor of 
because of distance effects alone. As a consequence, large deviations from normality may remain unnoticed in clinical
recordings.
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⊡ Figure .

Superior view of a cross-sectional drawing of a human torso; derived from magnetic resonance images, showing, in increas-

ingly darker shades, the lungs, the blood filled cavities, the atrial and ventricular myocardium. Circumferential locations of

the six precordial electrodes asdescribedbyGoldman []. The transverse level is that of the fourth intercostal space, the level

of electrodes V and V; the remaining four are placed more inferiorly (> Fig. .).
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One way of mathematically taking into account the presence of boundaries and inhomogeneities is by the use of
Green’s theorem, as discussed in > Sect. ... An example of its use is the following equation for the potential on the
body surface:

ΦB(r⃗′) = σs
σB

ΦB,∞(r⃗′) − 
π

σL − σB
σB ∫

SL
ΦLdωL − 

π ∫
SB
ΦBdωB (.)

This expression is a specific form of (.), dedicated to its application to field points positioned at the body surface SB.
It describes the computation of the effect of the low conductivity of the lungs relative to that of other body tissues. It
is assumed that bounding surfaces SL can be drawn around “lungs” separating uniform regions of different conductiv-
ity inside and outside the boundaries (> Fig. .). Potentials on the lung and body surfaces are designated by ΦL and
ΦB respectively. Within the lung, and on the remaining parts of the body, the conductivities are given by σL and σB
respectively.

The first term of (.) expresses the infinite medium potential of the source at field points on the torso surface, e.g., as
in (.) placed in a medium with conductivity σs. In addition, (.) contains two integrals expressing the contributions
of the secondary sources representing the effect of different conductivity values across the lung and torso interfaces. Note
that if the conductivity values at both sides of the lung interface were taken as equal, then the contribution of the associated
secondary sources would vanish.

The single, most dominating factor on the magnitude of the potentials on the body surface is the distance
between source location and observation point (> Sect. ... and > ..). Next in rank is the effect of the torso
boundary. To a first approximation, potential magnitudes are increased by a factor of  to  as a consequence
(> Sect. ...).

As can be seen from an inspection of (.), the specific effects of the torso boundary or internal inhomogeneities are
not described by a simple rule. Accordingly, extensive variations from these first approximations occur. Qualitative rela-
tionships between cardiac and body-surface events can often be accomplished satisfactorily evenwhen volume-conductor
effects are ignored, but the quantitative effects are quite substantial. Note that (.) as shown ignores other significant
aspects of the volume conductor. These aspects include the inhomogeneity consisting of the highly conductive blood
within the chambers, and the anisotropic nature of the conductivity of skeletal muscle. A more detailed treatment of this
topic is presented in > Chap. .

.. Depolarization Summary

Depolarization consists of a complex of excitation waves moving through the active tissue. Excitation waves correspond
to the upstroke of the transmembrane action potential, moving by means of active propagation. From an extracel-
lular viewpoint, excitation waves frequently consist of a source-sink pair, having a spacing of about one millimeter,
traveling at a speed of the order of .m s− across the fiber measured in situ in the canine ventricle [] and up
to m s− measured in vitro along the fibers of the strips of the cardiac muscle []. Using the mathematical equa-
tions above, it can be seen that during depolarization the magnitude of the extracellular potential Φe depends on the
following:

(a) The intensity of the line density expressing the membrane current im(x,t), discussed in > Sect. .. (unit: A m−).
This affects I of > Sect. .. (unit: A) as well asMS, the dipole layer strength (unit: A m−). This intensity depends
on the second spatial derivate of the intracellular potentials and, correspondingly on the magnitude of the action
potentials (.).

(b) The distanceR from the source of membrane current to the field point, i.e., the point where the extracellular potential,
Φe, is being determined (.).

(c) The orientation of the source-sink pair with respect to the point where the extracellular potential, Φe, is being
determined.The potential Φe is positive when the field point is on the source side of the pair.

(d) The number of fibers involved, i.e., the extent of the source region (.). Both the extent of the source region and the
distance to it are taken into account in the solid angle Ω.

(e) The torso boundaries and inhomogeneities in conductivity within the volume conductor.
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Amore extensive treatment of linking the electrophysiology of the depolarization wave front with its expression in terms
of an equivalent source description is contained in > Chap. .

.. Repolarization Summary

Repolarization occurs when the action potential returns to its resting level. Current flow during repolarization can
be analyzed in a fashion similar to that provided above for depolarization. However, significant differences between
depolarization and repolarization include the following.

(a) Repolarization currents across the membrane and associated changes in the voltage of the membrane occur after a
time delay following depolarization. Hence repolarization is not propagated in the same sense that depolarization is,
although membrane currents at one site continue to be affected by events at neighboring sites.

(b) The time required for the membrane to repolarize is fifty or more times the length of the time required for depo-
larization. Hence the source distribution of the membrane current is much more widely dispersed in space than
during depolarization. As a consequence the distribution cannot simply by represented in terms of the propagation
of dipoles.

(c) As the sources and sinks are somuchmore widely separated, describing, specifically, the transition from (.) to (.)
is no longer possible with good accuracy. For single fibers, the analysis requires a return to Eqns. (.–.), as was
done, e.g., by Spach et al. [].

(d) The intensity of the current emerging from (or entering) the membrane at any one site is much less during repo-
larization than during depolarization. Conversely, the current emerges (or enters) over a much wider region. These
effects offset each other differently at varying distances from a strand of myocardial tissue. Near the tissue, deflections
in electrograms taken at close distance from the myocardium during repolarization are small relative to those dur-
ing depolarization. On the body surface, the T waves have magnitudes much more comparable to those of the QRS
complexes.

The modeling of the electric sources for representing body surface potentials during repolarization has long been
restricted to a single dipole. This type of source cannot easily be given an electrophysiological basis. A recent devel-
opment has yielded the source description of the equivalent double layer, which has a clear link with electrophysiology,
both during depolarization and repolarization. This topic is discussed in > Chap. .

. Attributes of the Deflections

Theprinciples enumerated in the previous section provide a basis for understanding the attributes of each of the phases of
the ECG,which are considered in turn. In each section, brief comments are included about the excitation of the underlying
cardiac structures and about the resulting electrocardiographic deflections. Most topics presented here are analyzed in
greater detail in other chapters of this volume. In this chapter, the main objective is to discuss linkages between what is
happening within the heart and how this is expressed in the signals observed on the body surface.

.. Cautions

Themathematical relationships established above have served as a basis for many reports relating to body-surface poten-
tials to currents and to potentials within the heart. In sequel, they are used as a guide to the qualitative relationships. Even
so, it is important to realize that they ignore many aspects of the real tissue, including the anisotropy of the tissue, the
different access of deep and superficial fibers to the extracellular volume, the blood within the cardiac chambers, and the
anisotropy of the skeletal muscle.

Another concern is the fact that the electric potential as such does not relate in any way to the electric current sources
expressing the electric activity of the heart (> Sect. .). It is only the potential differences observed by at least two elec-
trodes placed at somedistance on the thorax that are related to such activity. In any recorded signal, if one of the electrodes
involved is taken to be the reference, the potential at the reference is often tacitly assumed to be zero. Within a bounded
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volume conductor, this assumption is unjustified [, ], and is in fact incorrect. This also applies to the Wilson Central
Terminal, the potential reference most frequently used in ECG recordings. In the documentation of any ECG signal the
involved reference should be specified.

The qualitative explanations of QRS amplitudes and wave forms based on the solid angle theory, usually address the
potential generated at the sensing electrode only. This implicitly assumes the solid angle of the wave fronts as seen by the
reference electrode to be zero. For the correct application of the solid angle theory to the interpretation of the potential
difference between two electrodes, the different solid angles subtended by the wave front as seen from the locations of
the two electrodes should be subtracted [].

The potential difference between any two different electrode locations reflects the integral of the component of the
electric field along the path traveled from one electrode to the other. As a potential difference is a scalar, the route taken
does not affect the outcome (> Sect. .). The discussion on what is “seen” by either of the two electrodes, or which of
the two electrodes acts at the reference [] is meaningless and does not reflect basic physical principles []. The term
reference electrode should be reserved for situations in whichmultiple signals are studied, all referred to a single location.
Such signals are commonly referred to as unipolar leads, a complete misnomer that should preferably be replaced by
“common reference signals.”

. PWave

In a normal sinus rhythm, excitation begins at the “sinoatrial (SA) node and spreads in a pattern similar to that produced
by dropping a stone into still water” (Scher []). James [] has emphasized the different histological appearances of
different atrial cells and suggested that different specialized pathways may exist in the atrium, in some fashion analogous
to the conduction system of the ventricles (see > Chap.  for further discussion of this point). However, measurements
of the spread of the excitation, from the time of Peuch [] to the measurements of Spach [], differ. The measurements
show that different velocities of excitation arise primarily from differences in the propagation velocity along and across
atrial fibers. A review of this question was given by Sano [].

From an electrocardiographic viewpoint (> Fig. .), during the generation of the P wave, the active membrane is
relatively distant from the electrodes on the torso surface. The extent of the sources will be small, since the atrial wall is
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⊡ Figure .

Solid angles during atrial excitation. A small region of atrial muscle is hypothesized to be active and identified by a bold line.

Propagation is in the direction of the arrow. Solid angles from V and V are indicated by the straight lines drawn. Note that

the solid angle concept in fact relates to D space. The drawing indicates that the area of the active surface is small and the

distances from either body surface site relatively long. Both these effects will lead to a small solid angle and thereby small

potentials during the P wave.
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thin, and the muscle is excited by propagation proceeding tangentially to the wall. The dominant active electric sources
are few during depolarization. The consequence is that the corresponding manifestation of atrial activity on the body
surface, the P wave, normally has a low magnitude (in the range of – μV).

As excitation proceeds from the SA node, the leading (positive) side of the excitation wave front will be leftward
and downward. The contribution of the small front shown in > Fig. . produces a negative deflection in lead V

and positive deflection in lead V. The total excitation process usually produces positive apex P wave values in lead
VF, and negative ones in lead VR. The duration of atrial excitation, and therefore the duration of the P wave, is about
ms.

In the past, the fact that the magnitude of the P wave was often frequently not much higher than the noise level of
ECG recorders, has introduced considerable imprecision into P-wave standards as documented in the literature. These
were restricted mainly to P wave amplitudes and durations. As a consequence the P wave has beenmainly used to provide
the relative timing between atrial and ventricular events.With the advances in recording technology (lower noise levels),
and the current interest in atrial electric activity during atrial flutter or atrial fibrillation, efforts are directed towards
extracting more information about atrial electric activity from the ECG.

. PQ Segment

On an ECG recorded with standard methods, the P wave is followed by an interval of about ms leading on to the
onset of depolarization of the ventricles: the PQ segment. Because of the small magnitudes of potential differences on the
thorax generatedduring this interval, this period is usually considered to be electrically silent. However, early applications
of the body surface mapping technique have identified clear, non-zero patterns of potential differences on the thorax
during this period, with magnitudes that are about one third of those during depolarization of the atria [, ].The time
course of these patterns is almost the reverse of those during depolarization, suggesting that these potentials relate to the
repolarization of the atria, with a very small dispersion of the durations of the action potentials of atrial myocytes [, ].
At the moment of onset of ventricular depolarization, these potential differences may have magnitudes up to  μV.The
locations showing maximal potential differences are not included in the electrodes of the standard -lead ECG [].

In a normal heart, atrial excitation initiates excitation of the atrioventricular (AV) node, which in turn initiates
excitation of the ventricular conduction system. As the diameter of the fibers of the AV node is small, the conduction
velocity through them is low (about .m s−l). Conversely, the fibers of the ventricular conduction system are large, so
conduction is much faster (about m s−l).

Though excitation is progressing through the AV node and conduction system, excitation includes a small number of
fibers, distant from the surface.The potentials observed during the PQ segment have also been attributed to this process.
On the body surface these are in the range of – μVpeak-to-peak. In  and , Berbari et al. [], Flowers et al. []
and others began publishing a series of papers that indicated that recordings could be obtained from the body surface,
during the PR interval. In , Flowers et al. [] presented an analysis of PR intervals in normal subjects and patientswith
abnormalities of the conduction system.Their recordings showed a biphasic deflection during the PQ segment, having a
magnitude of about . μV. Earlier studies in animals, as well as recordings from humans with normal and abnormal AV
conduction, support the hypothesis that these signals arise from theHis-Purkinje system, primarily through the temporal
linkages between the His-Purkinje waveforms and those known to arise from the ventricles.

. QRS Complex

The QRS deflections arise from the excitation of the ventricular muscle. In normal excitation, the conduction system
causes excitation of the muscle to begin more or less simultaneously at a number of right and left ventricular endocardial
sites. (Detailed maps are presented in > Chap. .) One consequence is that excitation has a substantial radial as well as
tangential direction throughout the excitation of much of the ventricular wall.

There are a number of general characteristics about the electrocardiographic effects of ventricular excitation that arise
from the overall geometric relationships between ventricular and body-surface points as they interact with the gross
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features of ventricular excitation. Several of these are illustrated in > Fig. ., in which the two heavy lines represent
excitation waves, one in the right ventricle (> Fig. .a) and one in the left (> Fig. .b). Both advance toward the epi-
cardium. Electrode sites are identified on the body surface at V and V. Suppose the potential at V and V are measured
with respect to Wilson’s central terminal the following should be noted.

(a) An electrode at point V or V on the body surface “sees” a solid angle Ω associated with the excitation wave in
the right ventricle (left panel) or from the excitation wave in the left ventricle (right panel). The solid angle reflects
the entire excitation surface in three dimensions that results from the excitation wave extending above and below
the plane of the figure, not simply the cross-sectional line drawn there. The solid angles at V and V are different,
because the distance and orientation of V from either excitation wave differs from that of V. Moreover, for the wave
fronts shown, their signs differ.

(b) If both activation fronts are present, the potential at V or V is the algebraic sum of the potentials produced by each
of the excitation waves separately. In > Fig. ., a positive voltage is produced at V by the RV excitation wave, and
a negative voltage by the LV excitation wave.The sum is probably slightly positive. The fact that the sum is algebraic
means that the sum is lower in magnitude than would be the case if either excitation wave were present separately.
This phenomenon is called cancellation [] in the electrocardiographic literature. One consequence is that if only
one excitation wave is present, themagnitude of the body surface deflection is higher than if two are present. A similar
effect is seen at V.

(c) As the right ventricle is closer to an electrode on the anterior chest, such as V, than to the left ventricle, a right
ventricular excitation wave will have a greater solid angle, and therefore produce a greater voltage at V, than an
excitation wave of the same extent and orientation in the left ventricle.

(d) Excitation waves in either ventricle extend over greater distances when excitation is predominantly in the endocardial
to epicardial direction than when excitation proceeds in a direction tangential to the surface of the walls.

(e) The right ventricular excitationwave generally starts somewhat later than the one initiated at the left ventricular aspect
of the septum. Moreover, the right ventricle is relatively thin and, once activated, its excitation is for the greater part
directed along the right ventricular wall and ends later than that of the left ventricle. The consequence is that the
earliest part of the QRS deflection normally reflects septal activation, the middle part a combination of left and right
ventricular activity, while the final part reflects predominantly the excitation of the basal part of the right ventricle.
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⊡ Figure .

Solid angles during ventricular excitation. An excitation wave is drawn in (left panel) the right ventricle and (right panel) the

left ventricle. Comparison with > Fig. . shows the solid angles to be much larger during QRS than during P, so that larger

potentials are to be expected. The larger solid angles occur mostly because of the greater extent of either excitation wave,

since excitation proceeds radially as well as tangentially in a normal sequence. Conversely, note that the orientation of the RV

and LV excitation waves shown produces potentials of opposite sign at either V or V. If both excitation waves are present

simultaneously their effects will tend to cancel.
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(f) The conduction system “programs” normal excitation of the ventricles in such a way that excitation is completed
relatively rapidly. RV and LV excitation overlap extensively (with electrical cancellation). Many cardiac abnormalities
(e.g., conduction system defects) tend to produce body-surface waveforms that are longer and of greater magni-
tude, because the normal “program” is lost. In later chapters the specific electrocardiographic changes arise from the
presence of conduction defects, infarction, hypertrophy and other clinical conditions.

. ST Segment

Following the QRS deflections, the ECG has a relatively quiescent period before the large deflection of the T wave occurs.
A simple qualitative explanation of this phenomenon is as follows

(A model based interpretation of the ST-T signals is given in > Chap. ). Consider > Fig. .. Suppose there are two
electrodes located on the endocardial and epicardial surfaces of the ventricular wall (electrodes  and , > Fig. .a).
Suppose further that the wave forms of the transmembrane potentials (TMPs) at the endocardial and epicardial sites
are identical (as illustrated by the stylized shape of > Fig. .b). A difference of excitation between the endocardial and
epicardial sites results in the situation shown in > Fig. .c.

There are periods during which the overlapping tracings have the same potential value. One is the baseline phase
(identified as b on > Fig. .c). Another is the plateau phase, denoted as p, of the action potentials. During period p
there is no intracellular potential difference between sites  and .Therefore, no intracellular current flows between these
sites during interval p. Consequently, no extracellular (or electrocardiographic) potential differences are generated in the
case of the stylized TMPs.

Similarly, if the TMPs throughout the entire ventricle have the same baseline and plateau voltages, and if there is
a period of time following excitation (QRS) during which the plateau voltages throughout the ventricles overlap, then
during this period of time (the ST segment) the observed electrocardiographic voltages return to the baseline, i.e., are zero.

Available evidence indicates that neither condition is precisely satisfied in normal human hearts, though both exist,
more or less. Measurement of body-surface potential distributions [] during the ST segment in chimpanzees and in
normal human subjects show that there is no period of time following excitation when either epicardial or body-surface
potentials return uniformly to the baseline. Instead, there is a period of overlap between the potentials that arise from the
last portions of muscle to be excited and repolarization potentials from other regions. This period may last for ms or
more.However, in a normal sequence, both the potentials at the end of depolarization and the beginning of repolarization
are small, so the ECG does return to a voltage near the baseline.
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⊡ Figure .

ST segment with identical transmembrane potential waveforms. Part (a) identifies two electrodes across a portion of the ven-

tricular wall. Part (b) shows a single TMP shape hypothesized to be present at all ventricular sites. Part (c) shows the TMPS

if excitation at site  occurs later than at site . Nonetheless, there are periods of time, identified b (baseline) as p (plateau

phase), when both action potentials at endocardium and epicardium are the same. During this time there are no intracellular

potential differences among sites and therefore no intracellular or extracellular currents.
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The J point of the ECG is identified as the time when a tracing changes slope abruptly at the end of the S wave.
The J point is sometimes used as a marker for the end of excitation. Comparison of the electrocardiographic waveform
with the complete body-surface potential distribution or, when available, epicardial electrograms, shows that the J point
marks the end of excitation only approximately. Again the approximation occurs because of the overlap of potentials at
the ending of depolarization and the beginning of repolarization [].

Changes in the cardiac excitation sequence or changes in the action-potential wave shape can be expected to change
the amplitude and wave form of the electrocardiogram during the ST time period.

If the amplitude or the wave form of the TMP changes in a region ofmuscle, then the situation portrayed in> Fig. .
arises. Electrodes  and  are again sites on the endocardium and epicardium respectively. Suppose the TMP from site 
differs in its time course, as well as at its time of onset, as compared to that at site . In > Fig. .a, it is assumed that the
TMP at site  has half the magnitude of that at site , but otherwise is the same.

As the TMPs differ, there is no longer a period of time during the plateau when no potential difference exists between
sites  and . Consequently, a current will flow intracellularly from site  to site  at time tp, as shown diagrammatically in
> Fig. .b. (Whether the current will flow all the way from the epicardium to the endocardium, or only across a much
narrower region, will depend on the potential distribution between sites  and .) As there now exists an intracellular
current, currents will flow extracellularly as well, as indicated by the flow Ie in > Fig. .b.

In the example shown, the current flow pattern will cause the extracellular potential to be relatively positive on the
endocardiumnear site , and relatively negative on the epicardium near site  (> Fig. .c). Consequently, ECGs recorded
from a region overlying site  will be seen to have “ST-segment depression.” Interpretations based on this kind of analysis
are often used to explain ECGs recorded in patients with ischemic muscle regions and in those with recent infarctions.
A widely examined analysis of ST potentials in relation to infarct size was developed by Maroko et al. [].

It is worth noting that in > Fig. .a the action potentials also differ in potential during the baseline segments. Ele-
vations or depressions of the “baseline” during the T-P interval with opposite polarity to those during the ST segment
therefore occur []. However, most electrocardiographic recording systems use ac-coupled amplifiers. (Such amplifiers
filter out dc voltages of tens ofmillivolts that are created at the electrochemical interface between the skin and body-surface
electrodes.) Consequently, electrocardiographic records do not indicate whether voltages between surface electrodes are
present during the “baseline” period. Analysis of ECGs is often based on conventions that assume that no currents or
potentials exist prior to the P wave. Assuming that such potentials are not present when they are has the effect of increas-
ing themagnitude of the change said to be present during the ST segment.An exaggerated change during ST comes about
because individual tracings show correctly the difference between the baseline voltage and that during the ST segment
(> Sect. ....)
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ST segment with non-uniform action potentials. (a) shows that site  has the same action-potential waveform as used in

> Fig. .. In contrast, site  has an action potential that is reduced in magnitude, but otherwise the same. Now there is no

time during the plateauwhen all intracellular sites have the same voltage. Consequently (b) shows an intracellular longitudi-

nal current Ii; andextracellular current Ie flowat time tp. If actionpotentialswith reducedamplitudearepresent throughout an

endocardial region near electrode , then (c) negative potentials will occur over the epicardial region and positive potentials

over the endocardial one.
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. TWave

.. T Wave in the Case of UniformAction Potential Duration

Repolarization of ventricular muscle fibers from active to resting transmembrane voltages produces the T wave. Since the
voltage changes of repolarization traverse the same range as those of depolarization, except in the reverse direction, it is
tempting to think of the T wave as depolarization in reverse. However, if this were true, all ECG wave forms observed
during repolarization should have a reversed polarity compared to those during depolarization, with a lower amplitude
and slower time course due to the much slower rate of repolarization (> Chap. ). As this is not in agreement with
experimental observations, this simple hypothesis must be rejected.

.. Normal TWaves

Because the signs of the T waves in the ECG do not all have the reversed polarity of the corresponding QRS complexes,
the hypothesis of a uniform duration for all TMP wave forms must be wrong. What would be an alternative? Clearly this
must be related to non-uniformity and/or local differences in TMP wave forms throughout the myocardium.The weight
of availablemeasurements from intact animals indicates that the duration of the action potential varies from endocardium
to epicardium. More specifically, it appears that action potentials nearer the endocardium are longer. Moreover, Burgess
et al. [], using refractory period measurements in dogs, found that repolarization normally occurs later at the apex
than toward the base. Somehow, based on such data, the notion has emerged that the timing of repolarization at the epi-
cardium precedes that on the endocardium. However, the correct statement is that, generally, epicardial action-potential
durations (APD) are shorter than those of the endocardium.The differences involved are not uniform for different parts
of the ventricular myocardium, as it depends on the timing of depolarization and are different between LV and RV. More
recently, different experimental studies have shown regression lines of APD as a function of local activation time having a
slope of about −. [, ].The full consequence of this complexity in a full Dmodel of the ventricular myocardium can
only be worked out by using an advancedmodel of the sources during repolarization. An example of such a model-based
analysis of T wave properties [] is described in > Chap. .

.. Intrinsic, Primary and Secondary TWaves

As described above, the excitation sequence interacts with the variation in action-potential duration from place to place.
What if there were no such interaction? In concept, the “intrinsic” T wave is the T wave that results if all cells in the

ventricle depolarize simultaneously. An intrinsic T wave can be created experimentally by applying a large stimulus to
the entire muscle simultaneously. The intrinsic T wave thereby occurs because of differences in action-potential duration
from site to site.

Conversely, the “secondary” T wave was defined by Abildskov et al. [] as the one necessary to make the ventricular
gradient (see below) equal to zero, a condition that will be fulfilled if all myocytes have the same APD. Thereby, the
secondary Twave occurs because of differences in action-potential onset.The secondary Twave, not a naturally occurring
waveform, can be constructed numerically.

The “primary” T wave was defined by Abildskov et al. [] as the difference between the actual T wave and the sec-
ondary T wave. Like the secondary T wave, it can be constructed numerically. If the actual T waves occur because of
a mixture of the effects of the depolarization sequence and the effects of variations in action-potential duration, and if
subtracting the secondary T wave is equivalent to subtracting the effects from the depolarization sequence, then it seems
intuitively reasonable that the “primary Twave” is the same as the “intrinsic T wave.”Horan et al. [] examined the ques-
tion of whether they were identical and found that the primary T wave approached identity with the intrinsic T wave.
Failure of absolute congruence was attributed to the lack of a precise marker to provide precise time alignment between
all waveforms.
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At the present time, the intrinsic, primary, and secondary Twaves are usedmostly as concepts and constructionsmade
in the course of better understanding the source of the actual T waves, rather than as waveforms routinely constructed
for physiological or clinical interpretation.

.. Ventricular Gradient

Closely related to the different T waves discussed in the preceding section is the concept of the ventricular gradient. In
, Wilson et al. [] introduced the idea that the area under the ventricular deflections of the ECG had a significance
beyond that provided from a moment-by-moment evaluation. They determined the area under electrocardiographic
curves during QRST, the ventricular deflections. In determining the area, “due care” was used to construct a baseline,
as doing so was “a matter of greatest importance.” Then the net area between the waveform and the baseline was found.
Those portions of the area that lay below the baseline were considered negative and subtracted, while those that lay above
the baseline were considered positive and added.

Wilson et al. concluded that if all action potentials had the same shape, magnitude and duration, the net area under
each electrocardiographic deflection was zero. However, many waveforms showed net areas that were nonzero. In ana-
lyzing these waveforms, Wilson et al. looked principally at excitation sequences where action potentials from region to
region varied at the onset and duration, but not otherwise.They concluded that any net area was a “measure of the effects
produced by local variations in the excitatory process, and particularly by local variations in the duration of the excited
state.”

To analyze the differences in areas, Wilson et al. made use of Einthoven’s triangle. In concept, ECGs were obtained
from electrodes at the apices of an equilateral triangle, centered on the heart. (Actual electrodes were on the limbs.)
Wilson et al. considered the vector formed by replacing the waveform at each apex with the waveform’s net area. The
vector was the one whose projection onto each side of the triangle gave the observed difference between apices. They
considered, for example, the vector produced by a uniform gradient in the duration of the excited state.They concluded
that the vector that “represents the effects produced by this gradient will point from the end of the fiber where the systole
is longer to the end where it is shorter, and will have a length proportional to the difference in the length of systole at the
two ends.” Further, the vector remained unchanged for any excitation sequence if the duration of the excited systole at
each site remained unchanged.

The idea that the differences in action-potential duration can be determined from body-surface waveforms has proved
an intriguing object of theoretical study, as in the work of Burger [] and Geselowitz []. Experimentally, QRST areas
have been determined from many body-surface leads [], aimed at relating these areas to arrhythmias. Over the years
these investigations have refined the ventricular gradient concept, often presenting the refinementsmore unambiguously
than the text descriptions of Wilson et al.

A mathematically precise presentation of the concepts of the ventricular gradient is as follows []. It is based on the
well-founded notions on the genesis of bioelectric potentials listed below.These are referred to here as “properties.”

● The generation of the potential differences outside a cell stems from biochemical processes at the cell membranes.
● The nature of these sources is that of a current generator [].
● The volume conduction properties of tissues, however complex, are linear: the superposition principle applies.
● At anymoment in time, any field generated in the extra-cellular domain stems from the spatial gradients of the TMPs,

denoted as Vm (r⃗, t), at source locations r⃗ [].
● If all cells are completely polarized (at a constant value) the electric field set up by the sources in the surrounding

medium is zero [].

Taking the gradient of any scalar function involves computing spatial differences of the TMPs of individual cells, which
is a linear operation. The application of the superposition principle is, again, a linear operation. Hence, the potential
differences in the extra-cellular domain stem from a linear operator (superposition) acting on a linear operator (taking
the gradient) acting on the TMPs.The cascade of two linear operations is also linear, hence: all external fields arise from a
linear (spatial) operator acting on the TMPs of all myocytes. Expressing the strengths of all myocytes by matrixVm, with
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its rows representing the time courses of all individual TMPs, and its columns their instantaneous strengths, the linear
operation involved, conveniently denoted by a matrix multiplication (> Sect. .A..), is

Φ = AVm (.)

This equation expresses the potentials in the extra-cellular domain,Φ, as the (matrix) multiplication of the TMPs Vm by
the transfer matrix A. Matrix A expresses all volume conduction effects, be it inhomogeneous or homogenous, isotropic
or anisotropic. In words: the potential in any observation point ℓ (c.q. lead position), ϕl(t), is found to be a linear
combination of the TMPs at that same instant of time.The weighting factors are the element of row ℓ of matrix A.

From Prop. it follows that the sum of all elements of any row ℓ of this matrix is zero. Hence, when “feeding” the
transfer matrix A with any constant column vector c, a vector having identical elements c, the resulting potential is zero
for all observation points, expressed in matrix terms:

Ac =  (.)

We now consider the integration over time (QRST interval) applied to the TMPs of all myocytes. The integral over time,
the area under the curve, of the TMP of myocyte n is denoted as vn , and the entire set of these integrals of all myocytes
as the column vector v. The effect of the corresponding integration over time of the potentials observed in lead ℓ, row
ℓ of matrix Φ, (.), is denoted as IQRSTℓ . The set of all integrals constitutes a column vector iQRST. The result of the
integration over time applied to both sides of (.) can thus be expressed as

iQRST = Av (.)

Each myocytes n is assumed to be activated at depolarization time δn and, by taking the time of its maximal downward
slope as a marker, to repolarize at time instant ρn.The corresponding activation recovery interval,ARI [], is denoted as
αn = ρn− δn. For eachmyocyte, integral vn depends on the value of its resting potential rn , the magnitude of the upstroke
of its action potential, un and its ARI value αn = ρn − δn.

By considering action potentials having approximately the same shape (Assumption.) it follows that for the integral
of the TMP curve we may write vn = αn (rn + un). In situations where both the upstroke (Assumption ) and the resting
potentials (Assumption ) may be taken to have uniform values, each with integral c, it follows that for the complete set
of QRST integrals at the field points we have

iQRST = cAα, (.)

which shows that, within the validity of the assumptions of uniform general shape, uniform upstroke and uniform resting
potential, integrals over time of lead potentials are a linear combination of the individual ARI values of all myocytes.

The previous formulation can be refined. To this endwe write the ARIs’ column vector, α = ᾱ+Δα in which ᾱ denotes
a column vector having all elements equal to the mean, ᾱ, of the individual values αn, and Δα denotes the column vector
of all individual deviations αn from their mean. Substitution of α = ᾱ + Δα into (.) then yields

iQRST = cA(ᾱ + Δα) = cAΔα (.)

Note that Aᾱ =  because of (.).
This analysis, (.), identifies the QRST integral of each lead signal as a linear combination of the elements of Δα.

The weights are lead specific. The vector Δα is the full representation of the total dispersion of APDs of all myocytes, and
so the refinement of the statement following (.) is that the QRST integral of a lead signal is a linear combination of the
elements of the dispersion of the action potential durations of all myocytes. The weights are lead specific.

In the case of the ventricular gradient introduced byWilson, the “areas under the curve,” iQRST were derived from three
signals only.The result was expressed as the ventricular gradient, a vector in D space. Equation (.) is a generalization of
this concept, constituting a vector in L dimensional space.The concept of the ventricular gradient is seen to bemeaningful
only within the assumptions used in this analysis.The analysis may be extended to the interpretation of the QRS and STT
integrals separately [].
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Themagnitudes of the vectors representing the (QRS)(T)-integrals, are influenced by the transfer of the volume con-
ductor: (differences in) heart position and orientation, as well as by thorax geometry. Since both vectors have passed
through one and the same filter (matrix A), the angles involved are less sensitive to inter-individual differences in
geometry. The angle β between any two L-dimensional vectors a and b in the plane they share follows from

cos(β) = (a ⋅ b)/ (a ⋅ b) , (.)

in which the dot indicates the sum of the product of all corresponding elements of vectors a and b, and a and b their
lengths. If vectors a and b are referred to zero mean, the right hand side of (.) is the linear correlation coefficient
between the elements of a and b. Both the angle β [] and its cosine [] have been tested as markers of repolarization
abnormality.

. UWave

The U wave is a low amplitude, usually mono-phasic, ECG deflection directly following, and partly merged with, the T
wave. Until recently, it has not received much attention in electrocardiographic literature.Many considered it a rarity, but
in fact, by applying proper baseline correction procedures, it can be observed in almost all healthy subjects. Reasons for
it having escaped notice are its low magnitude and a baseline correction performed at a premature timing.

Surawicz []described the U wave as a separate deflection of relatively low amplitude, usually detectable at slow or
moderate heart rates, with an apex occurring about ms following the end of the T wave. The U wave coincides with
isovolumic relaxation. The presence, genesis and significance of the U wave have been a source of controversy. In part,
the controversy has arisen because it is often hard to see U waves in experimental recordings in the presence of noise, as
there is no clear demarcation between the end of T and the beginning of U or the onset of the P wave in the waveform of
a given lead. The experimental difficulties are great, once causing Lepeschkin [], who studied the U wave extensively,
to remark jovially that the main question about the U wave is whether it exists or not.

In addition, differences of opinion have existed about the genesis of the U wave because various diastolic deflections
recorded in local electrograms do not necessarily have the same timing as the U wave in human surface ECGs []. Such
discrepancies are significant because the genesis of most other electrocardiographic deflections has been determined by
comparing the timing of deflections on electrograms with those on the surface ECG.

There are two classic theories of U-wave genesis. Kishida et al. [] describe these as follows. One theory attributes
U-wave genesis to the repolarization of Purkinje fibers. The other theory attributes the U wave to potentials generated
during relaxation of the ventricular myocardium.

Hoffman and Cranefield [] argued in favor of the former-theory, saying “the action-potential of Purkinje fibers is
considerably longer than that of ventricular muscle, and the phase of rapid repolarization of Purkinje fibers is coincident
in time with the U wave.”

Lepeschkin [] discussed both theories extensively, but favored the latter, as did Surawicz []. Surawicz said that
mechano-electrical coupling was the most likely cause of the U wave, because “it has been shown that stretch prolongs
terminal repolarization in single fibers” [], and “therefore may be expected to produce an ECG deflection after the T
wave.” Changes from a more stressed apex to a less stressed base, the “stretch gradient theory,” are thought to result in
different potentials between those regions, and thereby the U wave.

More recently, explanations based on the expression of mid-cardial myocytes [], after-potentials [] and late
repolarization [] have appeared in the literature.

Whatever its origin, Kishida et al. [] described a negativeU wave as highly specific for the presence of heart disease,
most commonly systemic hypertension, aortic and mitral regurgitation, and ischemic heart disease.

. Vectorial and Other Interpretations of the ECG

Analysis of the generation of ECGs has been accomplished within a number of frameworks having substantial conceptual
differences. Most have focused on QRS. Many investigators from the time of the early electrocardiographers until the
present day have analyzed ventricular excitation from the viewpoint of thinking of the electrical activity of the heart
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as coming from a single “equivalent” dipole.This is a hypothetical current source that, when placed inside a homoge-
neous volume conductor, would generate the potential field on the surface of the thorax that most closely resembles the
measured field. To this end its position, strength and orientation are tuned.

That the field generated by a complex current generator such as the heart can be approximated by that of a single
dipole stems from the theory of multipoles []. That theory shows that an “equivalent dipole” will closely approximate
the infinite medium potentials at distances like that of the body surface as the heart itself. However, because some of the
cardiac surface comes close to the chest, the theory can be applied only as a first approximation. It appears thatmany early
investigators considered the errors involved in approximating real cardiac potentials with those from a single equivalent
dipole to be small []. For the full time course of the potential field during the QRS complex, the relative difference RD,
defined as the RMS difference between the potentials generated by the equivalent dipole and the measured ones relative
to the RMS value of the measured ones, is of the order of RD = .. For more obese subjects the error tends to be lower,
for lean subjects it is higher.

In more recent years, experimental evidence, particularly from body-surface maps [], has demonstrated unequiv-
ocally that no single dipole can be “equivalent” in the sense of accurately reproducing the body-surface observations.
As a result, multiple-dipole models of cardiac excitation were proposed, particularly by Barber and Fischman [] and
Selvester et al. []. Multiple-dipole models conceptually divide the ventricular muscle into several regions. Such models
envisage each imaginary dipole as functioning “equivalently,” in an electrical sense, to one region. Suchmodels have been
used very effectively, as by Ritsema van Eck [] and, later,Miller and Geselowitz []. In this way it was shown how elec-
trocardiographic changes observed on the body surface result from plausible alterations in cardiac action potentials and
their timing. An interactive simulation package for studying such effects, including a demonstration of vector properties,
has been made available from the internet [].

Amajorweakness of both single- andmultiple-dipolemodels springs from their being imaginary “equivalent” entities.
The equivalence is, even in concept, an equivalence at a distance from the source only. This follows directly from (.),
which shows that close to the dipole the potential may be infinite. Consequently, the currents and potentials near the
active muscle may behave quite differently from those of an equivalent dipole, even if there may be a fair “equivalence”
on the body surface. For a full discussion on this point, see > Chaps.  and > .

. Evaluation

The fact that electrocardiography has been in use for more than a century leads one to think that most aspects of the
relationships between the electrocardiographic waveforms and the underlying cardiac eventswould have been fully estab-
lished by now. However, that is not the case. One of the main reasons is that acquiring accurate measurements of what
is taking place electrically within the heart remains very difficult. This is particularly so when the volume conductor is
intact. Recent years have seen marked changes in the recognition of the importance of anisotropies within the cardiac
muscle, the quality of the quantitative descriptions of volume conductor behavior and the ability to link together such
knowledge bymeans of numerical models. As the full weight of an improved understanding of the genesis of ECGs comes
to bear fruit, further significant improvements in the quality and value of electrocardiographic interpretation are to be
expected.
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. Introduction

Throughout the cardiac cycle, the cells of the heart deliver varying amounts of electric current to the surrounding tissues.
The effect of these currents at the body’s surface is the production of potentials which change continuously during the
course of a heartbeat. In attempting to understand the nature of these body-surface potentials, various models have been
postulated.Thesemodels describe the electrical sources and the volume conductor in which these sources are embedded,
i.e., the human torso.

The computation of the potential distribution at the body surface based on such modeling assumptions is called the
“forward problem of electrocardiography” (>Chap. ). Its solution is a prerequisite for the solution of a problem of more
direct clinical interest, the so-called “inverse problem of electrocardiography.” By this is meant the study of the electrical
state of the heart through analysis of the potentials at the body surface (> Chap. ). Since this problem has no unique
solution, it is imperative that constraints be imposed on the description of the source, i.e., the electrical generators of
the heart.

Two different classes of source descriptions can be distinguished.The first class is that of the equivalent generators of
physics (>Chaps.  and> ) in which sources like the single dipole (vectorcardiography), the single moving dipole,mul-
tiple dipoles or multipoles are used.Theoretically, these generator models allow a unique determination of their strength
from observed body-surface potentials but the link with cellular electrophysiology is not straightforward (> Sect. .).

The second class is that of macroscopic source descriptions. These form an intermediate step between the cellular
activity and the electric field within the heart muscle at a scale of, say,  cm, which is small in comparison with heart
size but large in comparison with cell size. The justification for this approach is that the total number of cells involved
in the genesis of the ECG is so large () that it prohibits the consideration of the contribution by each individual cell.
Formulations of macroscopic equivalent generators aim at representing as much as is feasible (and known) of cellular
morphology in a source description of the potential field at a distance that is, say, ten times that of the length of a single
myocyte.

This class of macroscopic source descriptions is the subject of this chapter. A major part of the chapter is devoted
to the discussion of the classic model for the description of the electric sources during ventricular depolarization: the
uniform double layer (UDL). The expression of the potential field is worked out by using the solid angle theory. The
objective of the detailed analysis of this classic source model is to illustrate the potential fields and associated signals that
are generated by this source. This forms the essential background for a discussion on its validity and usefulness.

A generalization of theUDL sourcemodel that permits themodeling of the sources during repolarization, is discussed
in > Chap. .

The formulations are mainly cast in terms of homogeneous, isotropic configurations. The effect of anisotropy is dis-
cussed only briefly. More complete models, in which the anisotropy of the ventricular wall is incorporated, are treated in
> Chap. .

. Estimation of Macroscopic Cardiac Sources

The true cellular electrical generators are the biochemical processes that are active at the level of the cell membrane
(> Chap. ). A macroscopic equivalent source model is a description of the cellular electrical generator which results in
a potential field in the exterior of the cell which, on a macroscopic scale, is indistinguishable from the observed potential
field. From a knowndescription of the electric sources, the potentials at some distance from the sources can be determined
by applying the laws of electric current flow.The implied so-called forward problem of finding the potentials has a unique
solution that can be computed for all types of source complexity.

The current sources actually generating the observed potentials are in general not amenable to direct observation,
they need to be derived from observed potential differences.

The slow progress that has been made in the application of source models can be linked to the fact that the cor-
responding inverse computation, the determination of sources from the observed potentials, generally does not have a
unique solution.This doom that lies over the inverse problem is fundamental and cannot be solved, as was pointed out as
early as  by von Helmholtz [], even long before electrocardiology was “invented.”The only way out of this problem
is to postulate in advance a source description, a sourcemodel, and to merely be content with establishing the parameters
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(specifications) of this source on the basis of the observed potentials. The inverse problem subsequently constitutes a
parameter estimation problem.

The transfer between the sources and the potentials is dominated by the geometry of the source-observation point
configuration and by the entire spatial distribution of the electric conductivities of the body tissues. The doom on the
inverse problem [] now crops up again: the spreading out of electric currents diminishes the potentials in the medium
and diffuses the image of the sources the further one moves away from the sources. This doom not only lies on the
interpretation of potentials observed on the body surface but also on those observed inside the heart (myocardium;
cavities).

For a diagnostic application, the source description should preferably have a direct physiological significance and,
hence, one would like to include as much as is possible of the complexity of the relevant physiological details that have
become available through invasive studies. However, the further one moves away from the source, the more sober the a
priori source specificationhas to be, demanding a parsimonious use of source parameters. If amore abundant source spec-
ification is postulated, the correspondence – in forward computations – between observed data and computed potentials
may improve, but in the related inverse problem the confidence intervals of the estimated parameters become unaccept-
ably large. Although one may wish to include the reality of rotating, non-uniform, anisotropic myocardial conductivity
in the analysis, in the ultimate, clinical application of the models the accuracy of the relevant parameters values is usually
insufficient.

The analysis presented in this chapter relates to sober source descriptions, with parameters derived from sobermodels
of the conducting medium surrounding the source while computing the potential field.

. Equivalent Sources of the Membrane

.. The Single Cell

Wefirst consider a model for the potential field generated by a single cell situated in an infinite medium of homogeneous,
isotropic electrical conductivity σe (unit: S m−), > Fig. ., and we take the potential at infinity to be zero (> Sect. .).

The interior of the cell (the axoplasma) is assumed to be a passive conductor having a homogeneous, isotropic electri-
cal conductivity σi.The interior and exterior of the cell are separated by themembrane,which is bounded by two surfaces:
Si and Se. All active (biochemical) electric sources are considered to be lying between these two surfaces. Using standard
results from potential theory and realistic estimates of the membrane properties, it can be shown [–] that the potential
Φ(r⃗′) at a field point r⃗′ (observation point, with reference to the origin at O⃗) in the exterior medium is

Φ(r⃗′) = − 
πσe ∫S

(σiΦi − σeΦe)dω (.)

The surface S lies just between the surfaces Si and Se. It specifies the entire configuration since, at a macroscopic scale,
the membrane can be considered to be infinitesimally thin. The potentials Φi and Φe denote the potentials just inside

Se

S i

Interior

Exterior

Φe

Φi

⊡ Figure .

Configuration of a single cell, used for evaluating the external potential field.
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and outside this surface, respectively. The term dω of (.) is the solid angle of element dS of the membrane surface S
subtended at r⃗′, R⃗ ● dS⃗

R , with dS⃗ pointing outward and R⃗ = r⃗′ − r⃗ directed from the source locations r⃗ on the membrane to
field point r⃗′ (> Sect. ...).

The expression σiΦi−σeΦe in (.) is a generalization of the concepts introduced byWilson et al. [], which formed the
basis for the solid angle theory as used in theoretical electrocardiography. The expression can be identified as the strength
of an (equivalent) double layer. It expresses a current dipole density per unit area MS ; with unit: A m− , as discussed in
> Sect. ....This shows that the basic cardiac electric generator must be viewed as a current source [], which justifies
the use of the superposition principle when computing the potential field generated by multiple sources. When placed
in an infinite medium, this virtual, equivalent double layer determines the potential field external to the cell. The double
layer is directed normal to themembrane surface and has a strength that dependson transmembrane potential differences
as well as on differences in the electric conductivities at either side of the membrane.

When an isolated cell is completely polarized, the transmembrane voltage Vm = Φi −Φe is constant (Vm ∼ −mV)
over the entire closed surface of the membrane and the double-layer strength is uniform over this surface. Hence, in the
exterior region the potential field is zero. This follows from

Φ(r⃗′) = −
πσe

(σiΦi − σeΦe)∫
S
dω =  (.)

since ∫S dω =  for any observation point r⃗′ exterior to any closed surface S, as is discussed in > Sect. ....
Similarly, when the cell is completely depolarized, Vm is uniform over the closed surface of the membrane (Vm ∼

mV), and the potential in the exterior region is, again, zero.
When the cell is partly depolarized, the potential in the exterior region can only be determined through integration as

in (.). An instructive approximation of this case is to consider the field due to an elongatedmembrane,with an idealized
transmembrane potential that is constant over both the depolarized section and over the section which is still at rest, i.e.,
polarized, with potential values of Vd ∼ +mV and Vp ∼ −mV, respectively (> Fig. . and > Fig. .).

In this case, the potential in the region exterior to the cell is approximately equal to that generated (in the homogeneous
medium) by a double-layer source of strength (Vd−Vp)σi placed at cross-section A.The exterior potential at r⃗′ generated
by this equivalent source is

Φ(r⃗′) = 
πσe

σi(Vd − Vp) Ω (r⃗′), (.)

with Ω(r⃗′) the solid angle subtended by cross-section A, with area A, at observation point r⃗′ (> Fig. .).The membrane
is shown by dashed lines, as a reminder that the equivalent source at cross-section A is active in the infinite medium.
Since Vp is negative, Vd −Vp is positive and the equivalent dipole has the same direction as the propagation.

The approximation involved assumes σiΦi ≫ σeΦe. For this situation (.) can be explained as follows. We first place
virtual double layers of equal strength Vd, but having opposite orientations, at cross-section A. One of these two has
the same strength as that of the membrane to the left of A. Together these form a closed surface, which produces a zero
external potential field. Next we repeat the same process for the region to the right of A, now with virtual double-layer

Direction of activation

Depolarized Still polarized

A VpVd

⊡ Figure .

Simplified diagram of an elongated cell which is activated from left to right. The cross-section A closes the depolarized zone

(left) and the region still at rest (right).
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Equivalent source for the partly depolarized cell shown in > Fig. .. The arrowheads indicate the direction of local

current flow.

strengths of Vp. Here again, one of these virtual layers forms a closed surface, now to the right of A, having a uniform
strength and, hence, producing a zero external field. The remaining two virtual double layers form the double layer as
shown in > Fig. ., having the effective source strength implied in (.).

For distal observation points this expression (.), may be simplified further by using the approximation

Ω (r⃗′) ∼ A⃗ ● R⃗
R ,

with R⃗ a vector of magnitudeR pointing from the center of the diskA to observation point r⃗′, and A⃗ a vector of magnitude
A directed towards the region of the cell that is still polarized. In this case,

Φ(r⃗′) = 
πσe

σi(Vd − Vp)A⃗ ● R⃗
R (.)

The term σi(Vd − Vp)A⃗ can be identified as a current dipole D⃗ (> Sect. ...), pointing towards the zone that is still at
rest; thus

Φ(r⃗′) = 
πσe

D⃗ ● R⃗
R (.)

The plus and minus signs in > Figs. . and > . serve to indicate the sign of local potential differences across the
membrane and the virtual double layer, respectively. In some text books on this subject the associated membrane charge
is erroneously used to explain the external field in terms of electrostatics, rather than in the required terms of equivalent
current generators demanded by electrical volume conduction theory (> Chap. ).

.. The Single Fiber

The conditions for the application of (.) are not usually met in practice. For long fibers, the situation is never such as
depicted in > Fig. ., but much more like that indicated in > Fig. . for propagated activation along a fiber, where the
transmembrane potential is different along the length of the fiber. At the time instant shown the segment on the left is in
different stages of recovery of polarization, in the middle part various, successive stages of depolarization are present; the
segment on the right is still at rest, i.e., polarized.
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Repolarized recovery Depolarized front At rest (polarized)

Speed

⊡ Figure .

Schematized, propagating depolarization and repolarization along an elongated fiber.

Tofind the potential at r⃗′ in this situationwe return to the general expression (.), while assuming the transmembrane
potential difference to be a function of the distance ℓ along the fiber only (axial symmetric distribution). Moreover, we
defineMS(ℓ) as

MS(ℓ) = −(σiΦi(ℓ) − σeΦe(ℓ)) (.)

The termdω of (.) relates to themembrane element R⃗ ● dS⃗/R, with dS⃗ an elementof themembrane defined as pointing
outward, and R⃗ directed from the source locations on the membrane to field point r⃗′, so we need to evaluate

Φ(r⃗′) = 
πσe ∫S

MS(ℓ) R⃗
R ● dS⃗ (.)

To this end we apply Gauss’ divergence theorem (.), to the integral in (.), which yields

∫
S
MS(ℓ) R⃗

R ● dS⃗ = ∫
V
∇ ● (MS(ℓ) R⃗

R )dv = ∫
V
∇MS(ℓ) ● R⃗

R dv +∫
V
MS(ℓ)∇ ● R⃗

R dv (.)

(using (.)). The second integral on the right is zero since

∇ ● R⃗
R = ∇ ● ∇ 

R
= ∇ 

R
,

and any integral including the latter is zero for non-zero values of R, which is the case for external observation points
(> Sect. ...), and so we find

Φ(r⃗′) = 
πσe ∫V

∂MS(ℓ)
∂ℓ

ℓ′ − ℓ
R dv = 

πσe ∫
L

∫
Sℓ

∂MS(ℓ)
∂ℓ

ℓ′ − ℓ
R dS dℓ (.)

where ℓ′ is the coordinate of the external field point r⃗′ along an axis parallel to the fiber. The first integral is taken over
length L of the fiber, the second one over the cross-section of the fiber at location ℓ.

We now take the gradient of the function MS(ℓ) to be uniform over the cross-section Sℓ and, hence, the integration
over this surface yields Ω(ℓ; r⃗′), the solid angle subtended at an external field point r⃗′ by Sℓ , a disk with an area of πa,
with a the radius of the fiber (> Sect. ..), and so (.) reduces to

Φ(r⃗′) = 
πσe ∫L

∂MS(ℓ)
∂ℓ

Ω(ℓ; r⃗′) dℓ (.)

Equation (.) generally holds true, and may also be used if the fiber is curved. In these circumstances the variable ℓ
must be taken to be the length traveled along the fiber.
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For remote field points and a straight fiber, the solid angle Ω(ℓ; r⃗′)may be approximated by

Ω(ℓ; r⃗′) ≈ πa
ℓ′ − ℓ
R , (.)

in which R = √(ℓ′ − ℓ) + y′ + z′, with the fiber coordinate ℓ taken to be lined up along the x-axis.
The result expressed by (.), which was derived from general membrane properties (.), is identical to the result

expressed by (.), derived from the linear core-conductor model expressed by (.).

.. Electrograms Generated by a Single Fiber

Equation (.) may be used to describe the electrograms recorded by electrodes placed near a fiber along which electric
activity is propagating. However, the computation of the integral involved demands the full spatio-temporal specification
of the intra and extracellular potentials at the membrane of the full length of fiber. Such data is generally not available.
One of the more interesting applications of simplified fiber models is as follows. We assume:

. Fiber length to be much greater than the electrode to fiber distance;
. The approximation σiΦi ≫ σeΦe to be justified, and henceMS(ℓ) = −(σiΦi(ℓ) − σeΦe(ℓ)) ≈ −σiVm(ℓ);
. A transmembrane potential that propagates along the fiber at constant velocity v.

The assumption of constant velocity implies that the time course of the transmembrane potential is identical for all points
along the fiber, although exhibiting its upstroke at increasingly later time instances for locations more to the right. At
location ℓ along the fiber, this function is denoted as Vm(ℓ, t). At time instant t during propagation, the corresponding
expression for the transmembrane potential as a function of space (along the fiber) then reads

Vm(ℓ; t) = Ṽm(t − ℓ/v), (.)

substitution ofMS(ℓ, t) = −σi Ṽm(t − ℓ/v) in (.) yields

Φ(ℓ′; t) = −σi
πσe ∫ ∞

−∞
∂Ṽm(t − ℓ/v)

∂ℓ
Ω(ℓ′ − ℓ) dℓ (.)

Finally, by introducing τ as τ = ℓ
v , which invokes a change of variables, we find

Φ(ℓ′; t) = σi
πσe ∫ ∞

−∞
∂Ṽm(t − τ)

∂τ
Ω(ℓ′ − vτ) dτ (.)

For fixed observation points, ℓ′, the integral in (.) can be recognized as the convolution, in the temporal domain,
of the first derivative of Ṽm(t − τ) representing the source and a weighting function Ω(ℓ′ − v τ) representing the
volume conduction effects in the temporal domain. As is discussed in > Sect. .., an equivalent expression can be
formulated in terms of the convolution of the second derivative of Ṽm(t − τ) and the function /R(ℓ′ − v τ). An early
paper on this topic claimed just the second type of source description to be the correct one []. However, both can be
justified.

A graphical illustration of the result expressed by (.) is shown in > Fig. .. Panel A depicts the time course of a
stylized transmembrane potential (TMP), the function Ṽm(t). The activation propagates along a fiber with radius a =
.mm at velocity v = .m/s. For the duration of the action potential shown (APD), about ms, the instantaneous,
spatial extent of the TMP is mm.TheTMP function shown is the product of two logistic functions, one representing the
fast depolarization phase and the other the repolarization phase []. The maximum slopes of the logistic functions were
set at  and −mV/ms, respectively. The corresponding duration of the upstroke of the TMP is about ms. The solid
line depicts the derivative of Ṽm(t).The right panel shows the function Ω(τ) for observation point (ℓ′ = , ρ′ = a) on the
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Simulated electrograms based on (.). Panel A: dotted line: stylized transmembrane potential Ṽm(t), vertical scale in mV;

solid line: its derivative; panel B: dotted line: solid angle functionΩ(τ−τ′) for field point on the fiber, ρ′ = a =.mm (dotted

line) and at distance ρ′ =  a = mm (solid line); note its extreme values of ±π; panel C: corresponding electrograms; dotted

line: at field point ρ′ = a, solid line: at ρ′ =  a; vertical scale in mV.

outside of the membrane, as well as for (ℓ′ = , ρ′ =  a). The lower panel shows the electrograms at ℓ =  resulting from
the convolution of ∂Ṽm(t−τ)

∂τ with the two functions shown in Panel B.The ratio σi/σe, the parameter scaling themagnitude
of the electrograms, was set at .. All parameter settings were aimed at endowing the illustration in > Fig. . of some
general aspects of the genesis of electrograms. Note that for an APD of ms of a TMP traveling at a transmural velocity
of .m/s (ventricular myocardium) the spatial extent of the TMP would be  cm.

Inspection of (.) and the resulting wave forms (> Fig. .) leads to the following conclusions, all valid within the
limitations of the assumptions listed in the first part of this section.

. The equivalent source strength of a propagatitng TMP is proportional to the derivative of the TMP. As a consequence,
the mean level of the TMP does not influence the electrograms.

. For field points with ρ′ = a (on the outside of the membrane) the solid angle function (SA) exhibits a jump of  π,
independent of the fiber radius. As a consequence, the magnitude of the electrogram at that location is independent
of the radius of the fiber.

. The duration (e.g., its half-width w) of the SA curve for ρ′ = a (dotted line in > Fig. ., Panel B), is proportional
to a/v.
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. If the upstroke of the TMP takes far less time than the half-width w of the SA curve, as is the case in > Fig. ., the
shape of the solid angle curve dominates the wave form of the fast deflection in the electrogram.

. For distal field points the amplitude of the SA curve is proportional to a/ρ′.
. For field points (ℓ′, ρ′) on the line parallel to the fiber for which ℓ′ ≫ ρ′, the solid angle subtended by a cross-

section of the fiber at ℓ =  is approximately equal to 
a

/(ℓ′ + ρ′) ≈ π a/ℓ′. Since this value is independent
of ρ′ the two curves shown in Panel B merge beyond, say, ∣t∣ = ms. As a consequence, the magnitudes as well
as wave forms of the two signals shown in Panel C are very similar during repolarization. See also point (d) of
> Sect. ...

.. Estimating Sources from Electrogramsyh

Themodel of the genesis of an electrogram discussed in> Sect. .. assumes a uniform potential profile that propagates
at a uniform velocity along an infinite fiber placed in an infinite medium.The fiber is taken to have a uniform diameter.

The validation of this model requires a documentation of all relevant parameters such as: () fiber diameter, () prop-
agation velocity along the fiber, () the transmembrane potential at all points along the fiber, () values for the intra and
extracellular conductivity of the fiber, assumed to be uniform along the fiber.Moreover, the fact that the fiber (necessarily)
is of finite length and that the medium in which it is situated is finite needs to be accounted for. The latter necessitates the
use of a well-defined potential reference (> Sect. ..).

If all modeling assumptions do not strictly hold true, the more general expression of (.) should be used as the source
term, supported by the handling of the volume conduction effects by methods like the ones discussed in > Chap. .

. Macroscopic Source Descriptions During Depolarization

Equation (.) may be applied to the description of potentials arising from the fibers of the conduction system. The
application of (.) and its consequence (.), for describing the potential distribution arising from the electrical activity
of the muscle cells of the myocardium is not possible: the cells are too short to justify the assumptions used in deriving
these equations. Moreover, the external medium in the direct vicinity of the cell is not homogeneous, but is formed by all
neighboring cells, some of which are in direct contact with the cell considered (> Chap. ). Any attempt to account for
all details of the possible interactions between these cells in terms of their intrinsic generator characteristics and of the
volume conduction configuration is not feasible.

To circumvent this problem, a source description can be usedwhich is derived from the observedmacroscopic poten-
tial distribution within the ventricular myocardium, the sole object of which is to serve as a source description for the
genesis of the potentials at the body surface (the ECG). Over the years, several such source descriptions have been put
forward. The best known of these is that of the uniform double layer (UDL), first implied in the work of Wilson et al. [].

Following a local stimulus in themyocardium, the cells in the direct vicinity of the stimulus are activated.The interiors
of these cells are coupled through several low-resistive connections to neighboring cells. As a result, these cells are acti-
vated as well and in turn activate their (previously passive) direct neighbors. At a macroscopic level, this can be described
in terms of an activation boundary which propagates like a wavefront through the myocardium.

As discussed in > Sect. .., the UDL theory postulates a double-layer current of uniform strength at the surface
separating myocytes that are depolarized and those that still at rest, i.e., polarized: the activation wavefront. Following
an initiation of the activation at one or more sites, one or more wavefronts propagate throughout the myocardium and,
barring early repolarization, the UDL sources form the major generator of the currents during this period, which ends
when all myocytes have been activated.

For many years, the UDL model has served to explain in a qualitative way the shapes of the various ECG waveforms
during the depolarization phase of the ventricles [, ]. In later years its validity has been questioned, as is discussed in
> Sect. ....This has triggered off the search for alternative source descriptions inwhich the anisotropy of the generator
characteristics and of the conductivity of the medium in which these generators are situated is incorporated at different
levels of complexity. As a result of the difficulty in the analysis of these problems, some of the attemptshave been restricted
to the analysis of monolayers of cardiac cells []. There have been some attempts at deriving a description for the full



  Macroscopic Source Descriptions

three-dimensional source configuration which might serve to replace, or improve on, the uniform double layer. Three
such alternative source descriptions are described in > Sect. Section .. But first, to appreciate to what extent these
predictions differ from those based on the UDL, the properties of the UDL are discussed in detail. As it is the most simple
source description, this also makes it suitable for introducing the concepts involved.

The analysis of the potentials generated by the UDL source is based on a series of models of source extent and volume
conductors with step-wise increasing complexity.

.. Potentials Generated by Basic Wavefront Geometries Carrying a UDL Source

In this classic UDL source description, the sources are assumed to be of a (current) dipolar nature: each surface element
ΔS of the activation wave front is assumed to carry an elementary dipole of strength ΔD⃗ = MSΔS⃗, which is directed
towards the myocytes still at rest.The strengthMS of this dipole layer is assumed to be uniform over the entire activation
boundary.We start by considering the situationwith the source placed inside an infinitemedium, and taking the reference
potential at infinity to be zero. As shown in > Sect. .. the source yields a potential field

Φ(r⃗′) = MS

σ
Ω
π

,

for which we now write

Φ(r⃗′) = MS

σ
Ω
π

= VD
Ω
π

(.)

The variable VD is the potential difference across the double layer (compare (.)) and Ω is the solid angle subtended by
the wave front at the observation point (compare (.)). Throughout this section the value VD = mV is used, a value
that was based on intramural recordings of the canine ventricle, as is discussed in > Sect. ....

The simplicity of (.) is partly the reason for its popularity as a source description. The potentials predicted by this
source description will now be shown in some illustrative cases, which differ only with respect to the shape and extent of
the double layer.

... A Circular Disk

We first consider the potential field of a double layer that has the shape of a flat circular disk of radius R (> Fig. .(a)).
This configuration was introduced for studying basic membrane properties as early as  byWilson et al. [], who also
described the solution.

The solid angle subtended by the disk at a field point on the x-axis is given by (.). Inserting this expression into
(.) yields as the potential distribution (potential profile) along the x-axis

Φ(x) = 

VD ( x∣x∣ − x√

x + R
) =  (± − cos α) (mV) (.)

with α the top angle of the cone specified by the observation point (x, , ) as its top and the passing through the rim of
the disk. A plot of this potential profile, expressed in units VD , for R =  is shown in > Fig. . (right panel). Note the
potential jump of magnitude VD when crossing the disk at x = .

... A Hemisphere

Next we consider a double layer having the shape of a hemispherical shell of radius R (> Fig. . (left panel)). This is
the simplest possible equivalent model for the source strength of a wavefront inside a myocardial layer (bounded by the
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Left: Double layer having the shape of a disk of radius R viewed by the eye drawn at field point x⃗; right: resulting potential

profile along the x-axis according to (.), expressed in units VD = mV; R = , x and R in the same arbitrary unit.
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Left: Double layer having the shape of a hemispherical shell of radius R = ; right: resulting potential profile along the x-axis
according to (.), expressed in units VD = mV; x and R are expressed in the same, arbitrary unit.

plane x = ) that has progressed in radial fashion following a stimulus at x = . The potential field follows, again, from
the solid angle subtended by the hemisphere. To this end, we consider two disks with radius R that close the hemisphere,
carrying the same strengths as that of the hemisphere, but with opposite polarity. One of these disks combined with
the sources on the hemisphere form a closed double layer, which has a zero external field (> Sect. ..). The potential
exterior to the closed source configuration is, hence, identical to the field of the remaining disk. For interior field points
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this also holds true, but here the solid angle of the closed hemispherical shell is − π (> Sect. ..). As a consequence,
we now have

Φ(x) = 

VD ( x − R∣x − R∣ − x√

x + R
) , (.)

this potential profile is depicted in > Fig. . (right panel).
A comparison of (.) and (.) leads to an interesting interpretation.The first terms, 

 VD
x
∣x∣ in (.) and


 VD

x−R
∣x−R∣

in (.), describe the potential jump while crossing the double layer, reflecting its local strength. The second term,− 
 VD

x√
x+R , describes the global properties of the double layer, i.e., its spatial extent, which is completely specified

by the surface closing the hemisphere. For the hemisphere the jump in the potentials by VD now occurs at x = R, starting
from the level of − 

 VD ( + /√). An initial oversight in the need for inclusion of the first term in (.), as can be
observed in [], initiated a discussion on the validity of this type of equivalent source description.

No simple expression is available for evaluating the potential field off-axis. However, numerical methods are available.
A particularly effective method is the one in which the surface involved is tessellated by triangular elements. The solid
angle is found by adding up the solid angles of these elements, each computed by means of an analytical expression [].
This method can be used for double layers having an arbitrary shape. It was used to draw > Fig. ., which depicts the
potential field for the source configuration shown in the left panel of > Fig. . in the plane y = .
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⊡ Figure .

Potential field in the plane y =  generated by the hemispherical double layer shown in > Fig. .. Isopotential lines drawn

at VD/ = mV intervals; the heavy solid line is the cross-section of the plane with the double layer. Potentials to the

right of the double layer are positive, elsewhere they are negative. The potential profile along x-axis is shown in the right

panel of> Fig. .. Position of absolute minimum of −.mV indicated by an asterisk; maxima of .mV near the edge of

the hemisphere.
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Left: Double layer having the shape of a de-capped hemisphere of radius R; right: the resulting potential profile along the

x-axis according to (.), expressed in units VD = mV; R = .; D = ; x, R and D expressed in the same arbitrary unit.

... A De-Capped Hemisphere

Here the sources are again on a hemisphere of radius R but now the top has been lifted, leaving a layer of width D (.
(left panel)).This models a similar situation to the one described in the previous subsection, but now at the – later – stage
where the wavefront has broken up at a boundary of the myocardium. The potential distribution in this case is easily
found (using the superposition principle) by subtracting the potentials arising from the cap from those described for
Case . The potentials from the cap are identical to those of hypothetical double layer sources on a disk with a radius
Rc = √

R +D closing the cap. For points on the x-axis the potential thus reads

Φ(x) = 

VD

⎛⎝ x −D√(x −D) + R
c
− x√

x + R

⎞⎠ (.)

This potential profile is shown in the right panel of > Fig. .. Note that the x-axis here does not cross the actual double
layer, and so no potential jump of magnitude VD comes into view along this axis.

... A Dispersed Double Layer

The equivalent source double associated with ventricular depolarization is not a double layer in the mathematical sense
described in > Sect. ... When crossing the wavefront the successive myocytes passed are at different stages of depo-
larization. As a consequence, the equivalent sources and sinks of electric current are spread out along the normal of the
activation boundary and extend over a distance of the order of mm, the length of about ten myocytes. The potential
profile across the activation boundary shows a smooth, S-shaped curve rather than the jump that is seen in > Fig. ..
For the purpose of modeling this local property of the potential profile different functions may be used. Here we will use
the simple expression

S(x) = x√
x + w

,
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Plot of S(x), as well as its first derivative and its second derivative (shown negative); w = mm.

with w (of the order of mm) specifying the distance of the current source distribution along the normal of the activation
boundary. This function is merely an empirical function, chosen to represent the dispersed nature of the sources; it will
now be taken to represent the local properties of the double layer and so it can replace the term x

∣x∣ in (.).This function
is depicted in > Fig. ., S(x), as well as the plots of its first and second derivative with respect to x.

In those cases where the local curvature of the activation surface is small, or zero in the case of a planar wavefront, the
second derivative can be interpreted as representing the current-source volume density along the normal to the wavefront.
In that case, but in that case only, Poisson’s equation (> Sect. ...),

∇Φ = −iv
σ

,

with iv the current source volume density (units: A m) impressed by the biochemical processes at the membranes and

∇Φ = ∂Φ
∂x

+ ∂Φ
∂y

+ ∂Φ
∂z

,

can be approximated as

∇Φ ≈ dΦ
dx

= −iv
σ

,

the distance between the maximum (current source) and the minimum (current sink) of dS/dx for this S(x) is w. The
expression for the potential profile of the hemispherical dispersed UDL along the x-axis, replacing (.), now reads

Φ(x) = 
⎛⎝ x − R√(x − R) + w

− x√
x + R

⎞⎠ (mV), (.)

the shape of this profile is plotted in> Fig. . (solid line) in which the corresponding potential profile of the mathemat-
ical double layer (> Fig. . (right panel)) is also drawn (dashed line). Note that the distal profile is not affected by the
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Potential (in units: VD = mV) along the x-axis (units: cm) of a hemisphere, like in > Fig. ., but now carrying a dispersed

double layer (solid line);w = mm, R =  cm. The dashed line replicates the potential generated by the mathematical double

layer (> Fig. . (right panel)).

distributed nature of the sources.The difference between the maximum andminimum of the potential profile is reduced.
This means that if this difference were taken as an estimate of VD (as has been done), it would be an underestimation; the
wider the sources are spread out, that is the larger w, the greater the underestimation will be.

.. Potentials Generated by the UDL at a PropagatingWavefront

The setting of the UDL source used in the previous section implies planar boundaries of the myocardium at the endo-
cardium and the epicardium. We now consider the more realistic configuration of uniform myocardial tissue contained
in a thick-walled spherical shell. Based on this model, electrograms and potential profiles generated by the UDL source
are illustrated, resulting from the propagation of wavefronts initiated at either an endocardial or an epicardial site. The
velocity of the propagation is put at a uniform value of m/s. The wavefronts shown correspond to the traveling time
from stimulus point while propagating through the myocardium (Huygens principle). The sequences of the resulting
wavefronts are shown in > Fig. .. Note that in the right panel the direction of the total wavefront reverses after about
ms; the terminal wave fronts resulting from the endocardial and the epicardial stimulus site are highly similar.

We now consider a selection of potentials generated by the sequence of activation wavefronts shown in > Fig. ..
The double-layer strength VD is put at mV.The stimulus is at time t = ms. The field points involved are documented
in > Fig. .. Owing to the axial symmetry of the problem, the field points situated in the plane of > Fig. . suffice.
The field points chosen are A()–A() on the endocardium; B()–B() on the epicardium and a series of  points along
straight lines from the center of the sphere passing through the wall. Such field points are similar to those at intramural
electrode arrays used in electrophysiological studies, also known as “plunge” electrodes [].

... InfiniteMedium Potentials

We start by examining the infinite medium potentials generated by the sequence of activation wavefronts shown in
> Fig. ., i.e., the potentials are generated assuming the electric conductivity of the entire, infinite medium to be
uniform.
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⊡ Figure .

Activationwavefronts inside a thick-walled spherical shellmodel ofmyocardial tissue, drawn in the plane symmetry, resulting

from a single, local stimulus. Left panel: endocardial stimulus; right panel: epicardial stimulus. Arrows indicate stimulus sites.

Isochrones drawn at .ms intervals. Assumed uniform propagation velocity of m/s. Radius of outer sphere (epicardium)

 cm; radius of inner sphere (endocardium) . cm. Total duration of the propagation . and .ms for endocardial and

epicardial stimulus sites, respectively.

A2

A3

K

B2

B4

L

CM

⊡ Figure .

Locations of epicardial field points (a), endocardial field points (b), field points at needle electrodes (K,L,M) and one at the

center of the spherical shell (c). Note that the needle electrodes include field points external to the wall, one just inside the

cavity and another one just outside the wall.  epicardial and  endocardial field points are labeled anti-clockwise;  points

along the needle electrodes are labeled inside outward. Stimulus sites as used in > Fig. . are along needle K.

In > Fig. . a sequence of the potential profiles along the line from center C to the line K (> Fig. .). Time
instants shown, at ms intervals, correspond to the initial stages of the propagating UDL front.The dotted lines represent
the infinite medium potentials. The left panel relates to an endocardial stimulus, in the right panel to a stimulus at the
epicardium. Note that, in both situations, the potential jump at the wavefront remains constant right up to the moment



Macroscopic Source Descriptions  

2

6

10

14

18

0 1 2 3 4

2

6

10

14

18

0 1 2 3 4

⊡ Figure .

Sequence of potential profiles along a line from center C passing through line K shown in > Fig. .. Time instants shown,

at ms intervals, are selected during the initial stages of the propagating UDL front. Dotted lines: infinite homogeneous

medium; solid lines: potentials in the presence of higher conductivity inside the cavity. Left: stimulus at endocardial electrode

of needle K; right: stimulus at epicardial electrode of needle K. Distance along horizontal axis in cm. The heavy lines along the

horizontal axes mark the location of electrode K, as well as the zero level of individual potential profiles. Potential reference

is at infinity. Vertical spacing of the profiles corresponds to mV, thus calibrating the potential. Figures next to the profiles

denote the time from stimulus in ms.

of breakthrough of the wavefront. Following that moment, the sharp jump in the potential is no longer present, and the
profiles (not shown) become increasingly flat with time. Note that these potential profiles imply a common reference for
the potential specified at all field points considered. Here, in the infinite mediummodel used, the zero reference was set
at infinity.

Traditionally, intramural electrograms have been recorded and studied rather than the transmural potential profiles
shown in> Fig. .. To facilitate a direct comparison between predicted and recorded potentials, the results of the same
computations are now shown as electrograms at the field points specified in > Fig. .. The electrograms simulated at
the  terminals of the intramural electrode K shown in > Fig. ., are presented by the dotted lines in > Fig. .. The
electrograms at the  endocardial field points B and  epicardial field points A are shown in > Figs. . and > .,
respectively. Note, by comparing > Fig. . with > Figs. . and > ., that the magnitude of potential jump at field
points at the boundary of the myocardium is mV, i.e., one half that of the valueVD(= mV) at intramural field points.
Interestingly, the progression of electrogram wave forms along the epicardium in the right panel of > Fig. . is from
the rS to the Rs configuration of standard electrocardiographic terminology.

... The Effect of Inhomogeneous Conductivity; the Brody Effect

The electric conductivity of blood is higher than that of the isotropic representation of myocardial tissue.The effect of this
on the potential field is generally known as the Brody effect []. To evaluate its significance for the UDL source model, all
potentials arising from the propagating wavefronts shown in>Fig. . were also computed for the situation that the con-
ductivity of the inner sphere, representing a blood-filled cavity, is threefold that of the (infinite) medium around it. The
results are presented by the solid lines in > Figs. .–., alongside those pertaining to the homogeneous situation, the
dotted lines.The computations involvedwere carried out bymeans of the boundary elementmethod (BEM),>Sect. ...
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Electrograms at electrodes – of intra-mural electrode K indicated in> Fig. .. Potential reference at infinity. Dotted lines:

infinite homogeneous medium; solid lines: potentials in the presence of higher conductivity inside the cavity. Left: stimulus

at endocardial electrode of needle K; right: stimulus at epicardial electrode of needle K. Time bar ms. Vertical spacing of

the profiles corresponds to mV, and calibrates the potential.

In > Fig. . the effect can be seen most clearly at the endocardial field point. In the potential profile a discontinu-
ity in its slope can be observed at this location. The value of this slope multiplied by the local conductivity is equal to
the current density Jn(Am−) normal to the boundary. This density is continuous across any boundary (.), so
where the conductivity is large the slope should be small, as is indeed observed. On the profiles, the discontinuity is
marked by the + sign. On the endocardium the higher conductivity reduces the potential jump of mV over the wave-
front as found for the homogeneous situation by a factor of , as expected on the basis of the conductivity ratio at the
interface (> Sect. .). This leaves mV as the theoretical maximum jump that can be expected for VD = mV. Inside
themyocardium, the potential jumpat thewavefront is unaffected by the inhomogeneity, as can be expected from theUDL
model. The inhomogeneity does affect the level at which the jump takes place. On the epicardium the reduction factor
for the passing (but not crossing) wavefront is less than , which can be explained by a larger distance from the inhomo-
geneous region. For the more realistic situation of dispersed sources at the wavefront, as discussed in > Sect. ..., the
potential gradients at the wavefront set up by the global distribution of the sources interact with the local gradients.

In> Sect. . it is shown that the effect of local discontinuities in the conductivity may be described by virtual sources
at the interfaces where the conductivity occurs. For field points that are relatively far away from such interfaces, the
effect of the local gradient of the potential field is mainly limited to the setting of the overall level of the local potential.
This explains the relatively minor effect of the inhomogeneous cavity on the early profiles shown in the right panel of
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Electrograms along endocardium; field points B–B indicated in> Fig. .. Potential reference at infinity. Dotted lines: infi-

nite homogeneous medium; solid lines: potentials in the presence of higher conductivity inside the cavity. Left: stimulus at

endocardial electrode of needle K; right: stimulus at epicardial electrode of needle K. Time bar ms. Vertical spacing of the

profiles corresponds to mV, andcalibrates thepotential.Note thatscalingdiffersbya factor  fromwhat isused in> Fig. ..

> Fig. ., as well as on the electrograms shown in > Figs. . and > .. An overall evaluation of the Brody effect on
the potential field confirms its significance, but also that it can not be represented by a single scaling factor [].

... Bounding the Medium; the Influence of the Reference

The expression of the cardiac electric activity is invariably observed in a bounded medium, be it the thorax or some
fluid-filled container used during in vitro experiments.

In both circumstances the effect of these bounds may be limited, mainly restricted to setting the overall level of the
potential field, similar to what is described in the previous section with regard to the Brody effect.
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Electrograms along epicardium; field points A–A indicated in > Fig. .. Potential reference at infinity. Dotted lines: infi-

nite homogeneous medium; solid lines: potentials in the presence of higher conductivity inside the cavity. Left: stimulus at

endocardial electrode of needle K; right: stimulus at epicardial electrode of needle K. Time bar ms. Vertical spacing of the

profiles corresponds to mV, and calibrates the potential. Note that scaling differs by a factor  from plots in> Fig. .. The

epicardium in the rightpanelof >Fig. . is fromthe rS to theRsconfigurationof standardelectrocardiographic terminology.

Of greater significance is the fact that one of the two the electrodes essential for measuring potential differences,
commonly called the reference electrode, can no longer be set at infinity (> Sect. ..). If the dimension of themyocardial
tissue is small compared to that of the volume conductor (thorax, container) holding it, the potential gradients set up at
the boundary by the electric sources will be small relative to those close to the tissue, the ones as picked up by the sensing
electrode. This will cause the observed potential differences between sensing electrode and reference electrode to be
largely independent of the location of the reference on the boundary. However, the dimensions of the heart relative to
its distance from the torso boundary cannot taken to be small, and so the selection of any reference will influence the
observed ECG wave forms. The same applies to potential differences observed between a micro electrode placed inside
a cell and a reference electrode placed nearby. The location of the latter may greatly influence the magnitudes and wave
forms of the observed potential differences.
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⊡ Figure .

Electrograms at field point C, the center of the spheres indicated in > Fig. .. Superposition of infinite medium potentials

and potential includingBrody effect. Left: stimulus at endocardial electrode of needle K; right: stimulus at epicardial electrode

of needle K.

To illustrate this point, first, in > Fig. ., electrograms at field point C of > Fig. . are shown. This location is
similar to the cavity reference used in some of the early mapping of cardiac electric activity. The electrograms shown are
those inside the infinite homogeneous medium, and superimposed those including the Brody effect at this field point.
The timing of the wavefronts is shown in > Fig. .. Note that for the source configuration considered, the magnitude of
the electrograms is about one fifth of the assumed double-layer strength VD(= mV), and that the effect of the higher
conductivity of blood at the center of the sphere is very small. The initial positivity following the epicardial stimulus
reflects the initial orientation of the total wavefront in D space toward C (right panel > Fig. .) having, correspond-
ingly, the total solid angle of the wavefront is positive. After about ms point C views the rear of the wavefront only
(negative total solid angle). Following the endocardial stimulus, field point C views the rear exclusively. This indicates
that the predominant negativity as observed experimentally may be explained by the solid angle theory, in combination
with the predominantly convex geometry of the myocardium.

Next, in > Fig. ., the effect for the inhomogeneous situation (Brody effect) is illustrated that result if the potential
at field point C is used as the reference. The comparison is documented for the endocardial stimulus, for which the
electrograms based on the infinite medium reference are shown by the solid lines in the left panels of > Figs. .
and> .. In> Fig. . these results are reproduced, with superimposed (dashed lines) the corresponding electrograms
based on taking the potential at field point C as the reference. Since the infinite medium potentials at the endocardium
have magnitudes that are similar, the effect of using the reference at C can be seen more clearly in the endocardial
signals.

... Discussion

Themodel study presented in the previous sub-sections permits the analysis of the fields generated by the UDLmodel in
isolation of a multitude of unknown, or poorly specifiable factors affecting the data observed during electrophysiological
measurements.

All potential profiles and electrograms shown in the previous sub-sections are based on the simple model of UDL
source, isotropic electric conductivity, and a Huygens type of propagation assuming uniform velocity. In spite of this,
a wide variety of wave forms can be observed. The qualitative nature of the signals corresponds well to experimental
observations. Being based on the UDL source at propagating wavefronts, all effects of ongoing repolarization effects were
excluded, which resulted in a return to baseline at the termination of propagation for all signals. Any decay towards the
baseline, hence, relate to depolarization currents only, with details of the decay being related to the time course of the
total solid angle of the wavefront subtended at the field point; sharp deflections signify a passing wavefront.
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Electrograms in the presence of the Brody effect, following an endocardial stimulus. Solid lines: potential reference at infinity;

dashed lines: reference at the center of the spheres (field point C). Left: endocardial field points B–B; right: epicardial field

points A–B. Time bar ms; vertical spacing of the profiles corresponds to mV, and calibrates the potential.

The simulated signals at the needles L and M demonstrated a regular, gradual progression of the wave forms along
the needles between those documented for the endocardial side and the epicardial side. For needle L, all fast down slopes
occurred almost simultaneously, in agreement with the isochrones shown in > Fig. .. Without the full knowledge of
the position of these wavefronts, any interpretation of the observed data may easily lead to incorrect interpretations of
such data.

The relevance of the potential at the reference electrode can be seen to be quite significant. A different location of the
reference than that of C shown in > Fig. . yields different effects than those visible in, e.g., > Fig. ..

Initially, electrophysiological studies relied on data presented in the form of electrograms. The study discussed in
> Sect. ... introduced the method of studying potential profiles along the intra mural electrodes. More recently,
mapping the potentials transmural potential field or potential fields on the heart surface have been used, as shown,
e.g., in [, ]. These methods are complementary, and form essential tools in the understanding of the complex
spatio-temporal nature of the electric activity of the heart.

.. Electrophysiology Based UDL Parameters

The validation of any source model entails a comparison of the potentials (potential differences) generated by the model
and those observed experimentally. As is discussed in > Sect. .. for the single fiber, this demands the matching of the
complexity of the experimental setup and those used in the computations. In the case of the sourcemodeling of the entire
heart, this requirement cannot easily be fulfilled. Below, experimentally observed potentials are interpreted in terms of
the UDL model.
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... Potentials Recorded Inside the Canine Myocardium

Thepotentials along a linear multi-terminal intramural electrode array (IME; plunge electrode), following an endocardial
stimulus, have been recorded in the free part of the canine left ventricular wall []. The electric properties of the canine
myocardium have been shown to be comparable to that of the humanmyocardium.The animals were anesthesized using
mg Nembutal per kg body mass. Respiration was maintained artificially through tracheal intubation. The thorax was
opened by median sternotomy. Following the insertion of the IMEs, different series of recordings were made. In some of
these, the part of the ventricular myocardium studied was exposed to air, in other ones the thorax was closed as tightly as
possible, while filling up any remaining gaps with a fluid having approximately the same electric conductivity as themean
conductivity of body tissues [].The results shown in this section pertain to the latter configuration. The diameter of the
IME was mm, as was the inter-electrode distance. The IME was surrounded by four other IMEs, inserted into the wall
at distances of about  cm from the central one. The simultaneously recorded potentials at these flanking IMEs served
as a check on the nature of the propagation along the central IME. In particular, the possible involvement of activity
initiated by the Purkinje fibres needed to be ruled out. The potentials along the central IME are shown in > Fig. .. In
the left column electrograms are shown that were recorded with respect to a common reference at the aortic root. Such
signals with a common reference are commonly, but incorrectly, referred to as unipolar leads, one of themany unfortunate
misnomers in the field of electrocardiography.

Evaluation

The electrograms can be compared with the simulations as depicted in the left panel of > Fig. .. However, note that,
inevitably, the simulated potentials have a different common reference. The middle column depicts the corresponding
bipolar signals: the potential differences observed between pairs of successive electrodes along the IME: the potential at
any electrodeminus that of its neighbor situated closer to the cavity.The right columndepicts the corresponding sequence
of recorded transmural potential profiles at successive time instants; time increases from top to bottom. These can be
compared to the simulated profiles shown in the left panel of> Fig. ..The discontinuity of the slope at the endocardial
electrode, resulting from the Brody effect, can be clearly seen, in particular for time instances between  and ms.

The electrograms measured inside the ventricular wall following the stimulus artifact, shown in the left column of
>Fig. ., display the progression of a negative deflection, which passes along at uniform velocity, consistent with condi-
tions used in generatingmodel signals (> Fig. .).Themagnitude of the down slope of the experimental data is uniform
along the IME. The same conclusion can be drawn from the bipolar signals and potential profiles shown in > Fig. ..

In the full report on this study [] it was reported that the same qualitative correspondence between potentials
observed experimentally and those based on the UDL source was observed for potentials during spontaneous activity
sinus beat in the free wall of the left ventricle. In that situation, the potentials observed at the flanking IMEs revealed a
more planar nature of the wavefront, traveling transmurally from endocardium to epicardium. No significantly different
details were observed in the profile for mid-myocardial locations of the wavefront compared to locations close to either
endocardium or epicardium. Other observed signals and profiles, such as following an epicardial stimulus, transmural
data in the septum and in the right ventricular free wall, could be described well on the basis of the UDL source.This was
taken as a justification of the use of this source model.

The exampled shown in > Figs. .–. all relate to an axial symmetric distribution of the sources, the axis being,
e.g., the line through needles K andM in > Fig. .. If anisotropic propagation is involved any of the circular configura-
tion, like the one shown in > Fig. . the on an elliptical shape.The potential profiles along the axis, like the one shown
in > Fig. ., are different, but only in a minor way, even if the ratio of the longest and the shortest axes of the ellipse is a
high as .

... Parameters of the UDL Source Estimated fromMeasured Potentials

Based on the experimentally observed transmural potential profiles described in > Sect. ..., the parameters VD and
w of the UDL have been estimated.These were found to be of the order VD = mV and w = .mm.
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⊡ Figure .

Potentialsmeasured insidecanineventricularmyocardiumfollowingendocardial stimulation. The leftcolumnshowscommon

reference electrograms and bipolar electrograms, respectively. The right columndepicts the corresponding potential profiles

along mm spaced electrodes along an IME at the time instants indicated on the right. The stimulus site on the electrode is

indicated; the stimulus is delivered at t = ms. The abscissae of the left and middle columns are marked at ms/div; those

in the right column are marked at mm/div. IVC denotes intra ventricular cavity.
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The observed value ofw indicates (using the observed transmural propagation velocity of .m s−) that the duration
of the passage of the depolarization phase of the dispersed sources across the wavefront is of the order of

t ≅ w
v

= . × −

.
= . ms,

the associated dipole surface density (.) was computed by taking some realistic value for the overall macroscopic
conductivity of the cardiac tissue. Taking σ = . Sm−, it follows thatMS = σVD = . × − Am− .

The electric field strength, E = −dΦ/dx, along the profile can be derived from (.) as

E(x) = − 

VD

⎛⎝ w

((x − R) +w)/ − R

(x + R)/ ⎞⎠ ,

at the activation boundary x = R the field strength has a maximum value of

Emax = − 

VD ( 

w
− 

R
) ,

if R >> w this results in Emax = V m−. The condition stated, R >> w, illustrates the interaction of the local and the
global properties of the source. Only for a planar front were (R = ∞) does the second derivative along the axis of the
potential profile exclusively represent the local macroscopic source properties. For wave fronts set up just following a
stimulus, its apparent strength is smaller than its actual strength.

For the associated impressed current density, J = σE, its maximum value can now be estimated as

Jmax ≅ −. Am−,
the impressed macroscopic current source volume density iv can be estimated in the approximation (R >> w)

∇Φ ≅ dΦ
dx

= −iv
σ

,

the maximum value of iv occurs at x = /w (> Fig. .), for which

iv;max = . σ VD

w ≅ . × Am−,

the above are gross overall estimates of the various ways in which the macroscopic cardiac sources can be specified by
physical parameters. They are interrelated by the assumed potential distribution of the dispersed uniform double layers
(.). They characterize the in situ situation of intact, healthy cardiac tissue during an activation sequence which is
predominantly transmural. During spontaneous ventricular activation, the main activation sequence at the free wall of
the left ventricle is from endocardium to epicardium (> Chap. ). The UDL source during such an activation sequence
can be quantified by the parameter values described in this sub-section.

.. Validity of the UDL Source Model

The validation (i.e., non-falsification) of any source model entails a comparison of the potentials (potential differences)
generated by the model and those observed experimentally. This demands the matching of the complexity of the experi-
mental setup and that used in the computations. Even for the single fiber, as is discussed in> Sect. .., this requirement
cannot easily be fulfilled, and even less for the source modeling of the entire heart, this.

For many years the uniform double-layer model has served to explain in a qualitative fashion the potentials recorded
at the body surface.The most thorough presentation of its potential for this qualitative description was given by Holland
and Arnsdorf [].
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In several quantitative studies, involving approaches to the “forward problem of electrocardiography” (> Chap. ),
the implied cellular model for healthy cardiac tissue is that of the uniform double layer [, ]. The results described
in > Sects. .. and > .. also suggest that the uniform double layer describes the macroscopic potentials inside
the ventricular wall during a transmural activation sequence in healthy myocardium quite well. However, several other
studies have led to severe criticisms about the validity of the uniform double layer [], in particular in view of the well-
established anisotropic nature of the electric properties of myocardial tissue. These studies gave rise to the formulation
of several alternative models, which are necessarily more complex in nature. A discussion on the use of the UDL model
was described in []. The main arguments exposed in that paper are as described in > Sect. .... Throughout, the
essentially anisotropic nature of myocardial tissue [, ] needs to be kept in mind.

... The UDLModel Criticized

The critique on the UDL was initiated by a group that had previously been advocating its use []. In a report published
in  [] it was shown forward computations based on the UDL and on the observed activation data failed to produce
potentials comparable to those observed on the surface of a cylinder containing a conducting fluid into which a canine
heart was submerged. The possibility that this might be due to an insufficient accuracy of a) the recorded geometry,
b) the depolarization sequence as estimated from the spatial sampling implied in the use of the intramural electrodes,
or c) the calculations performed, was not discussed. Hence, their doubt about the validity of the UDL source model
remained. As an alternative, the axial model, described in > Sect. ., was postulated.

However, more recent studies have demonstrated a close correspondence between UDL-based forward simulations
and observations made under similar conditions []. A significant, all be it indirect, support of the UDL source model
came from a study, in which the UDL was used to estimate (inverse problem) the individual depolarization sequences of
three human subjects. These inverse computations used, separately for each subject, MRI data that specified the relevant
interfaces of regions with different conductivity. Next, the estimated depolarization sequence was used (forward problem,
> Chap. ) in a straight forward procedure, to compute the magnetocardiograms (MCG). This was done prior to the
recording of the magnetic data. Without applying any tuning or fitting procedure, the subsequently recorded MCGs
showed a great similarity with the simulated data, regarding both gross wave form morphology and their magnitude.

In , in an attempt to explain the poor simulation results, potentials inside the canine myocardium recorded by
means of a (limited) number of intramural “plunge” electrodeswere processed to represent instantaneous potential distri-
butions throughout the ventricularwall [].TheUDL“predictions”were computed in the infinitemediumapproximation
(Fig. a of []) and were found to be essentially different from the observed data. The observed field showed a gradient
across the wavefront, which the simulation did not. In a more recent publication on this point (Fig. a of []), the correct
field produced by the hemispherical UDL is shown, similar to the one originally like the one shown in [], and drawn
here as > Fig. ..

An analysis (> Sect. ..) of the alternative axial model that was proposed by the group demonstrates that this source
model also fails to produce the potential wavefronts across the wavefronts.

Additional experimental data fuelling the dispute came from the Scher group. Based on potential readings on a
restricted area of the epicardium as well as within the myocardium directly below, their data initially [, ] stressed
anisotropy. However, from a later paper [] support for the UDL can be distilled.

A major impetus for the concern regarding validity of the UDL came from an increasing insight into the anisotropic
nature of the myocardium. In a much quoted study by Clerc [] the work of Weidmann on propagation and con-
ductivities along fibers was extended to the transverse fiber situation. For the interpretation of his data Clerc used the
one-dimensional (cable) model applied to a configuration of closely packed cylinders.

His results on various conductivity values reported in the along fiber direction are in agreement with those of Weid-
mann []. For the transverse fiber direction Clerc’s interpretation of the experimental data led him to state conductivity
values, which gave rise to high values for the anisotropy ratios, the ratios of intra and extracellular conductivity.

In [], Clerc’s interpretations of his transverse fiber experimental data were criticized, as were the resulting estimates
of the various anisotropy ratios. Up until now, no complete, and completely validated set of values for the (anisotropic)
conductivities has become available []. Compare the data listed in Tables  and  of [].
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After studying the potentials recorded by Taccardi and his group at small distances from the epicardium of a dog
heart submerged in a cylindrical bath, the importance of anisotropy was stressed by Colli-Franzone et al. []. Here in
the observed epicardial potential distribution, in the region exterior to the approximately ellipsoidal depolarized region
following an epicardial stimulus, a small region of positive values were found ahead of the wavefront. The observation
was accentuated by drawing about as many isopotential lines around the small positive peak as were used for the large
negativity overlying the depolarized area. Here the effect of the conductivity of the bath, which was much lower than that
of the myocardium, creating secondary sources, may have played a part in exaggerating the apparent anisotropy.

The same phenomenon was stressed in later publications by the group []. Following an epicardial stimulus, local
maxima of about mV were observed ahead of the wavefront, whereas the depolarized region exhibited values of up to
mV.The observations were made on the epicardium in a region exposed to air. In the presence of this type of boundary
the UDL source in an otherwise homogeneous medium does not create local maxima on the boundary ahead of the
wavefront.

The results shown in > Fig. . stress the significance of the position of the reference electrode [].

... The Strength of the UDL Source Model

The above examples demonstrate the difficulty in evaluating simplified source models from observed potentials. For a
correct evaluation the full spatial extent of the source distribution and a full account of the passive conduction properties
is required. Anisotropy is an inherent property of fiber structure. It dominates the propagation of activity as well as electric
conductivity and, hence, current spread. In spite of this, theUDL sourcemodel has been shown to be a useful concept [].
A simplified argument as to why this may work is as follows. In the macroscopic approach, the local double-layer source,
with strength VD , is taken to feed currents generated at the membranes of the myocytes into the tissue. As shown in
> Sect. ..,MS = −(σiΦi − σeΦe) ≈ −σiVm.The isotropic, homogeneous mediumwith conductivity σe, and combined
with VD = MS/σe, this yields an extra-cellular potential field,

Φ(r⃗′) = VD
Ω
π

∼ σiVm

σe
Ω
π

(.)

Anisotropywill affect all of the  factors of the first fraction shown in this expression.The scalar conductivities become ten-
sors and the membrane potentialVm has to be replaced by a variable having directional properties. When the bi-domain
approach [] is applied (>Chap. ) to the problem of finding the potential field reduces to a mono-domain formulation
if an equal anisotropy ratios for intracellular and extracellular domain is assumed. Considerations with regards to cell
coupling and cell geometry support this assumption; insufficient experimental evidence has been put forward to reject
it []. The experimental values of VD = mV for the transverse fiber source strength [] and VD = mV for along
fiber source strength [] are the ones most closely corroborating the equal anisotropy ratio assumption and, indirectly,
the UDL source model.

A further explanation as to why the UDL works is the following. For the entire heart, anisotropy is not uniform,
because of the complex lining up of overlaying muscle layers of the myocardium. This tends to fudge the overall effect of
anisotropy, in particular when the potentials observed are those on the body surface.

Based on the experimental data discussed in > Sect. ..., the value for the strength of the UDL was taken to be
mV [, ]. It is in agreementwith the order of magnitude found for the fast deflection of the down slope of intramural
electrograms found in early electrophysiological studies [, ]. The analysis presented > Sect. .. shows that this
would result in a maximum value of mV, the down slope of an electrogram generated by a wavefront passing along
the epicardium in contact with a conductive mediumwith conductive properties similar to that of the myocardium.This
is similar to values observed experimentally (Fig.  of []). In the latter study the shape of the wavefront was elliptical
rather than circular as is implied in > Sect. ... On the epicardium exposed to air the potential difference across the
wavefront following from an epicardial stimulus can be expected to be of the order of mV, provided the wavefront
has not yet broken through the endocardium. On the other hand, if the myocardium is in direct contact with a medium
that has a conductivity that is higher than that of the myocardium, the potential differences are smaller. Assuming the
conductivity of blood to be threefold that of myocardial tissue, a twofold reduction can be expected, leaving about mV
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as the expected maximum amplitude of an electrogram recorded on the endocardium. This value is in agreement with
experimental observations in the ventricles as well as in the atria.

. Anisotropic/Non-Uniform Models

In the uniformdouble-layermodel, both the strength of the double layer and the conductivity of themedium inwhich this
equivalent source is located are assumed to be independent of the direction in which the cardiac fibers are aligned within
the myocardium. In reality, the elementary sources may be expected to depend, with regard to strength and in direction,
on fiber orientation.The conductivity of themedium is known to be dependent on fiber orientation; the electrical current
in passive myocardium is conducted more easily in the fiber direction than in a direction across the fibers. As a conse-
quence, at a macroscopic local level the conductivity is a tensor rather than a scalar. This means that the conductivity
should be specified by the components:

. longitudinal conductivity σℓ , the conductivity along fibers;
. transverse conductivity σt, the conductivity across fibers, in a direction perpendicular to fiber orientation, tangent to

the ventricular wall; and
. transverse conductivity σt, the conductivity in a direction perpendicular to fiber orientation as well as to the

ventricular wall.

The latter two transverse conductivities are usually assumed to be equal: σt = σt = σt.
As a consequence of fiber orientation, the elementary dipole strengths of a depolarization wavefront, the conduc-

tivity of the medium, or both may be assumed to be anisotropic and the inclusion of this aspect necessarily leads to an
anisotropic, possibly non-uniform, source model.

.. The Axial Model

The first attempt to replace the uniform double layer was described by Corbin and Scher in  []. The assumptions
of their model are as follows.

A large section of myocardium is considered in which all fibers are aligned in parallel (> Fig. .). Let ℓ⃗ be a (dimen-
sionless) unit vector in the fiber direction. All surface elements dS⃗ of a depolarization wavefront within this tissue are
assumed:

a. To carry a current dipole having a strength proportional to ℓ⃗ ● dS⃗
b. To point in the local fiber direction, toward the tissue still at rest
c. To be situated within a homogeneous tissue of isotropic conductivity

The elementary dipoles D⃗ involved can be expressed as D⃗ = p(ℓ⃗ ●dS⃗) ℓ⃗, with p the dipole surface density, which is assumed
to be uniform. Since the conductivity of the medium was taken to be homogeneous and isotropic, the potential Φ(r⃗′)
generated by an elementary dipole p dS⃗ at some observation point r⃗′ is

Φ(r⃗′) = 
πσ

p ℓ⃗ ● dS⃗ ℓ⃗ ● R⃗
R (.)

with R⃗ the vector pointing from the dipole location to the observation point, andR its length.The potential at r⃗′ generated
by all sources on the depolarization boundary S can be found by using the superposition principle, as the sum (integral)
of the contributions of all elementary dipoles:

Φ(r⃗′) = p
πσ ∫

S

ℓ⃗ ● R⃗ ℓ⃗ ● dS⃗
R (.)
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Spherical depolarized region inside the myocardium. Axial source strength is lined up exclusively with the fiber direction (z-
axis). Elementary source strength at the spherical surface proportional to the cosine of the angle between fiber direction and

the vector pointing from the center of the sphere and the observation point.

The corresponding expression for the UDL source model is (.) (see also > Sect. ...).
The axial model prescribes all elementary dipoles to point in the fiber direction. Their strength is maximal for a

wavefront propagating in the fiber direction, is zero for propagation across fibers and, in general, is proportional to the
cosine of the angle between the direction of propagation of the wavefront and local fiber direction. Note, once more, that
the conductivity of the tissue itself was taken to be the scalar, which implies an isotropic conductivity.

... Potentials Generated by the Axial Model

The potentials generated by an arbitrarily-shaped depolarization wavefront based on the axial model can be found from
(.), taking into account the particular shape of the wavefront S. In general this integral can only be solved numerically
but there is one interesting exception. When the wavefront is assumed to be a closed sphere, the integral can be solved
analytically. The resulting potential distribution can be used to assess the character of the axial model.

In [] it is shown that the potential at an observation point r⃗′ that lies at a distance R from the center of a sphere of
radius a carrying a source distribution corresponding to the axial model is

Φ(R, θ) = − p
σ

,  ≤ R < a, (.)

Φ(R, θ) = p
σ

( a
R
) ( cos θ − ) , R > a, (.)

with θ the angle between R and the fiber direction. When crossing the activation boundary at an angle θ with respect to
the fiber direction, the potential jumps by ΔV = (p cos θ)/σ , which is zero for across-fiber propagation.
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These analytical results can be compared with the corresponding results for a uniform double layer with the same
geometry, which are

Φ(R) = −VD ,  ≤ R < a, (.)

Φ(R) = , R > a, (.)

independent of θ.
The assumed source configuration can be studied experimentally by delivering an epicardial stimulus under the con-

ditions of an epicardium exposed to air. The volume conduction effects of this exposure on the potentials set up inside
the myocardium can, in the planar wall approximation, be treated by introducing a virtual source distribution that is the
mirror image of the actual, hemispherical or hemi-ellipsoidal wavefront. This mirror image, combined with the actual
source, forms a closed surface to which the preceding result ((.) and (.)) may be applied. Note that this is a valid
description only as long as the wavefront has not yet broken through at the endocardium.

As shown by (.) the axial model predicts that ahead of the wavefront in a direction close to that of the fibers
(small values of θ), small positive potentials are expected.These have been observed experimentally. The (mathematical)
uniform double-layer model is incapable of explaining these. When looking at the transmural, transverse (across fiber)
part of the activation wavefront, matters are entirely different. Here, the axial model predicts the absence of a potential
jump across the wavefront, which is incorrect since major, nonzero potential jumps are clearly present for transmural,
transverse propagation (> Fig. .).

.. The Oblique DipoleModel

The discussions about which model is preferable have led to the formulation of a new model, the “oblique dipole
model” [], which can be considered as a synthesis of the classical uniform double-layermodel and the axialmodel.As in
the previously discussedmodels, themedium inwhich this source description is situated is assumed to be a homogeneous,
isotropic, infinite medium. The anisotropy of the fibers is exclusively assigned to the source description. In the oblique
dipole model, in addition to the axially oriented sources of the axial model, dipole sources are postulated, which are
oriented exclusively in the transverse direction. It is therefore necessary to distinguish between the surface tissue dipole
densities pℓ for the longitudinal or fiber directions and pt for the transverse direction. The contributions to the potential
generated by the transverse sources alone now can be expressed as

Φ(X⃗) = pt
πσ ∫

S

t⃗ ● R⃗ t⃗ ● dS⃗
R (.)

where t⃗ is a (dimensionless) unit vector in the plane defined by R⃗ and fiber direction ℓ⃗, pointing across fibers, towards
the tissue still at rest (compare (.)).

In general, the combination of the axial and the transverse components is not perpendicular, i.e., oblique, to the
surface elements dS of the depolarization wavefront S, from which property the name of this model was derived.

The combined axial and transverse dipolar sources yield the potential distribution

Φ(X⃗) = 
πσ ∫

S

[pt (⃗t ● R⃗) t⃗ + pl (⃗l ● R⃗) ℓ⃗ ] ● dS⃗
R (.)

When pℓ = pt = p this equation reduces to

Φ(X⃗) = p
πσ ∫

S

R⃗ ● dS⃗
R , (.)

The expression for the UDL, since in that case, p can be moved in front of the integral and (⃗t ● R⃗)⃗t + (ℓ⃗ ● R⃗)ℓ⃗ represents
R⃗ as the vector sum of its projections on t⃗ and ℓ⃗. For this situation, the oblique model reduces to the classic uniform
double-layer model. When pt =  the oblique model reduces to the axial model.
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An alternative way of expressing the potential due to the oblique dipole model results by substituting pt = pu and
pℓ = pa + pu in (.). By using

pt (⃗t ● R⃗)⃗t + pℓ(ℓ⃗ ● R⃗)ℓ⃗ = pu (⃗t ● R⃗)⃗t + (pa + pu)(ℓ⃗ ● R⃗)ℓ⃗ = puR⃗ + pa(ℓ⃗ ● R⃗)ℓ⃗
this shows that the potential generated by the oblique dipole model can be viewed as the sum of

Φu(X⃗) = pu
πσ ∫

S

R ● dS⃗
R ,

contributed by a purely uniform source, and

Φa(X⃗) = pa
πσ ∫

S

(ℓ⃗ ● R)ℓ⃗ ● dS⃗
R ,

the contribution of a purely axial source [].
The application of the oblique dipolemodel to the interpretation of recorded potentials generated bymyocardial tissue

now demands a potential jump at the activation boundary of ΔVℓ = (pu + pa)/σ for propagation in the longitudinal
direction, and of ΔVt = pt/σ in the transverse direction.

In some experimental studies, values of ΔVℓ = mV and ΔVt = mV were reported. In terms of the oblique dipole
model, this indicates that the contribution of purely axial sources, required to supplement those of the uniform double
layer, are quite substantial, i.e., roughly of the same magnitude. However, in experiments carried out by the authors of
the oblique dipole model [] in which the potential distribution generated by a perfused heart contained in a large
container was accurately measured, the ratio pℓ/pt required for an optimal fit of the computed to the observed potentials
was found to be evenmuch larger (> ).This discrepancy is probably caused by the experimental conditions of the latter
experiments. In particular, the fact that the conductivity of the fluid in the bath containing the heart was much larger
than that of the myocardial tissue may have influenced these results.

.. Fully AnisotropicModels

All source models described in the previous paragraphs, modeling the potential distribution in the myocardium and the
surrounding medium, are macroscopic source models, which have in common that they are taken to feed the current
that they generate into a medium of isotropic conductivity. All of these fail, in one way or another, to account completely
for the potentials observed experimentally. The anisotropy of the sources as expressed in the axial model and in the
oblique dipole model solved by no means all problems: anisotropy is reflected in source strength only. To derive any
further improvement, the obvious next step is not only to consider the source anisotropy but also the anisotropy in
the conductivity of the myocardial tissue, caused by the same fiber structure. There have been several studies aimed at
achieving this goal [, , , , , ]. In particular, the study by Roberts and Scher [] should be consulted to see
how far this approach can lead. One of their conclusions is that the full treatment of anisotropy is definitely needed to
account for the potential distribution inside the ventricular wall. It is, however, complicated by the complex architecture
of cardiac fibers which are not all neatly lined up in parallel [, ].Themore complete handling of this problem is based
on the so-called bi-domain theory [, , , ]. This topic is treated in > Chap.  (> Sect. ..) and in > Chap. ,
“Appendix: The EDL and BidomainTheory”.

. Evaluation

When describing the potential in the region outside the heart, for some applications of the uniform double layer, being
the simplest of all models, may still be used. This applies certainly to qualitative description of QRS waveforms [] and
also to some quantitative approaches to the genesis of the electrocardiogram [, , , ]. It has beenmainly applied to
the modeling of ventricular activity. It has been found to serve well as an entry to the inverse computation of the timing
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of ventricular activation sequence [, –]. The latter problem is currently referred to as activation time imaging.
At present the accuracy of parameters specifying anisotropy is insufficient for the inclusion of the complexity of the fiber
structure in inverse procedures.

This chapter is restricted to the modeling of the sources during depolarization, and in particular to the properties
and usefulness of the UDL model. In the next chapter a generalization of this source model is described that provides
a means for modeling the sources during repolarization. It may also be used for the modeling of the electric sources of
the atria.
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. Introduction

The modeling of the electric current sources during depolarization by means of the uniform double layer (UDL) is
described in general terms in > Chap. , and in greater detail in > Chap. . It is linked to the electrophysiology of wave
fronts propagating through the myocardium. Some decades ago [, ], studies appeared that exploited the equivalence
between the actual double layer at the wave fronts and a source description on the heart surface, the surface bounding
the myocardium. This source description has been found to be very effective in the inverse determination of the timing
of depolarization on the basis of observed body surface potentials (> Chap. ), a method now commonly referred to as
activation time imaging.

Around the same period [], the development of a source model started in which the equivalent cardiac electric
generator is expressed in terms of the electric potentials on a surface encompassing the myocardium, similar to the peri-
cardium. In most related studies the surface involved is referred to as the epicardium. Such voltage sources are based
on the theoretical unique one-to-one relationship between the voltage on the surface bounding a volume conductor and
those on some interior surface, on condition that the surface is closed and that no primary sources are present in between.
All active sources are assumed to lie within the inner surface. Inversemethods based on this relationship aim at obtaining
a “closer look” at the sources without assuming any a priori knowledge about the nature of these sources (> Chap. ).

Both source models can be classed as being equivalent surface source models (ESS). In the case of the extended UDL
variant the current sources are of the double layer type, in the second approach the electric current sources stem from a
specification of the potential distribution on the epicardium.

This chapter describes the properties of the first source model: the equivalent current double layer surface source,
which will be referred to here as the EDL model.This model has the potential of describing the cardiac electric generator
during the depolarization phase (QRS segment) as well as during the repolarization phase of the cardiac cycle (STT seg-
ment), both in a manner that is related to the underlying electrophysiology. As such, it has been claimed to be promising
in serving to explain STT wave morphology [].

There is a direct link between the UDL and the EDL source model, which is based on the solid angle formulation, as is
explained in> Sect. .. Next, in> Sect. . a recent development of the theory is described, which justifies the handling of
the sources during repolarization bymeans of the EDL.The development is based on a theoretical formulation derived by
Geselowitz [, ].The section describes only themost essential parts of this development.Amore complete recapitulation
of the theory is presented in Appendix. In > Sect. . some types of STT wave morphology are shown based on the EDL
source. > Sect. . lists and discusses some of the major inferences on the STT wave forms as generated on the basis of
the model. Finally, > Sect. . discusses some potentials and limitations of the EDL source model.

. Linking the UDL to the EDL

The direct link between the UDL source for modeling the sources at the wave fronts to the equivalent representation on
the surface Sh stems directly from the properties of the solid angle Ω appearing in the fundamental expression that links
wave front shape and extent to the resulting potential field Φ(r⃗′) in the infinite medium,

Φ(t; r⃗′) = VD
Ω(t)
π

(.)

This is the expression discussed in> Sect. .. (.), here with the temporal behavior of the solid angle wave front shown
explicitly. In the EDL formulation, the surface Sh considered is the closed surface encompassing the entire myocardium;
for the ventricles: the epicardium and endocardium, as well as their connection at the base. The essence is explained by
using the diagrams shown in > Fig. ..

We first consider panel A. It depicts the situation where, following a stimulus at the endocardium, the shaded region
has been depolarized.Thewave front carrying the UDL source is indicated by the heavy solid line. In D space its shape is
as depicted in> Fig. ..The front is denoted by SUDL.The field points are taken to lie outside the myocardium. For such
field points the potential field generated by UDL sources on SUDL is exactly the same as that generated by an equivalent
UDL source, having the same strength as the one at the wave front, placed on the segment of the endocardial surface,
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⊡ Figure .

Schematic diagram illustrating the link between UDL and EDL. Shaded region represents depolarized myocardium; arrows

denote polarity of UDL and EDL double strength. Heavy solid lines and dotted lines represent UDL and EDL locations, respec-

tively. Panel A: Early stage of depolarization following an endocardial stimulus. Panel B: later stage of depolarization; wave

front previously broken through at the epicardium.

Sendo, bounding the depolarized region (heavy, dashed line). This follows from the fact that for an exterior observation
point both surfaces subtend the same solid angle. The same holds true for all other wave fronts lying entirely within the
myocardium that have a different shape, while having an identical intersection with the endocardium: the border of the
wavefront at Sendo. Hence, for the external field points, the UDL source at the wave front may be replaced by an equivalent
(UDL type) source at Sendo. In> Fig. .A, this source is marked by the arrow EDL. Note that it points into the depolarized
region, whereas the UDL source at the wave front points away from that region.

Next, the situation depicted in Panel B is treated. A break-through of the wave front has occurred and its shape may
be similar to that depicted in > Fig. .: the de-capped hemisphere. In > Fig. .B the direction of the UDL sources at
the wave front is identified by the two arrows labeled UDL, as always, pointing away from the depolarized region. Let the
closed surface bounding the depolarized region be SD. The latter is the union of the surface SUDL of the wave front, its
intersection with the endocardium Sendo, and its intersection with the epicardium, Sepi :

SD = SUDL ∪ Sendo ∪ Sepi

As an entry to the introduction of the EDL, we consider the effect of the placing on SD of an extra, virtual double layer
with strength VDvir. Being a closed surface, this does not generate an external field, and for external field points we find,
based on (.) of > Sect. .. and on (.),

π Φ(r⃗′) = VDΩ(SUDL) + VDvirt (Ω(SUDL) + Ω(Sendo) + Ω(Sendo)),
an expression that holds true for any value of VDvir In particular, by choosing VDvirt = −VD, the two terms involving
Ω(SUDL) cancel, and so is found that

Φ(r⃗′) = 
π

VDΩ(SUDL) = −
π

VD (Ω(Sendo) +Ω(Sepi)) (.)

By once more using (.) and defining Sdep(t) as Sendo(t) ∪ Sepi(t), representing the segment of the total heart sur-
face Sh overlaying tissue that has been depolarized prior to the time t considered in > Fig. .b, it can be seen that a
straightforward generalization of (.) reads

Φ(t, r⃗′) = −
π

VDΩ(Sdep(t)) (.)
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Activation sequence spreading over the Sh of a human ventricle is shown by means of the isochrones of the local activation

time τ. The heart is depicted in a superior-right-posterial view. The activation is initiated in the middle of the left ventricular

aspect of the septum (small circle). The sequence shown propagates at a constant velocity of .m/s through the myocardial

tissue. The isochrones are drawn at ms intervals.

The minus sign relates to the convention of using the outward normal of Sh in the definition of the solid angle
(> Sect. ..), as well as to the change in the direction of the virtual double, as expressed by the arrows labeled EDL
shown in > Fig. .b. Equation (.) can be seen to cover likewise the situation depicted in > Fig. .a.

An expression that is mathematically equivalent to (.) reads

Φ(t, r⃗′) = −
π

VD ∫
Sh

H (t − τ(r⃗)) dω(r⃗), (.)

in which the function H denotes the Heaviside step function expressed on Sh, which is zero if t < τ(r⃗), the time of
local depolarization, and equal to one otherwise. It describes the successive switching on of the contribution of elemen-
tary double layer source elements on Sh at location r⃗ at time instants τ(r⃗). During normal propagation, all parts of Sh
are successively depolarized: depolarization spreads over Sh like an oil-slick over water. Correspondingly, at the end of
depolarization we have H =  over the entire closed surface Sh. At this time the integral represents the solid angle of
a closed surface for an exterior field point, which is zero (.), as is the external field. An example of the propagation
over the ventricles following a single stimulus in the middle part of the septum facing the left ventricular cavity is pre-
sented in > Fig. .. The isochrones shown are drawn at equal distances from the stimulus site while traveling through
the myocardium []. At any moment in time t = τ(r⃗) the source strength H in the region ahead of any isochrone τ is
zero; at that same moment it is equal to one in the area previously depolarized, i.e., having lower values τ.

.. Discussion

If the transmural spread of the depolarizarion wave is known, the UDL source present at the wave front and its represen-
tation by the UDL source on the heart surface Sh generate exactly the same exterior potential fields, as is shown in the
preceding section. For the evaluation of the forward problem there can, hence, be no advantage in using either expres-
sion (.) or its equivalent, variant (.). However, for the inverse problem of estimating the timing of depolarization from
observed field potentials the situation is different. As discussed in > Sect. ., within the context of the UDL source, the
potential fields generated by different wave fronts that have the same intersection with the surface Sh are identical. As a
consequence, the actual location of the wave front inside the myocardium can not be estimated on the basis of observed
potential fields.
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In contrast, by using the boundary Sh as the location of the UDL sources as in (.), a unique inverse exists []. The
uniqueness holds true provided that the surface Sh is known. It forms the most essential prior information required for
solving the associated inverse problem (>Chap. ). From the introduction of (.) onward, magnetic resonance imaging
has been used as the technique for documenting Sh [].

Equation (.) expresses the most basic variant of the equivalent double layer source EDL: a double layer distribution
over the surface Sh that has zero strength until the local region depolarizes, after which the local strength is one. An
alternative formulation reads

Φ(t, r⃗′) = ∫
Sh

A(r⃗′, r⃗) S(t, r⃗) dS(r⃗), (.)

where S(t; r⃗) = H (t − τ(r⃗)), and the double layer strength VD as well as the remaining variables of (.) are represented
by the transfer from sources at location r⃗ to the potential at the field point r⃗′: A(r⃗′, r⃗) dS(r⃗). The function S(t, r⃗) is
dimensionless, expressing the spatio-temporal character of the EDL source. An overall scaling factor, specifying its nature
(elementary current dipole density) and overall strength, is incorporated in the transfer function A(r⃗′, r⃗).
. Generalization of the EDL

The EDL source as described in the previous section is an equivalent expression for the UDL sources at the propagation
wave fronts during depolarization. The effect of repolarization, which starts right from the moment of the first local
depolarization, is disregarded. As a consequence, as is described above, after depolarization is complete, no external
potential field remains. In the ECG this is taken to be the moment at the end of the QRS complex, the J point. However,
although in the normal ECG the potential differences observed on the thorax around the J point are small, they are
invariably non-zero. A more complete model of the sources of the ECG would therefore require the inclusion of the
repolarization phenomena.This holds all themore true since the time interval following the J point, the STT segment, has
been long recognized as yielding highly relevant diagnostic information. The generalization of the EDL source described
in the next section provides a valuable model for describing (modeling) the current sources of the ECG throughout the
entire cardiac cycle.

.. Linking EDL Source Strength to Transmembrane Potentials

In this section the generalization of the EDL is described in its most basic form, using the general character of impressed
current density of individual cells and the various notations introduced in > Chap. . The derivation shown here is an
alternative to the one presented by Geselowitz [, ]. A more complete treatment is included in the appendix to this
chapter.

We start from the field of an individual cell as discussed in> Sect. .., in particular from (.), which is recapitulated
here as

Φ(r⃗′) = 
πσe ∫

S

−(σiΦi − σeΦe) dω (.)

The surface S is the cell membrane (> Fig. .). By reintroducing the notation MS = −(σiΦi − σeΦe) for the strength of
the equivalent dipole surface density directed along the outward normal of S (.), and using

dω = R⃗
R ● dS⃗ = ∇ 

R
● dS⃗

(. and .), we see that
Φ(r⃗′) = 

πσe ∫
S

MS∇ 
R
● dS⃗ (.)

Next, we apply Gauss’ law (.) to the integral on the right. For the (virtual) vector field

MS(r⃗)∇ 
R(r⃗)
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this yields

∫
S

MS∇ 
R
● dS⃗ = ∫

V

∇ ● (MS(r⃗) ∇ 
R(r⃗)) dV = ∫

V

∇ ●MS(r⃗) ∇ 
R(r⃗) dV

+∫
V

MS(r⃗) ∇ 
R(r⃗) dV

(.)

The second integral on the right is zero, because R is non-zero for exterior field points r⃗′.
Equation (.); the integration is over the internal source locations within the cell volume V . With the remaining

first integral applied to (.) we see that

Φ(r⃗′) = 
πσe ∫

S

MS ∇ 
R
● dS⃗ = 

πσe ∫
V

∇ ●MS(r⃗) ∇ 
R(r⃗) dV , (.)

which identifies∇ ●MS(r⃗) as a (virtual) volume source density throughout cell volume V (> Sect. ..).
With the potential field generated by a single cell now being expressed by (.), we may compute the potential for field

points outside the myocardium by taking the volume V to represent the entire myocardial tissue. However, this volume
also includes the interstitial space. This may be accounted for by introducing a local volume fraction  ≤ fv(r⃗) ≤ , the
fraction of space occupied locally by the cell volume. For densely packed myocardial cells this fraction is of the order
of ..

Inserting this (scalar) factor in (.) and reversing the derivation along (.)–(.) leads to the interpretation of surface
S in (.) as representing the surface bounding the myocardium.The expression for the external potential field then reads

Φ(r⃗′) = 
πσe ∫

Sh

fv(r⃗)MS(r⃗) dω(r⃗′, r⃗) (.)

Note that both the volume fraction and the virtual double layer source density in this expression relate to their values at Sh
(only). In the applications of this expression shown in the next section, the approximationMS = −(σiΦi−σeΦe) ≈ −σiVm

is used, leading to

Φ(r⃗′) = −
πσe ∫

Sh

fvσiVmdω (.)

Finally, if σi and fv are assumed to be uniform over Sh, and by reintroduction of the temporal nature of the transmembrane
potential, we have

Φ(t, r⃗′) = −fvσi
πσe ∫

Sh

Vm(t, r⃗) dω(r⃗′, r⃗), (.)

which may be cast in the same form as in (.) by writing

Φ(t, r⃗′) = ∫
Sh

A(r⃗′, r⃗)Vm(t, r⃗) dS(r⃗), (.)

with all scaling factors, including the negative sign, now absorbed in the (solid angle) transfer function A. The overall
scaling factor used in the sequel is taken such that, by assigning a shape to Vm that is identical to that of the function
S used in > Sect. . in (.) during depolarization, the potential field resulting from using (.) is the same as the one
based on (.). The value of the scaling factor used in the sequel corresponds to taking the effective double layer strength
inside a medium of unit conductivity to be mV, an overall value previously deduced from experimental studies [–].

.. Discussion

Equation (.) defines the spatio-temporal potentials in the infinite medium. For a bounded medium, the same basic
formulation can be used. In this situation the potential field can be found by applying the spatial linear filter expressing
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all volume conductor effects, as is explained in > Sect. .... This yields as the final, most direct expression for the
potential field of the EDL

Φ(t, r⃗′) = ∫
Sh

B(r⃗′, r⃗)Vm(t, r⃗) dS(r⃗), (.)

with B(r⃗′, r⃗) the linear function expressing the full transfer between EDL source elements around r⃗ on Sh to the potential
at field points r⃗′ inside the boundedmediumexternal to Sh.Note that this also handles the situationwhere the conductivity
outside Sh has a conductivity σo ≠ σe.

If either fv or σi are non-uniform over Sh, (.) needs to be used instead of (.), which requires a full specification
of these variables.

Interestingly, within the various assumptions implied in deriving (.), the EDL source model indicated that any
sourceswithin Sh do not directly influence the external potential field. However, the activity of such internal sources does
affect the propagation of all depolarization waves that may be simultaneously propagating within the myocardium and
thus the wave form and timing of the sources at Sh. The same applies to the subsequent repolarization process.

The effectiveness of the EDL source model in describing ECGs as well as electrograms, both during depolarization
and repolarization, is illustrated in the next section.

. ECG Signals Generatedby the EDL

Theproperties of the EDL sourcemodel are illustrated here in an application to simulating ECGwave forms on the thorax
and electrograms on the heart surface Sh. As discussed in> Sect. .. (.), this requires the computation of the transfer
function B(r⃗′, r⃗) describing the volume conduction properties, the surface Sh carrying the EDL and the spatio-temporal
transmembrane potential over Sh. Simulations of this type have been described in the literature both for the ventricles
[, ] and for the atria []. Here, an application to ventricular activity is shown.The evaluation of (.) was carried out
numerically, in which the field potentials transfer Φ(t, r⃗′), the transfer matrix B(r⃗′, r⃗) and the Vm (t, r⃗)were represented
by matricesΦ, B and Vm, respectively. The numerical variant of (.) then reads

Φ = BVm, (.)

an expression similar to (.) in > Sect. ... As discussed in that same section, the sum of all elements of any row of
matrix B equals zero.

.. Source Specification

The shape of Sh is shown in> Fig. .. It was obtained frommagnetic resonance images (MRI) taken from a healthy male
subject.The image shown is that of a triangulated version of Sh, specified byN = , evenly distributed nodes. Realistic
transmembrane potentials were assigned to each node n. Their wave forms are based on an analytical function involving
logistic curves []. The parameters of this function were fixed, apart from a parameter δn specifying, for each individual
node n, the local timing of the maximumupslope during depolarization, and a parameter ρn specifying the timing of the
maximal downslope during repolarization. The difference αn = ρn − δn represents the local duration of the transmem-
brane potential, a measure similar to the activation recovery interval (ARI) introduced in the work of Haws and Lux [].
The variety of wave forms of the assignedTMPs is illustrated in> Fig. ., by showing the TMPs of the nodes havingmaxi-
mum δn, ρn and αn values, aswell as of those havingminimum δn, ρn and αn values.Maps of local depolarization times δn
and repolarization times ρn on the heart surface Sh used for the demonstration of the properties of the EDL source model
are shown in > Fig. .. The numerical expression of the entire source configuration is that of a matrix Vm. Its N = ,
rows represent the individual TMPs at all nodes on Sh. Each row expresses a TMP sampled at ms intervals, comprising
T =  samples. The descriptive statistics of the basic parameters of all , nodes are as shown in > Table ..
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Stylized transmembrane potentials of six nodes on Sh. Labels shown to the right of the traces near maximum upslope (tim-

ing δn), maximal downslope (timing ρn) of the TMPs. Labels refer to the TMPs with () earliest δn, () latest δn, () earliest ρn,
() latest ρn, () shortest αn, and () longest αn.
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Left: Timing of depolarization times δn of , nodes on Sh of a human ventricle, used in EDL based simulation of QRST wave

forms. Right: corresponding values for the local repolarization times ρn. The isochrones are drawn at ms intervals. The heart

is depicted in a superior-right-posterial view. The small semicircle marks the site on the septum where depolarization was

earliest.

.. The Transfer Function B

The numerical expression of B(r⃗′, r⃗) (.), the linear function expressing the full transfer related to the volume conduc-
tion effects inside the thorax, can be represented by a matrix B. Each of its elements expresses the transfer between an
individual EDL source element at node n of Sh to the potential at any of L locations (field points) of interest. These
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⊡ Table .

TMP parameters of all  nodes on Sh

Mean SD Min Max Range (max–min)

dep δ (ms) . . .  

rep ρ (ms)  .   

ARI α (ms)  .   

I VR

VL

V1

V2

V4

V5

VF

1 mV

500 ms

V3 V6

II

III

⊡ Figure .

Superposition of measured standard -lead ECG (dash-dot line) and the EDL based simulations (solid lines). The high quality

of the simulated signals causes the traces in the two line styles to be almost indistinguishable. Note that the signals at the

extremity electrodes, VL, VR and VF, are shown in an unaugmented scaling, which emphasizes their equal footing with the

precordial signals V–V, all nine being referred to the same reference (WCT).

matrix elements were computed by using the boundary element method (> Sect. ...) applied to an MRI docu-
mentation of the geometry of thorax, lungs and the blood filled cavities of the subject for whom the EDL properties
are discussed in this chapter. These compartments constitute the inhomogeneous representation of the most relevant,
significant inhomogeneities inside the thorax.

For any desired set of L locations (field points) the EDLbasedwave forms of potentials on the thorax or any other set of
field points outside the myocardium, such as electrograms on endocardium or epicardium, can be computed from (.).

The matrix Φ representing the simulated potentials has L rows (L wave forms), specified at T subsequent time
instances. Dedicated versions of the transfer matrix B may be computed for the field points of interest, lying, e.g., on
the thorax surface or on the surface Sh. In the following two sections examples are shown for ECGs and electrograms.

.. Standard -Lead ECG

The matrix Φ of the EDL based simulated potentials at the electrode positions of the standard -lead ECG is shown in
> Fig. .. The simulated signals are superimposed on the signals measured on the subject studied.
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Upper traces: EDLbasedelectrogramsat six nodesof Sh. Lower traces: TMPs (local EDL source strength) at thesenodes. Note the

fast downward deflection in the electrograms, with their timing coinciding with the fast upstroke of the TMPs. Time interval:

ms; vertical scale in mV.

⊡ Table .

TMP parameters and electrogram features of  of the , nodes on Sh shown in> Fig. .

node

N N N N N N

Location epi RV endo RV septal RV septal LV endo LV epi RV

δn (ms)      

ρn (ms)      

αn (ms)      

Amplitude fast negative deflection electrograms (mV) . . . . . .

Apex T wave electrogram (mV) . −. −. . −. .

.. Endocardial and Epicardial Electrograms

EDL based electrograms simulated at six of the , nodes on Sh are illustrated in > Fig. .. The nodes were selected
along the intersection of a straight line, crossing the myocardium, from N (epicardial node at the free wall of the right
ventricle) to N (epicardial node on the free wall of the left ventricle). The remaining four nodes are: node N: the RV
endocardial node closest to node N, node N: the node at the intersection of the line and RV aspect of the septum, node
N: the node at the intersection of the line and the LV aspect of the septum, node N: the node on the endocardium of
the LV closest to N. The potential reference was the mean of the potentials at all nodes. The TMP parameters of the six
nodes and some of the features of the electrograms are listed in > Table ..

.. Discussion

The realism of the signal wave forms shown in > Figs. . and> . demonstrates the power of the EDL source model for
modeling electrocardiographic signals. Being based on apparently minor differences in the TMP wave forms, the mor-
phology of the signals arises from the geometry of the myocardium (Sh), the timing of depolarization and repolarization
at Sh and the transfer expressing volume conduction effects.
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The high correlation between the simulated and the measured potentials is no guarantee that the source model as
such is valid. A proper validation would also require the various model components to be realistic. The major emphasis
here lies on the realism of the timing of depolarization δn and repolarization ρn. The timing used in the simulations,
shown in > Fig. ., are based on an inverse procedure, similar to the one described in []. The realism of the resulting
depolarization times has been established by comparing them with those found in invasive studies, notably the study by
Durrer et al. published in  [].The timing of repolarization has, similarly, been derived from a dedicated adaptation
of the inverse procedure []. Here no complete set of reference data derived from invasive measurements is available,
but the sparse data that is available seems to agree with the global nature of the isochrones shown in the right panel of
> Fig. . [, ]. For a more complete discussion of this topic, see [].

The wave forms of electrograms on the epicardium, with the heart placed inside an infinite homogeneous medium,
were simulated by Simms and Geselowitz. The surface source model implied is the EDL. The global morphology and
magnitudes of their results, documented during depolarization only, are in full agreement with those described for the
spherical shell discussed in>Chap. . In the study bydi Bernardo andMurray of the genesis of the Twave [], the implied
source model was also the EDL. The examples shown here relate to ventricular activity only. However, the application of
this source model to the electric activity of the atria has also proved to be effective [].

.. TWaves as Explained in Standard Text Books

Most ECG textbooks include some notions related to the genesis of the T wave. Correct as thesemay be in a general sense,
they do not do justice to the complexity of the problem. In this chapter the full spatio-temporal character of the sources
is represented by an equivalent surface source situated at the boundary of ventricular tissue. The local source strength is
assigned the characteristic wave form of the transmembrane potentials of ventricular muscle cells. The simulated poten-
tials shown in> Figs. . and> . were derived from a linear combination of a large number of assigned transmembrane
potentials.

In contrast, in ECG textbooks the morphology of the T wave is explained by subtracting just two typical transmem-
brane wave forms. Differences in timing in agreement with the general concepts of electrophysiology are assigned to
it []. An example of this approach is shown in > Fig. .. In the upper traces, paired TMP potential wave forms of the
type shown in > Fig. . are depicted.The solid lines were assigned all upstrokes at δ = ms; the timing of the maximal
downslope is at ρ = ms. The dash-dot lines all have their upstroke at δ = ms, and ρ values, from left to right: ,
, ,  and ms.

The lower traces depict the differences between the paired electrograms shown above them (solid traces minus dash-
dot traces).Thesemay be likened to the wave forms of either electrograms or basic ECGs. Here we will refer to these wave
forms as electrograms.

. As a consequence of the applied subtraction, the amplitude of their “QRS” complexes would be mV, a value that is
clearly unrealistic. In practice the involved scaling depends on the volume conductor configuration, in particular the
distance between source and field points.

. For the TMPs shown, the baseline of the electrograms is zero: a common resting potential of the TMPs does not
become expressed.

. The sign of the T wave reflects the sign of the difference between the repolarization times of the two TMPs: Δρ =
ρsolid−ρdash-dot . Similarly, Δδ = δsolid−δdash-dot corresponds to the sign of the “QRS.”This results inQRS andTwaves
having the same polarity (concordant signs) if the signs of Δρ and Δδ as defined above, are the same. Non-concordant
signs result if the order of the sequence of depolarization is the same as that of repolarization.

. The timing of the apex of the T wave shown is [ X  ], which is approximately equal to the mean of
the repolarization times ρsolid and ρdash-dot . The X corresponds to the situation of the third pair: since both TMP
repolarize simultaneously, no T wave is generated.

. The absolute value of apex T is proportional to Δρ. In particular, if Δρ =  the amplitude of the T wave is zero.

In basic textbooks on electrocardiography the justification for the approach of subtracting two slightly different TMPs
and taking the difference to represent ECG morphology is usually not discussed. The EDL theory can be used for this
purpose, while also pinpointing the limitations of the simple approach, as is shown below.
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⊡ Figure .

Upper traces: TMP wave forms similar to the ones shown in > Fig. .; solid lines: timing upstroke: ms for all five traces

from left to right; timing maximal downslope ms for all traces. Dash-dot lines timing upstroke: ms for all five traces;

timing maximal downslope (from left to right) , , ,  and ms. Lower traces: subtraction of the respective two

TMPs (solid traces – dash-dot traces) shown above. Time interval: ms; Upstroke TMP’s from − to +mV; Vertical scale

of lower traces in arbitrary units. Dotted lines drawn at zero level.

The subtraction method, resulting in an electrogram ϕℓ(t) can be formulated as

ϕℓ(t) =  × Vm,(t) + (−) × Vm,(t), (.)

which expresses the electrogram as a linear combination of two transmembrane potentials. The weights of the linear
combination are  and −, respectively. This, in turn, can be written as

Φ = BVm, (=(.))

with the matrix B here being the row vector [ −]. The motivation for highlighting this parallel is that, as is evident,
the sum of the elements of the row is zero, similar to that which holds true for volume conduction effects acting on
transmembrane potentials derived sources (> Sect. ..), as is the EDL.

In some studies, electrograms were considered in their relationship to two subtracted transmembrane potentials
[, ]. The signals were observed on a small part of myocardial tissue (referred to as a wedge) placed in a small per-
fusion chamber (bath). The potential difference was recorded between two electrodes in the bath, each placed at some
distance from two opposing sides of the tissue, the endocardial side and the epicardial side. This signal was referred to
as the ECG. In addition, two intracellular traces were shown, one recorded at the endocardial and one at the epicardial
aspect of the tissue.The question here is: what type of source model can be proposed to justify this procedure? How could
a local transmembrane potential act as the source for an external electrogram?

This question can be answered on the basis of by the EDL. In the study, the sources were assumed to lie on the
endocardial aspect, S, and on the epicardial aspect, S, of the surface S bounding the tissue. Any sources on the remaining
part of S were ignored. Moreover, all “sources” on the endocardium were implicitly assumed to have the same strength
(TMP): Vm,(t), those on the epicardium Vm;(t). Under these conditions, let ϕ(t) denote the potential at the electrode
in the bath facing S and ϕ(t) the potential at the electrode facing S based on (.). By writing

c = fvσi
π σe

we see that
ϕ(t) = −c (Vm,(t) Ω, + Vm,(t) Ω,) (.)
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Similarly, the potential at field point  reads

ϕ(t) = −c (Vm,(t) Ω, +Vm,(t) Ω,) (.)

Note that Ωi,j is the solid angle subtended by the entire surface Sj at field point i, (i, j = , ). If the thickness of the
preparation is discarded we have, in fair approximation, Ω, = −Ω, ≜ Ω and Ω, = −Ω, ≜ Ω and, hence the
potential difference between the field points, taken to be the electrogram E(t) follows, by subtracting (.) from (.), as

E(t) = ϕ(t) − ϕ(t) = −c (Ω +Ω)(Vm,(t) − Vm,(t)) (.)

Within the assumed validity of the ELD source, this indeed justifies taking the electrogram to be the (scaled) difference
between two transmembrane potentials, but only if the rim of the wedgemay be assumed to be very thin, which allows the
contribution to the potential of any “activity” on the rim to be ignored. Moreover, both faces (epicardial and endocardial)
need to be activated uniformly. In all other circumstances, like that of the intact heart, (.) needs to be evaluated in full
detail, involving multiple sub-segments of the surface, each having their individual transmembrane potential.

The scaling factor depends on the conductivities and solid angles involved: −c (Ω +Ω). The individual solid angles
are larger for observation points closer to the surface of the tissue, with π being their maximummagnitude for a planar
surface (.).

This analysis also emphasizes that, when applying the solid angle theory to electrocardiography, at least two solid
angles need to be considered. The first one is the solid angle subtended by the EDL source at the observation point.
The second one is its solid angle subtended at the reference point. Any observed electrogram or body surface potential
relates to the difference between these two solid angles.The analysis remains valid when the effect of the finiteness and/or
inhomogeneity of the volume conductor is included, since this effect can be viewed a linear operator acting on the infinite
medium potentials (> Sect. ...).

. EDL Based Inferences for Basic STT Parameters

A discussion of T wave features derived from completely general physical and physiological principles is presented in
> Sect. ...The resulting fundamental, basic expressions, (.) and (.) are the same as shown in this chapter for the
EDL. In > Sect. .., the matrix Vm represents the transmembrane potentials of all myocytes, acting as the source. In
this chapter the matrix Vm represents the transmembrane potentials at the surface bounding the myocardium. Within
the limitations of this approximation, the inferences drawn from (.) and (.) may be carried over to the T waves
as generated by the EDL. Some additional inferences of T wave morphology as derived from the EDL based signals, as
previously published [, ], are as follows.

The first three points apply in general:

. Rather than being a weighted sum (the difference) of two TMPs, the ECG is a weighted sum of numerous transmem-
brane potentials. The weighting coefficients relate to the positions of the field points relative to the heart as well as to
volume conduction effects. For any field point, the sum of the weighting coefficients is zero, as is the case for the two
weights (+, −) expressing a subtraction.

. Both depolarization (QRS) and repolarization (STT) morphology will generally not be monophasic if resulting from
the subtraction of two TMPs as shown > Fig. ., but rather biphasic or triphasic as shown in > Fig. ., involving
numerous, slightly different TMPs.

. The notion that the timing of local epicardial repolarization precedes that of local endocardial repolarization may
be true in the statistical sense (> Table .) but is not necessarily valid at all transmural locations (> Table . and
> Fig. .).

The remaining remarks apply to the situation discussed in > Sect. ..: the TMPs acting as the source for the EDL
are assumed to have a similar shape, differing mainly in the timing of local depolarization δn and repolarization ρn
only. Moreover, the individual deviations from the mean repolarization time, Δρn = ρn − ρ̄, being the full expression
of dispersion of the timing of repolarization, are assumed to be small relative to the duration of the downslope of the
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TMPs [, , ]. These assumptions apply to the healthy myocardium of subjects at rest. Deviations from it show up as
differences in the features listed below.All weightsmentioned below are lead specific and depend on the volume conductor
properties of the thorax.

. The individual T wave morphologies of any lead is a weighted sum of the derivative of a mean transmembrane poten-
tial, V̄m(t).The function −V̄m(t) has been named the Dominant T wave [].The negative sign was included to bring
its polarity in line with that of the T wave polarity observed in most of the precordial standard leads.

. The timing of theDominant Twave is equal to themean repolarization time ρ̄ [, ]. Note that this is a generalization
of what is found when subtracting just two TMPs (> Sect. ..).

. The integral over time of any lead potential reflects a weighted sum of the individual Δρn values.
. The magnitude of the apex value of an individual T wave is a weighted sum of the Δρn values. Note that this is a

generalization of what is found when subtracting just two TMPs (> Sect. ..).
. The width of individual T waves reflects the duration of the downslope of the mean TMP.

. Discussion

The most general expression of the use of the EDL source model discussed in this chapter is (.) or, in its discretized
form, (.). The way in which the EDL is introduced in > Sects. Section . and > . is through its link with the classic
UDL source model. However, a far more general variant, expressed in its numerical form, is

Φ = BS, (.)

in which matrix S specifies the strength of an equivalent double layer (current dipole layer) on any surface S bounding all
active, primary sources (> Chap. ). Based on the general laws of volume conduction theory (> Chap. ) it can be shown
that such a source description provides a unique specification of the potential field in the region exterior to S [].

The EDL variant discussed in this chapter takes S to coincide with Sh, the surface bounding all myocytes.Moreover, its
strength is taken to be proportional to the local transmembrane potentialVm(t) at Sh. In view of the realism of the wave
forms based on this source model, > Fig. . for ECG wave forms and > Fig. . for electrograms, it can be concluded
that the source model appears to be appropriate for describing the genesis of ECG during the repolarization phase of the
cardiac myocytes. The wave forms shown relate to healthy myocardium of a subject at rest. The dispersion of the timing
of repolarization was small, ischemia was absent and individual TMP wave forms were assumed to have a similar shape.

Other simulations based on the EDL have been reported in the literature, e.g., [, –]. The interactive simula-
tion package ECGSIM [] in fact uses the EDL as the source model. Such simulations reveal that by reducing local
transmembrane potentials on Sh the effect of acute ischemia on STT wave forms can be studied in individual leads.

It may seem to be puzzling that only the myocytes close to Sh are involved as elements of the EDL, thus discarding
any contributions of mid-myocardial myocytes.Themain explanation for this is that the effective source strength derived
from local mid-myocardial myocytes is proportional to local differences (the divergence, > Sect. ..) of the gradients
of their TMPs. These tend to cancel for mid-myocardial myocites, but not for myocytes at Sh. Even so, the EDL source
modelmust be considered as an effective first order approximation.This topic is treated in greater detail in the Appendix.
The treatment is relevant only for circumstances in which the EDL source S, as in (.), can be taken to be the local
transmembrane potential Vm(t) at S, as in (.), with S coinciding with the heart surface Sh. In all other situations the
general expression for the EDL source strength S, as in (.), may still be used in a forward simulation. This requires S
to be known.

Appendix: The EDL and Bidomain Theory

The equivalent double layer source on the closed surface Sh bounding the myocardium can be used to represent the
potential field outside Sh as generated by all myocytes within Sh. The derivation of the EDL presented in > Sect. . uses
the approximation −(σiΦi − σeΦe) ≈ −σiVm, which expresses the double layer strength generating the field of a single
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cell placed inside a large container [, ]. The approximate nature of this step is clear when computing the contribution
to the potential field of an individual myocyte surrounded by closely packed neighbors: the presence of such neighbors
will affect the external potential field.

General Formulation

Analternative derivationmaybe based on the bidomain theory [–] (> Sect. ..), which is amacroscopic description
of the potential field based on the concept of two interpenetrating domains: one representing the intercellular space, the
other the extracellular space []. Both are treated as being homogenized, having effective conductivities Gi and Ge ,
respectively. The latter differs from the “normal” conductivity in that the geometry of the cellular compartment and the
interstitial space is taken into account.The notation using bold capitals stresses the fact thatmost biological tissues exhibit
anisotropic conductivity as a consequence of their fiber structure. This needs to be expressed by a tensor rather than by
a scalar. The tensor involved can be expressed by a symmetric  ×  matrix.

Although the membranes as such are not represented explicitly, the electric sources at the membranes are accounted
for by impressed currents.The derivation of the EDL source as based on the bidomain theory, and explained by using lead
field concepts (> Chap. ) was formulated by Geselowitz [, ]. Below, the essential steps are presented in a condensed
form, exclusively derived from the bidomain theory.

The full bidomain based expression (compare (.)) for computing the extracellular potential from∇Vm(r⃗) reads
∇ ● ((Gi(r⃗) +Ge(r⃗))∇ϕe(r⃗)) = −∇ ● (Gi(r⃗)∇Vm(r⃗)) (.)

Recall that the nabla operator,∇, acting on a scalar function produces a gradient field, the vector consisting of the three
spatial partial derivatives. The divergence operator, ∇● acting on a vector, sums the spatial derivatives of its (vector)
argument, thus producing a scalar field (> Sects. .. and > ..).

The solving of (.) needs to be carried out numerically. Its complexity hampers the drawing of inferences from the
formulation as such. In order to proceed, some simplifying assumptions are made, the realism and validity of which are
discussed at the end of this appendix.

Equal Anisotropy Ratio Assumption

We first assume the ratio of the extracellular and intracellular conductivity tensors to be a constant κ, independent of
position:

Ge(r⃗) = κ Gi(r⃗) (.)

For elements of the conductivity tensors along (L) fiber direction or transverse to it (T) this corresponds to assuming
geL = κ giL, geT = κgiT and, hence, geL/geT = giL/giT. Based on this, the assumption is referred to as the “equal anisotropy
ratio assumption.”

Inserting (.) in (.), leads to

∇● (Ge(r⃗)∇ϕe(r⃗)) = −∇ ● ( κ
 + κ

Gi(r⃗)∇Vm(r⃗)) = −∇ ● (Gκ(r⃗)∇Vm(r⃗)), (.)

with
Gκ

Δ= κ
 + κ

Gi

Equation (.) applies to the medium inside Sh, the myocardium. Outside Sh we want to find the potential field ϕ, while
assuming a local conductivity G. Since no primary sources are present outside Sh we have

∇ ● (G∇ϕ) =  (.)
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With no primary sources present on Sh, the standard continuity conditions of current flow (.) and (.) apply at Sh,
and so we have for field points on Sh:

ϕ = ϕe and e⃗n ● (G∇ϕ) = e⃗n ● (Ge∇ϕe) (.)

We now introduce potential field ϕ, and define it to be equal to ϕ outside Sh and equal to ϕe inside Sh.The potential field
is taken to be present in a mediumwith conductivityG(r⃗) = G(r⃗) in the region outside Sh, andG(r⃗) = Ge(r⃗) inside Sh.
Correspondingly, we have Gκ(r⃗) = G(r⃗)/( + κ). It can be seen that a function ϕ that is a solution to

∇ ● (G(r⃗)∇ϕ(r⃗)) = ∇ ● J⃗ i (.)

in which
J⃗ i = −Gκ(r⃗)∇Vm(r⃗) (.)

satisfies the continuity equations (.) as well as (.) and (.).
The solution to (.) links the impressed volume conduction density iv = −∇ ● J⃗ i , a scalar function (unit: A m−),

to the desired potential field ϕ(r⃗′), which is also a scalar function (unit: V) (> Sect. ..). Based on the linearity of the
conductive medium, the superposition principle may be applied, with the integral adding up the contributions of the
elementary sources. This may be expressed as

ϕ(r⃗′) = ∫
vol

Z(r⃗′, r⃗) iv(r⃗) dV = −∫
vol

Z(r⃗′, r⃗) ∇ ● J⃗ i(r⃗) dV (.)

The scalar function Z(r⃗′, r⃗) represents the transfer between individual point sources iv(r⃗) dV (unit: A) and the potential.
Through Ohm’s law, it has as its unit: Ohm. It is the solution to the variant of the basic problem to be solved, (.),

∇ ● (G(r⃗)∇Z(r⃗′, r⃗)) = −δ(r⃗′, r⃗), (.)

with δ(r⃗′, r⃗) the D Dirac delta function (> Sect. ...) expressing the source density of a point source at r⃗.
Equation (.) applies completely generally, irrespective of any inhomogeneity or anisotropy. In complex volume

conductor configurations the function Z(r⃗′, r⃗)may not easily be computed.The derivation of the EDL shown utilizes the
general nature of (.).

The application of the divergence theorem (.) to the vector field Z(r⃗′, r⃗)J⃗ i(r⃗) shows that
∫
vol

∇● (Z(r⃗′, r⃗) J⃗ i(r⃗)) dV = ∫
Sh

Z(r⃗′, r⃗) J⃗ i(r⃗) ● dS⃗ = 

The integral on the right is zero since the boundary condition used for the internal domain is J⃗ i(r⃗) ● dS⃗ =  at Sh. From
the above, we have

∫
vol

∇ ● (Z(r⃗′, r⃗) J⃗ i(r⃗)) dV = ∫
vol

∇Z(r⃗′, r⃗) ● J⃗ i(r⃗) dV
+ ∫

vol

Z(r⃗′, r⃗) ∇ ● J⃗ i(r⃗) dV = 

and (.) is seen to be equivalent to

ϕ(r⃗′) = −∫
vol

J⃗ i(r⃗) ● ∇Z(r⃗′, r⃗) dV = −∫
vol

Gκ(r⃗)∇Vm(r⃗) ● ∇Z(r⃗′, r⃗) dV (.)
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Since, like all conductivity tensors,Gκ is symmetric equation (.) may be written as

ϕ(r⃗′) = −∫
vol

∇Vm(r⃗) ● (Gκ(r⃗)∇Z(r⃗′, r⃗)) dV , (.)

Next, we consider the following identity

∇ ● (Vm(r⃗) Gκ(r⃗)∇Z(r⃗′, r⃗)) = ∇Vm(r⃗) ● (Gκ(r⃗)∇Z(r⃗′, r⃗))+Vm(r⃗)∇ ● (Gκ(r⃗) ∇Z(r⃗′, r⃗))
which is used to replace the integrand in (.). This results in

ϕ(r⃗′) = −∫
vol

∇● (Vm(r⃗) Gκ(r⃗)∇Z(r⃗′, r⃗)) dV +∫
vol

Vm(r⃗)∇ ● (Gκ(r⃗)∇Z(r⃗′, r⃗)) dV
Thefirst volume integral can be converted to an integral over the bounding surface Sh by applying the divergence theorem.
In the second integral we substitute Gκ(r⃗)=G(r⃗)/( + κ), and use the delta function properties of∇ ● (G(r⃗)∇Z(r⃗′, r⃗))
resulting from the equation defining∇Z(r⃗′, r⃗), (.). The resulting final expression for the potential reads

ϕ(r⃗′) = − 
 + κ ∫

Sh

Vm(r⃗)(G(r⃗)∇Z(r⃗′, r⃗)) ● dS⃗ − 
 + κ

Vm(r⃗′)χ(⃗r′), (.)

with χ(r⃗′) =  for field points within Sh and χ(r⃗′) =  otherwise.
Equation (.) mainly replicates () shown in []. Its notation is more general in that it stresses the anisotropy as

well as the dependency on the source location of all variables involved. For field points outside Sh the second term on the
right of (.) is zero. The remaining part of this appendix relates to external field points only.

By using the symmetric nature of G we now have

ϕ(r⃗′) = − 
 + κ ∫

Sh

Vm(r⃗) ∇Z(r⃗′, r⃗) ●G(r⃗) dS⃗ (.)

The conductivity tensor expresses the effect of the fibrous structure of the myocardium.Within this context two different
constituents may be identified: the one along the local fiber direction, gℓ , and one in the direction normal to the fibers,
the transverse conductivity, gt . Note that the distinction between intra- and extra-cellular values is not required as a
consequence of the assumed equal anisotropy ratio. By introducing the local fiber direction in D space by the unit
vector a⃗ = a⃗(r⃗) it can be shown [] that

G = gtI + (gℓ − gt)A, (.)

with A denoting the tensor derived from the fiber direction a⃗ (the rank one matrix a⃗a⃗T, with a⃗ interpreted as a column
vector and a⃗T as a row vector), and I the × identitymatrix. Since fiber direction a⃗ and surface normal dS⃗ are orthogonal
at Sh the substitution of (.) in (.) yields

ϕ(r⃗′) = − 
 + κ ∫

Sh

gt(r⃗) Vm(r⃗) ∇Z(r⃗′, r⃗) ● dS⃗ (.)

Equation (.) indicates that, in the case of a uniform, equal anisotropy ratio, all variables determining the external poten-
tial field are expressed by their values at Sh only and are permitted to be inhomogeneous throughout the myocardium.
This pertains both to the “active” variable Vm(r⃗) and to the remaining ones that describe the passive electric volume
conduction properties of the medium.
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The Final Step

Theapplication of (.) requires the function∇Z(r⃗′, r⃗) to be known. As indicatedwhile introducing the function Z(r⃗′, r⃗)
(.), this function is the solution to (.) and expresses the infinite medium potential at field point r⃗′ generated by a
point source at r⃗, now restricted to a position on Sh, but still inside a medium in which an inhomogeneous, anisotropic
medium (the region within Sh) is present. In this final step of the discussion we use the approximation

Z(r⃗′, r⃗) = c
πσ


R
, (.)

with R the length of the vector R⃗ = r⃗′ − r⃗. As shown in > Sect. .., the spatial behavior of this function is that of the
potential field generated by a current monopole with unit strength placed inside an infinite medium with homogeneous
isotropic conductivity σ. The constant c is included to express the presence of the passive electrical properties of the
medium inside Sh. Inserting this approximation in (.) gives

ϕ(r⃗′) = − c
πσ( + κ) ∫

Sh

gt(r⃗) Vm(r⃗) ∇ 
R

● dS⃗

= − c
πσ( + κ) ∫

Sh

gt(r⃗) Vm(r⃗) dω (.)

Finally, if gt(r⃗) is taken to be uniform at Sh we see that the external field potential is

ϕ(r⃗) = − c gt
πσ( + κ) ∫

Sh

Vm(r⃗) dω, (.)

which is a weighted sum of the local transmembrane potential at Sh, with weights that are proportional to the elementary
solid angles dω = dω(r⃗; r⃗′). As discussed in > Sect. .., the effect of the bounded nature of the volume conduction
inside the thorax, as well as that of any inhomogeneities present may be accounted for by a dedicated transfer function
acting on the infinite medium potentials (.).

Evaluation

The ECG signals as generated by the EDL source as described in > Sect. . are based on (.), which has the same
structure as that of (.). The derivation of (.) uses the approximation −(σiΦi − σeΦe) ≈ −σiVm for the impressed
current dipole surface density (Am−) assumes the medium inside Sh to be homogeneous and isotropic. In contrast, the
derivation of (.) is based on the bidomain theory, with J⃗ i = −Gκ(r⃗)∇Vm(r⃗) expressing an impressed current density(Am−). If the full anisotropic nature of both domains representing the passive medium inside Sh is taken into account
the computation of the potential field must be found by solving (.).

By assuming a constant anisotropy ratio for both domains the potential field in the external medium can be found
from (.). This, interestingly, allows the active sources to be inhomogenous throughout the myocardium (interior of
Sh), and demands its value to be known at Sh only. The same holds true for the term gt(r⃗) ∇Z(r⃗′, r⃗) that describes the
passive conductive tissue properties.The final expression (.) assumes a uniform value of the transverse conductivity at
Sh and approximates the conductivity of the medium inside takes the tissue inside Sh to be homogeneous and isotropic,
but only for computing Z(r⃗′, r⃗). Note that in the case of a completely isotropic passive medium we have

ϕ(r⃗) .= ∫
Sh

gt(r⃗) Vm(r⃗) dω (.)

and if, moreover, the transverse conductivity is taken to be uniform at Sh

ϕ(r⃗, t) .= ∫
Sh

Vm(r⃗, t) dω, (.)
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which expresses the basic aspects of the classic UDL source model (solid angle theory) as well as its generalization in the
form of the EDL (the inclusion of a source description during repolarization).

The equal anisotropy assumption used in this appendix serves as an essential step in the derivations shown. Direct
validation of the assumption is difficult because of the wide range of the values of geL, giL, geT and giT reported in the
literature []. More recent publications on this point have not led to a clarification on this point [, ]. Indirect support
for using the equal anisotropy assumptions came from the experimentally observed values of the potential difference
across wave fronts propagating either purely transverse or along fibers. For the correct interpretation of such data the local
shape of the wave front needs to be planar. Experimental studies in which this condition was satisfied yielded values of
about mV for both the propagation in the transverse direction and along fibers [, , ]. Recent large scale simulation
experiments revealed only minor differences between the results obtained using the bi-domain formulation and those of
the monodomain formulation based on the equal anisotropy assumption [].

If the full complexity of the distribution of the inhomogenous anisotropy of the conductivity tensor is desired to be
taken into account, this demand should be confronted with the limited accuracy with which such data would be available,
as well as with the reality of the complete complex morphology of the myocardial tissue.The inclusion of such data in the
interpretation of the ECG of individual subjects does not seem to be feasible.
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The Forward Problem of Electrocardiography  

. Introduction

In this chapter we describe a class of problems known collectively as the “forward problem of electrocardiography,” which
all share the goal of describing cardiac and torso electrical potentials starting from some description of electrical sources
within the heart. To solve this forward problem, these electrical sources must be known beforehand, which may suggest
a certain degree of artificiality, or at least impracticality, when viewed from the clinical context. The goal of clinical elec-
trocardiography is to use the body-surface potentials from a patient to extract relevant parameters of the cardiac sources,
which is the essence of the inverse problem of electrocardiography discussed in the following chapter.The forward prob-
lem, in contrast, has a more fundamental role in that it must capture the entire relationships between some description
of the sources and the remote manifestations of cardiac bioelectricity.

In its full scope, the forward problem begins with the membranes of the cardiac myocytes and goes to the body-
surface potentials; more limited formulations can start, for example, with potentials or activation times on the epicardial
and endocardial surfaces, while others can start with descriptions of extracellular tissue potentials and predict epicardial
electrograms. In all cases, a practical forward solution must first describe the sources, ideally in some way that strikes a
compromise between spatial/temporal fidelity and tractability, i.e., it should be possible tomeasure or compute the values
of interest. The forward solution must also capture in adequate detail the effect of the volume in which the sources are
located, the “volume conductor,” as its shape and electrical conductivity will determine the currents and potentials that
form the solution of the forward problem.

In this chapter, we present a rather broad view of the forward problem, one that includes all four components of
a “versatile, present-day heart model” that Gulrajani outlined [] and are reflected in the goals of the Physiome and
Cardiome projects [].These components include the anatomical and physical substrate of the heart, the transmembrane
action potential as the elemental bioelectric source of activation, the spread or propagation of this activation from cell
to cell or element to element within the heart, and, finally, a volume conductor (typically the thorax) through which
bioelectric currents pass from the heart to the outer surface, where they generate the electrocardiogram (ECG). One can
examine each component of the complete problemwith a range of approaches that include experimentswith living tissues
or mathematical and computational simulations, and complete coverage of all these options is well beyond the scope of
this chapter. In this regard, our emphasis will be onmathematical and numerical approaches, although there will be some
description of relevant findings from experiments.

A notable challenge of a forward problem is its multiscale nature, i.e., a complete forward solution encompasses
information from the scale of the ion-channel protein to the complete human thorax and from the nanosecond to min-
utes or even hours of time. One can measure or simulate transmembrane potentials from a cardiac cell (myocyte) or
even unitary currents through single channels of a cell membrane; however, both these approaches are intractable when
the goal is to capture the behavior of the whole heart – there are thousands of ionic channels in a myocyte and bil-
lions of myocytes in a heart. Although mathematical models can include larger numbers of points to represent the heart
than is possible with direct measurements, the density and complexity of representation are also limited by computer
memory and computational capacity. Hence, one must accept simplifications and approximations that lead to work-
able formulations at the cost of detail and accuracy. Thus, for example, direct electrical measurements of the heart
can come from extracellular potentials, sometimes only from the accessible surface(s), and at spacings in the range
of millimeters to centimeters. At millimeter spatial resolution, the measurements can cover only small portions of the
complete organ; to achieve more complete coverage results in a spatial resolution in the range of centimeters even
with the most advanced measurement systems. Mathematical formulations of the forward problem are somewhat less
restricted in the number of spatial locations that they can include but are also constrained in this case by computational
resources.

It is a general observation common to most biological system that the extreme complexity of the physiology of the
heart at each scale requires simplification. It is not feasible to use the same detailed model of membrane behavior suitable
for a simulation of a single cell when the goal is to study cardiac arrhythmias in a heart that contains billions of such
cells. As a result, the choice of specific source representation and volume conductor resolution derive from the type
of behavior one wishes to simulate and the questions such simulations might answer. In this chapter, we describe, for
example, formulations that predict potentials on the body surface from those on the epicardial surface and that solve
the resulting equations using a boundary element approach. There is simplification in that the problem includes only
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potentials on these two surfaces, which, in turn, has the advantage that we can represent each of these surfaces with a
large number of points (high spatial resolution) before exceeding the memory capacity of the computer. On the other
hand, such a formulation forfeits direct information about cells or ionic channels or even the effects of the blood in the
chambers of the heart.

Although one pictures the forward solution as a physically or anatomically outwardly directed process, this is not
necessarily the case. It is possible to formulate an inwardly directed forward problem in which the sources are located
in the heart tissues and the goal is to compute the electric potentials in the blood volume. This formulation is perhaps
especially notable because it leads to a tractable inverse formulation that is the basis for a device that is the most widely
used clinical application of the cardiac inverse problem [].

Thedevelopment of the forward problemhas relied onboth experimental andmathematical results and each approach
has its respective strengths and limitations.The advantages of experimental approaches include the preservation, without
simplification, of heart geometry and physiology, e.g., action potentials and spread of activation, and the ability to impose
changes in this physiology through the use of drugs, artificial stimulation, temperature,mechanical load, or reduced coro-
nary blood flow.Although experimentalmodels contain the full complexity of the living tissues,measuring the parameters
of interest is limited by physical access and the maximum number – and thus spatial resolution and coverage – of simul-
taneous measurement channels. For example, it is not possible to capture a truly complete image of the time-dependent
potentials or currents within a whole heart. Evenmeasurements limited to, for example, the epicardial potentials can only
occur invasively, thus disrupting the integrity of the physiologic volume conductor and the resulting body-surface ECG.

Mathematical approaches remove the limitations of access and, to a certain extent, the number of parameters that
one can monitor. The main challenge then becomes how to represent the true physiology in a realistic manner. Ana-
lytical approaches to mathematical solutions to the forward problem calculate the remote potentials from closed-form
expressions for the cardiac sources. They offer great numerical precision, complete access at any desired resolution, and
continuous variation of parameters. However, they are only possible under the most simplified geometric assumptions,
e.g., that the heart and body are perfectly spherical or that lungs completely surround the heart in a concentrically spher-
ical shape.They also implement an often highly simplified representation of the action potentials or spread of activation
and sometimes compute body surface potentials not as time signals (ECG’s) but rather as sparse snapshots in time under
specific conditions during which simple sources adequately capture cardiac fields.

Numerical approximations of forward problems are certainly the most flexible and potentially powerful of all the
options because they can, at least in principle, represent any sort of geometry in the form of discrete polygonal models
and also any conceivable representation of bioelectric sources and spread of activation. Numerical forward problems in
electrocardiography are generally unique in the sense that a specific set of source conditions leads to one and only one
set of body-surface or epicardial potentials. As we describe in the following chapter, the same is not generally true of the
inverse solution, e.g., multiple sets of cardiac source conditions can lead to the same set of body-surface potentials so
that it may be impossible to determine which of the source conditions is correct. The presence of uniqueness should not,
however, suggest that solving forward problems is trivial; there are considerable technical challenge and effort required
to create the necessary geometric models, biophysical formulations, and numerical approximations. The geometry of
the body is complex and contains regions of varying and even anisotropic electrical conductivity and there are many
nonlinear relationships among relevant parameters. The complexity of simulations is also limited by computer capacity
so that even relatively simplified simulations may take hours or even days to generate.Thus the main areas of research in
numerical forward problems involve the creation of realistic geometric models, the choice of appropriate simplifications
of complex electrophysiology, and the search for more efficient means of implementing them.

Although all three of these approaches – experimental, analytical, and numerical – have contributed to the knowledge
of the forward problem, the dominant form in contemporary research is clearly the numerical simulation approaches
with experimental results serving the essential role of validation. As we shall describe, this research has led to many
recent findings and also encouraged the development of publicly available software and experimental data sets to allow
non-experts to carry out forward solutions using modest computational resources and time.

The content of the rest of this chapterwill address inmore detail all the aspects of the problem outlined above and will
seek to capture the current state of understanding and research in the area of forward problems in electrocardiography.
We begin with a discussion of each of the three main approaches to solving the forward problem in electrocardiography,
including at least brief overviews of the generation of action potentials and propagation simulations. We then continue
with a section on the computational aspects of capturing the geometry and solving the forward problem using numerical
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approaches. The chapter ends with a list of the major research challenges that we have identified. We have chosen to
emphasize contemporary themes at the expense of the rich history in the field and refer to the previous edition of this
chapter for readers interested inmore detailed coverage of this history []. In choosing the topics and literature to include
in the chapter, we have tried to be comprehensive and balanced, however, we extend apologies for inevitable omissions.

To describe the choice of physical formulation, especially in mathematical terms, we will draw heavily on the concepts
of > Chaps. , > , and > , which cover the underlying physics of bioelectricity and cardiac sources, respectively.
> Chap.  provides a valuable overview of bioelectric sources and their links to the body-surface ECG and therefore
contains information required to appreciate fully this chapter.This chapter, in turn, should serve as source of background
information for the chapter that follows, which is dedicated to the electrocardiographic inverse problem.

. Experimental Approaches

There is a close link in the field of electrocardiography – and electrophysiology in general – between breakthroughs
in measurement technology and new insights into the structure and mechanisms of the underlying behavior. This link
exists at all levels of scale and has influenced the development of diverse forward problems in electrocardiography. The
first ECG recordings were from Waller in the late nineteenth century [], but the real breakthroughs in ECG analysis
and interpretation came, more than  years later, at least in part, because of Einthoven’s improvements to the string
galvanometer that allowed rapid recordings from patients located remotely from the equipment []. Near the other end
of the size spectrum, the understanding of ion-channel function was first suggested by Hodgkin and Huxley based on
their implementation of voltage clampmethods [] and then later expanded greatly because of the information that came
from patch-clamp methods developed by Neher and Sakmann []. The importance of such experimental techniques is
further underscored by the fact that each of these breakthroughs resulted in a Nobel Prize for its innovators.

From the enormous richness of experimental approaches and findings that have advanced electrocardiography and
forward problems, we highlight here just a tiny sample of findings and information that is most relevant. Because of
the large scope of the modern view of forward problems, such coverage must include cellular, tissue, whole heart, and
thorax components. As we shall see, each of these fields of experimentation has a naturally synergistic counterpart in
the domain of simulation andmodeling and one cannot imagine contemporary research without close coupling between
these domains.

.. Cellular Electrophysiology

The broad goals of electrophysiological measurements at the cellular level are to determine the resting and dynamic
electric potentials across the cell membrane and to measure the associated currents that flow through the membrane.
This current flow occurs through hundreds to thousands of ion channels, each of which belongs to one of tens of channel
types. Each channel is composed of an opening or pore, surrounded by complex amino-acid helices that form several
separate proteins of largely known composition. It is the characteristics of these proteins and the changes in structure
that they undergo that ultimately give rise to ionic currents, changes in membrane voltage, and the driving forces for
bioelectricity in the heart and thorax. These channel types differ in terms of their selectivity for particular ions, their
electrical conductivity, and their time and voltage-dependent activity. The characterization of these features in normal
and diseased channels forms the central theme of a great deal of experimental studies.

Measurements of transmembrane potential generally occur by means of electrodes placed inside individual cells,
much as one measures potential difference between two locations in a circuit. Because cells in the myocardium are rela-
tively small (roughly brick shaped with  μm length and – μm sides), electrodes are created from small pieces of
glass tubing pulled under heat to a diameter of under  mm []. Measurements of individual ion currents typically occur
by means of slightly larger glass microelectrodes that attach to the membrane and isolate small numbers and even single
channels. The measurements in this case are of the currents that flow through the small patch of membrane under the
electrode tip [].

For use in forward problems, the most important variation on this basic theme is the voltage-clamp configuration,
which uses either two separate electrodes or one that switches between functions at a frequency high enough for it to
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Schematic diagram of the voltage clamp procedure. Two electrodes impaled in the cell provide membrane potentials mea-

surement and current injection. Comparison of themembrane voltage Vm and the commandpotential Vc creates a difference

signal that injectsmeasured current into the cell in order tomaintainVc = Vm. Time signals indicate the response of time- and

voltage-dependent current to a step pulse of the control potential.

carry out the roles of both separate electrodes []. As shown in > Fig. ., the purpose of the voltage clamp paradigm is
to hold, or clamp, the transmembrane voltage at a chosen value and then measure the ionic current required to maintain
this potential. Because the voltage is held constant across the membrane, i.e., the voltage-dependent behaviors are fixed,
the resulting current measurements reveal the temporal behavior of the channels.

Another essential tool for studying cellular electrophysiology is a set of drugs that selectively block individual ion-
selective currents. Hodgkin and Huxleymade use of TTX, a toxin derived from the puffer fish that very selectively blocks
Na+ channels (and still causesmany deaths each year among puffer-fish gourmands) and TEA, a blocker of some types of
potassium channels [].With selective channel blockers, it is possible to isolate individual currents and use voltage clamp
to determine their unique voltage and time dependence. Thus, it was that Hodgkin and Huxley were able to determine
the time- and voltage-dependent characteristics of sodium and potassium channels in the squid giant axon and both
formulate and test their Nobel-prize winning approaches to mathematically modeling the behavior of ion channels [].

The widespread availability of techniques from molecular biology and knowledge of the protein sequence of ion
channels continues to shape the contemporary approach to cellular electrophysiology. It is now possible to alter in very
controlled ways the sequence of amino acids that make up ion channels and to them embed thesemodified channels into
selected cell types and then study their behavior. In this way, it is possible to address questions in basic cellular electro-
physiology and also to create experimentalmodels of a wide range of disease states. Such changes in structure are possible
through direct cloning of ion channels, but also by manipulating the genetic code of (usually) mice to create viable trans-
genic species lines that exhibit specific disease states. As just one example of this powerful approach, researchers altered
the structure of the sarcolemmal ATP-sensitive potassium (KATP) channels and compared themwith normal (wild type)
channels in cells and intact transgenic mice [].These studies showed that the KATP channel is primarily responsible for
the changes in actionpotentialmorphology duringmyocardial ischemia that lead to the shifts in body-surface ST-segment
potentials that are the most common diagnostic feature for myocardial ischemia and infarction.

.. Tissue andWhole Organ Experiments

The science and technology of experimental approaches for myocardial tissue and the whole hearts is enormous and
includes applications in both basic research and day-to-day clinical practice (see, for example, Lux et al. for one recent
review []). Here we outline the general conceptual framework for such measurements as they relate to the description
of bioelectric sources and to some specific approaches that are relevant to any discussion of the electrocardiographic
forward problem.
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Schematic diagram of currents flowing between cells. The figure shows the interface between two cells with cell membrane

and gap junctions linking the ends of cells. The left-hand cell is depolarized so that its intracellular space becomes positive

with respect to the right-hand cell; hence, current flows directly from one intracellular space to the other through the gap

junctions. Extracellular currents form the necessary return path for these currents. Conductivities σ i and σe characterize the

intracellular and extracellular space, respectively.

The main goal of experimental approaches at the tissue and whole-organ level is to measure features of cell-to-cell
coupling and observe behaviors that arise from the integration of many cells into the complex, three-dimensional struc-
ture of the heart.Themeasured quantity is almost invariably voltage coming from the extracellular current, i.e., the return
current that flows between cells through the extracellular space. In fact, it is the qualitative appreciation of the difference
between intracellular and extracellular measurements and currents that is perhaps most relevant to any discussion of the
electrocardiographic forward problem. This conceptual framework provides the bridge between ionic currents and the
macroscopic bioelectric fields that is central to any discussion of cardiac sources, which we describe in > Sect. ..

> Figure . shows schematically the relationship between ionic currents and the passive currents that flow between
cells and into the extracellular space. In the figure, the left-hand cell is depolarized while the right-hand cell is at rest, thus
producing the potential difference that is always necessary for current to flow from cell to cell, and by extension, from
one part of the heart to another. Current is able to flow easily between neighboring cells because of the presence of gap
junctions so that the downstream cell then also begins to accumulate charge. This initial charge accumulation, in turn,
provides capacitive current that appears to flow (as all capacitive currents appear to flow – there is no ion flow across the
membrane but rather a movement of ions on both sides that is the current) into the extracellular (interstitial) space.This
extracellular, or return, current flows through the interstitium, which has a discrete conductivity, σe, and thus generates
local voltage differences that one can measure.

... Lead Systems and Electrode Arrays

There are two basic approaches to measuring cardiac activity: unipolar and bipolar leads. Both have physical implemen-
tations in the form of contact electrodes. A lead is the potential-difference time-signal recorded between two locations in
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or around the heart or body; signals from the body surface are electrocardiograms (ECG’s) and signals from the heart are
electrograms (EG’s). Unipolar leads in measurements of cardiac bioelectricity represent the potential difference between
one site on or near the heart and a reference, or indifferent electrode typically located remotely from the heart.The actual
electrodes can be a small metal pellets, disks, or uninsulated lengths of wire, placed in direct contact with myocardium
(see > Fig. .). The electrode is connected to the noninverting input of an electronic differential amplifier, while the
inverting (negative) inputs of all the amplifiers are connected to the indifferent electrode. Thus, the potential measured
by each amplifier represents the difference of voltage between an individual electrode recording site and the reference site.
Themain advantages of unipolar leads is that they share a common reference and thus provide the necessary information
for comparing values over different leads and hence over space. The recording of voltage over space is known as cardiac
potential mapping. A disadvantage of unipolar leads is that the signals contain both local information, attenuated fields
from remote events, and measurement noise, and one often wishes to separate local from remote events. The signals in
Panels A and B in > Fig. . are examples of unipolar electrograms.

Bipolar leads consist of two, closely spaced electrodes, with one connected to the inverting and the other to the non-
inverting input of an amplifier and have the advantage of increased sensitivity to local activity while reducing the effects
from distant activity and noise. The bipolar signal represents the algebraic difference between the unipolar signals that
would have been recorded from the separate electrodes. This subtraction removes common information or similarities
in the two unipolar signals, leaving only those aspects of the unipolar signals that are different. Such differences, in turn,
are the result of local events so that bipolar leads emphasize the passage of the activation wavefront and may improve
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A sample of unipolar electrograms and the bipolar leads derived from their difference. (a and b) each contain two very similar

unipolar electrogram from neighboring sites in a ,-lead epicardial array. (c and d) contain the bipolar leads derived from

the two unipolar signals in (a and b) respectively. Note the different vertical scales in each plot. (From [] with permission)
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detection of activation. One weakness of bipolar leads is that they do not share a common reference and thus cannot be
compared with other leads in any sort of mapping based on amplitude or time course of the signals. > Figure . shows
two pairs of unipolar EGs recorded from closely spaced electrodes (Panels A and B) as well as their differences – the
bipolar signals that would have been recorded from them (Panels C and D).

From the perspective of the electrocardiographic forward problem, another salient features of lead type is that unipolar
and bipolar leads sense different information and each type provides data for a different formulation of the forward
problem, as we shall see in > Sect. ... Unipolar leads recorded from the epicardial surface(s) of the heart provide
direct information for the form of the forward problem based on surface potentials sources. Bipolar leads, on the other
hand, provide direct source information for forward models based on activation times. It is imperative to note that one
can fairly easily derive activation times from unipolar electrograms [–], but that it is impossible to derive potential
maps from bipolar leads.

A fundamental question in any mapping and forward or inverse modeling application is the number and location
of electrodes required. From a purely experimental perspective, the best number/location configuration of electrodes is
based on a combination of features such as the desired biomedical goal, the accessibility of the heart to measurements,
the types of electrodes available, and the capabilities of the acquisition system. The question of the minimum required
spatial resolution has not been resolved completely, but current consensus indicates that a spacing of ≈ .mm is required
to capture the details of cardiac activation []. This resolution assumes simple linear interpolation between measure-
ment sites, either through explicit interpolation or implicitly in the visualization or signal processing required to identify
features of interest. There are, however, more sophisticated forms of interpolation that allow, for example, lower den-
sity measurements (≈ – mm) on the epicardial surface and are still capable of reconstructing activation wavefronts
[, ]. In an even more extreme case, if a set of high-resolution training data is available, it is possible using statistical
estimation techniques to reconstruct activation maps on the entire ventricular surface from a very unevenly spaced set
of only – electrodes restricted to the coronary veins [, ].

A selection of typical electrode configurations of unipolar and bipolar lead configurations used in contemporary
electrophysiology, a subset of which is shown schematically in > Fig. ., includes the following:

. Epicardial arrays sewn into nylon socks that cover some or all of the ventricles;
. Rigid plaque arrays with regular electrode spacing that cover – cm areas of the ventricles or atria;
. Sets of transmural plunge needles with – electrodes in each needle;
. Catheters with – electrodes that are placed in the ventricles, atria, or coronary veins;
. Basket catheters consisting of – strands, each containing – electrodes for insertion into the right or left atrium;

and
. An inflatable, multielectrode balloon or large bore catheter with – electrodes that can be introduced into the

ventricles through an incision or through the coronary vessels.

.. Physical Models and Phantoms of the Thorax

Physical models of cardiac sources and volume conductors have existed almost as long as the field of electrocardiography
and much of the original understanding of the electrocardiographic field came from studies with such models. One
can argue whether the ultimate goal of such models has been to solve the forward problem or the inverse problem of
electrocardiography; investigators simply set out to understand the relationship between some form of cardiac source
and the resulting potentials and currents on and in the torso volume conductor. > Chapter  also includes coverage of
this topic, and here, we introduce the topic with some results and interpretation. We also refer to other recent reviews of
the topic [, ].

One of the earliest and certainly most thorough evaluations of a physical model based on a single bipolar source in
a realistically shaped three-dimensional torso model was that of Burger and Van Milaan [, ]. The physical model of
the torso was an electrolytic tank made out of a michaplast shell molded on a statue of a supine human. The tank split
horizontally to provide access to the interior, which was filled with copper sulfate solution and equipped with copper foil
electrodes fixed to the inner surface (see > Fig. .). The heart source model was a set of copper disks oriented along one
of the body axes and adjustable from outside the tank by means of a rod. The first model used only the electrolyte as the
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A sample of electrode arrays commonly used in cardiac mapping. (a) plunge needle with ten individual electrodes; (b) multi-

electrode catheter arranged in four bipolar pairs; (c) basket catheterwith six wands, each containing six bipolar pairs; and (d)

inflatable sock array for surgical insertion into the left ventricle. (From [] with permission)
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Electrolytic tank from Burger and vanMilaan (from British Heart Journal, : –, with permission).

homogeneous volume conductor [], but subsequent versions incorporated inhomogeneous regions constructed from
cork and sand bags for spine and lungs respectively [].

It is relevant at this point to note that the source of the forward problem in these and many subsequent studies was
the single dipole, described in > Chap. . The dipole is also the basis for the lead field concept described in detail in
>Chap. . Burger and vanMilaan were able to derive both algebraic and geometric forms of this relationship for each of
the standard limb leads by fitting their measurements of limb lead potentials for known heart vector positions to a simple
linear equation,

ϕi = p⃗ ⋅ L⃗i , (.)
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Electrolytic tank from Nagata (from Japanese Heart Journal, (): –, with permission).

where ϕi is the potential for a particular lead i, p⃗ represents the dipole moment vector, and L⃗i is the lead vector corre-
sponding to the specific lead (> Sect. .). To explore the effects of the volume conductor, they repeated the derivation
after including various inhomogeneities in the tank and observing the effect on the weighting coefficients of the algebraic
expressions. Theirs and subsequent studies by Grayzel and Lizzi, who used conductive paper (Teledeltos) to create two-
dimensional inhomogeneous models of the human thorax [, ], were among the first to recognize the importance to
the ECG not only of volume-conductor shape but also of the role of inhomogeneities in the volume conductor.

Another major breakthrough in the sophistication of physical models came from Nagata, who described several fur-
ther refinements of artificial source and volume conductor models and subsequently introduced the use of biological
sources rather than dipoles [, ]. In a preliminary study, Nagata placed a bipolar source in  different locations and
measured the torso tank surface potentials at electrode sites equivalent to eight different lead systems in common usage
at that time []. Like Burger and vanMilaan, Nagata used a torso geometry based on a three-dimensional human thorax
(see > Fig. .) and made measurements both in the homogeneously conducting tank as well as (in a subsequent study)
with inflated dog lungs and agar gel models of human lungs inserted into the tank []. The goal of the studies was to
derive the lead vector – expressed here as the “impedance transform vector” – from measurements over a wide variety
of bipole source locations and lead systems. A second goal was to evaluate the effects of torso boundaries and inhomo-
geneities on the shape of the lead vector field.The limitations of this study lay in the lead field approach, which represents
the heart as a single dipole rather than a distributed source of bioelectric current.

The later study by Nagata was notable also because he introduced a significant improvement over all previous studies
by replacing the synthetic bipolar source with a perfused dog heart, thus achieving a much higher degree of realism than
available with simple current bipoles []. Nagata did not measure cardiac potentials directly and therefore had nomeans
of describing the real heart quantitatively. Instead, his study focused on the relationship between ECG signal parameters
such as R-wave amplitude and signal morphology and the presence or absence of torso inhomogeneities.
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There followed then several studies with the goal of evaluating the suitability of the single dipole as a representative
source model. De Ambroggi and Taccardi carried out very careful studies of the electrocardiographic field from two
bipoles in a two-dimensional electrolytic bath []. Their aim was to establish whether it was possible to characterize
sources composed of two eccentrically placed bipoles based on potentials measured at sites distributed throughout the
bath. Hence, it was not a validation of a quantitative forward solution but more a qualitative evaluation of the relationship
between cardiac sources and body surface potentials. Subsequent studies by Mirvis et al. set out to address this same
question with rabbit hearts placed inside spherical electrolytic tanks [–]. They found that a single moving dipole
was not an adequate representation of the heart’s electrical activity but that any of three different higher order discrete
sources they tested did virtually equally well at reproducing the potentials on the surface of the tank in which the hearts
were suspended.The important result of this study was to demonstrate from an experimental model that the single heart
dipole model of electrocardiography was incomplete. A new source description was necessary.

It was Barr et al. who provided the new source description when they proposed representing the heart in terms of
its epicardial potentials [, ]. This also led to a new series of validation studies based on this formulation, the first of
which Barr et al. carried out not using an electrolytic tank, but instead an instrumented complete animal model [].This
preparation included surgical implantation of  epicardial electrodes, re-closure of the chest wall in order to restore the
integrity of the thoracic volume conductor, and, after a -week recovery period, measurement of both epicardial and 
body-surface potentials with a -channel acquisition system. To record geometric information, the thorax of the animal
was later sliced and photographed to create a model consisting of the electrode locations on the epicardial and torso
surfaces. This landmark study provided data that have been used by several other investigators to validate their forward
and inverse solutions [, ].Themajor limitation of this validationmodel was that the spatial resolution of the geometric
model was modest (the geometric model consisted of only the electrical measurement sites). Furthermore, because of the
limited number of recording channels available (), the potential measurements were performed in sequence and then
time aligned, increasing the risk that changes occurring on a beat-to-beat basis or over the time of the measurements
would be captured in only a subset of the recordings. > Chap.  describes the most modern version of this form of
physical studies by Nash et al. using an intact pig with instrumented epicardial surface and (re-)closed chest [, ].

Most of the experimental phantom studies performed since those of Barr et al. have been of the hybrid type pioneered
by Nagata using an isolated heart either with an electrolytic tank [–] or with endocardial and catheter measurements
for the endocardial inverse solution [–]. The main advantages of this type of preparation over instrumented whole
animal experiments are the relative ease of carrying out the experiments and the increased level of control they provide.
The isolated heart is more directly accessible when suspended in an electrolytic tank, which permits manipulations of
its position, pacing site, coronary flow, temperature, etc. as well as the injection of drugs. The simplified geometry of
the (usually homogeneous) tank also makes constructing customized geometric models simpler and faster than when a
complete medical imaging scan is required for a whole animal.

A contemporary example of the isolated dog heart and human-shaped electrolytic tank preparation is shown in
> Fig. . (see also > Chap. ). This preparation uses a second dog to provide circulatory support for the isolated heart,
which achieves very stable physiologic conditions overmany hours.With the isolated heart, it is also possible to cannulate
individual arteries and then regulate the coronary flow rate, blood temperature, and the infusion of cardioactive drugs in
order to examine the effects of physiologic change on forward and inverse solutions [, , –, –].

The advantages of physical models include the extreme level of control and intervention that is possible with such
preparations. One has excellent access to the source and the volume conductor and can induce changes in either, in some
cases within seconds, and can then measure the resulting changes in bioelectric potentials. The source especially can be
very realistic with live, perfused, beating hearts available, albeit in most cases with compromised (through anesthesia
and surgery) or even absent autonomic nervous systems. In the closed chest animal preparations, there is even a certain
degree of realism to the volume conductor, although again with caveats of surgery and anesthesia. One of the challenges
of these models is measuring and controlling for geometric details, at least for parts of the preparation. A rigid torso-
shaped tank has a very precisely known geometry but the same is not true, for example, in the case of a re-closed chest
cavity in a pig. Even with the rigid torso tank, the location and shape of the heart can be challenging to determine with
high precision. As we shall see in the following section, obtaining precise geometry is one of the emerging themes of the
forward problem and contemporary research in this area. One final challenge, common to all animal experiments and
especially with artificial sources of cardiac bioelectricity, is that although the results may be useful to develop and evaluate
problem formulations, one must use great care in extrapolating the physiological findings to humans.



The Forward Problem of Electrocardiography  

Heat
exchange

C J

Torsotank
electrodes

Epicardial sock
electrodes

Support
dog

Electrolytic
torso tank

Flow
regulators

⊡ Figure .

Physical model of forward problem originally devised by Taccardi et al. with an isolated, perfused dogheart suspended in the

electrolytic tank. Recording electrodes consist of – tank surface electrodes and a – lead epicardial sock array.

. Modeling Cardiac Bioelectricity

Creating and using simulations of cardiac bioelectricity has a long and rich history and also covers an enormous range of
scale and mathematical sophistication. In this chapter, we provide only a brief overview of this material and focus on the
methods that are most relevant in the contemporary research and that drive the forward problem in electrocardiography.
As we have defined it, the scope of the forward problem is also very large, and therefore, we include at least some coverage
over the complete spectrum from ionic channels to whole hearts.

The unifying goal of simulating cardiac sources is to represent in some compact and mathematically defined way
the currents and electric potentials that the heart produces. These representations may be based on explicit anatomical
information and even require geometric models of cells, tissue, or the whole heart. Source models may, however, also
bear little resemblance to realistic anatomy, but be abstractions of real biophysical sources that are useful only when the
distances from the source are large compared with the extent of the source. One can view such a range of representations
as similar to describing a source of light either in terms of the actual filament shape of the bulb or, simplified, as a point
source radiating equally in all directions; both representations are useful at some scale but not usually across the full
range of possible scales. Similarly, representations of cardiac bioelectricity even at the same scale may differ in degree of
accuracy or sophistication and they may also vary in terms of the range of situations they can simulate. For example, a
source modelmay create highly realistic potentials for a normal heart beat but be completely inadequate for pathological
states. In all cases, source representations are approximations and hence reflect some degree of compromise, usually in
order to be mathematically or computationally tractable.

.. Models of Cardiac Myocytes

The requirement of a model of cardiac cells is that they simulate with acceptable fidelity both the resting and dynamic
behavior of the cell. Resting potentials depend on the concentrations of ions on both sides of the cell membrane and
on the resting conductivity of ion channels, and a complete model of the cell will reflect these dependencies and even
allow for variations in these parameters that reflect pathophysiology, e.g., a cell model should allow the resting potential
to rise (depolarize) with elevation in extracellular potassium ([K+e ]), as a real cell does during acute ischemia. Accurate
representation of the action potential of the cell is a muchmore challenging requirement, especially given that, again, this
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behavior must reflect a wide range of variations in all the relevant ion channels and their time and voltage dependence.
The action potential of a myocyte is the sum of tens of different types of channels arranged in densities that vary with the
cell type, species, and even location in the same heart. Each ion channel, in turn, opens and closes in a stochastic manner
and thus allows current to flow in a complex time, voltage, and ligand dependentmanner, described ultimately by the set
of proteins that make up the channel structure. An ideal model of the cell would allow predictions of ionic currents and
action potential shape on the basis of variation in the underlying protein structure, i.e., the sequence of amino acids that
make up the proteins, determined by the DNA of the cell nucleus.

Such a completemodel does not yet exist but there do exist frameworks in which to approach the required (or desired)
sophistication. Moreover, there are formalisms that are based on at least reasonable simplifications and ensemble averages
of the individual ion channel characteristics that seek to predict the behavior of pieces of cell membrane and whole
cells. Even more simplified models also exist that approximate the essential parameters of action potential behavior and
are driven by empirical mathematical formulations. Here, we describe briefly these first category of cell models as they
represent the far dominant form in forward solution formulations.

... Biophysically BasedModels

There are two levels of biophysically based modeling approaches in common use today: one that describes the opening
and closing of individual ion channels and the other that computes currents and voltages for the entire cell. Both of them
share the characteristic that they appeared before there was clear experimental proof of the behavior and especially the
structure that they attempt to simulate. In this sense they illustrate one of the most powerful applications of simulations,
that is to start with a concept of the underlying mechanism and then create a quantitative model that reflects this concept
as a means of testing it against measured data.

The Hodgkin–Huxley formalism was the result of breakthroughs in both measurement and theory that occurred in
the period of rapid progress that followed World War II. Hodgkin and Huxley made use of the electronic circuitry and
devices developed during the war to implement and then apply the voltage-clamp technique described in > Sect. .. to
the squid giant axons []. In order to describe first conceptually and then quantitatively the results of these experiments,
they proposed the idea of ion channels, that is, openings in the axon membrane that were selective to specific ions and
that had time and voltage dependencies that voltage clamp allowed them to investigate. Starting from first-order kinetic
equations common in physical chemistry and ordinary differential equations frequently used to describe simple rate
dependencies, they adjusted parameters in order to fit the measured data and presented calculations to support these
concepts [, , ]. Subsequent experiments, requiring numerous technological breakthroughs and performed by their
successors, proved that the concept of ion channels was sound and led to a Nobel Prize for Hodgkin and Huxley. This
simulation formalism is still central to most modern membrane and cell models and there are excellent descriptions in
many review articles and even text books [–].

> Figure . is a schematic circuit diagram that shows the essentials of the Hodgkin–Huxley formalism applied to the
cardiac myocyte. Components include an expression for membrane potential expressed as the product of ionic currents
and the capacitance of the lipid bilayer that makes up cellular membranes. The original models of Hodgkin and Huxley
applied only to nerve axon and included single Na+ and K+ currents; to represent cardiac action potentials substantial
modifications are necessary.

The basic equation from the circuit in > Fig. . that drives all models based on the formalism of Hodgkin and
Huxley is

∂Vm

∂t
= − 

Cm
(Iion + Istim), (.)

whereVm is the membrane potential,Cm is the membrane capacitance, Iion is the sum of the active ion currents, and Istim
is a stimulus current (usually) required to depolarize the cell to reach threshold.

The ionic current is the sum of individual currents that flow through ion-selective channels driven by an equilibrium
potential and regulated by a time- and voltage-dependent conductance, expressed as

Iion = INa + IK + ICa . . . , (.)
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Circuit diagram for the Hodgkin–Huxley formalism applied to cardiac myocytes. The parallel circuit of membrane capaci-

tive current and individual ion currents passing through variable resistors captures the essence of the electrical behavior

of the cell.

where . . . indicates that the list of individual currents is variable and may include different subspecies of currents for
the same ion, each having a different time and voltage dependence. Each individual current, in turn, can be expressed
according to the circuit diagram as the product of a voltage difference and a conductivity

iX(V , t) = (Vm − EX)gX(V , t), (.)

where IX is the current for ion X, which flows whenever membrane voltage Vm diverges from the equilibrium potential
for the particular ion, EX , and the conductivity for that ion, gX , is non-zero. The equilibrium potential, EX , is a function
of the relative concentrations of the particular ion on both sides of the semipermeable membrane and is predicted by the
Nernst equation:

EX = RT
ZXF

ln([X]e[X]i ) , (.)

where R is the gas constant constant, T is temperature, ZX is the valance of ion species X, F is the Faraday constant,
and [X]e and [X]i are the extracellular and intracellular concentrations respectively, of ion species X. Conceptually, the
Nernst potential is the membrane potential difference at which there is no incentive for net movement of a particular ion,
i.e., the voltage at which, at least for a particular ion, there is equilibrium between inward and outward currents. At any
other membrane potential, each ion will experience a net driving force equal to Vm − EX that will move ions across the
membrane if the membrane has adequate permeability to that ion.

With this formulation, the descriptions of individual ion currents reside essentially in the time and voltage dependence
of the conductivities. As part of their original formulation, Hodgkin and Huxley developed simple expressions for these
conductivities based on first-order rate equations that in some way capture their idea of the underlying channel behavior.
They fitted the parameters of these equations in order to agree with experimental voltage-clamp results. The resulting
formalism remains the most commonly used in modern simulation of electrically active membranes.

The first model of cardiac membranes was by Noble et al. in  and there are at least  different variations on this
theme known in the literature today []. Each model varies in terms of the number and type of individual ion channels
included and the animal species for which individual parameters are known from experimental studies. Perhaps, most
commonly used are the models from Luo and Rudy [, ], which include not only ion channels but (in the  edition)
also support for intracellular buffering of calcium. Sachse has recently summarized very well the state of membrane
simulation models, including both electrical and mechanical models [].

From the perspective of the electrocardiographic forward problem, the choice of membrane simulation model is
always sharply constrained by the limits of computation. We describe in > Sect. .. models of cardiac tissue, some
of which include individual membrane models as the primary drivers. Because of the desire to simulate pieces of
myocardiumup to the size of whole heart, it is necessary to discretize the tissue into hundreds of thousands, evenmillions,
of tiny elements, each of which contains its own membrane model. In order to then be able to compute electrical activity
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for even a reasonable part of a single heart beat, it is necessary to find efficient, simplified ion-channel models.This sim-
plification in model comes at a cost of accuracy but is an acceptable compromise, in part, because the very existence of
tissues reduces the impact of individual cells or small groups of cells on the overall behavior of the simulation.

.. Models of Cardiac Tissue

In this section, we step from the cellular level to the tissue and whole heart and describe models that capture aspects of
their electrical behavior that are relevant to the forward problem. As with the cell, somemodels of myocardium represent
a biophysical approach and are based on accurate anatomical features of the heart. Others are parametric in that they use
abstractions of some sort to capture the essential features of the electric fields frommyocardium, often requiring a certain
distance between the source and the observation location. In general, such parametric representations are less accurate
but much simpler to compute; their other major weakness is that it is rarely possible to measure them directly or even to
uniquely associate their parameters to anatomical or physiological characteristics of the real heart.

... Discrete Source Models

The simplest and best knownmeans of representing the electrical activity from the heart is the heart dipole, first described
and applied to the heart by Einthoven [, ] and still the description with the largest impact on clinical education and
the interpretation of the ECG []. While simple to grasp physically and to compute numerically, the single dipole is only
a barely adequate description of the electrical activity of the heart and even at the body surface cannot explain certain
features of potential distributions and the ECG []. If anything, it is remarkable that a representation encapsulated by
only six parameters can do as well as it does and this fact is perhaps the best evidence of the attenuation, smoothing,
and smearing effects of the volume conductor that we explore in more depth in > Sect. .. However, for the purpose of
quantitative simulation and the detailed study of almost any aspect of normal or abnormal cardiac electrophysiology, the
dipole is an inadequate model and hence is rarely considered in contemporary research studies.

There are other forms of discrete sources, based on combinations of dipoles or other higher order forms of this basic
current source. Somehave proved useful in very special circumstances, such as representing the earliest phase of an ectopic
beat, when it resembles a pair of waves moving in opposite directions and hence as a pair of dipoles or a quadrapole [].
The occurrence of an accessory pathway connecting the atria and ventricles as it arises in the Wolff–Parkinson–White
(WPW) syndrome has also been modeled as a discrete dipole that is active only for a few milliseconds [–]. This
accessory pathway is a tissue band that links the atria with the ventricles and thus forms a connection secondary to
that via the atrio-ventricular (AV) node.This connection can create a circular pathway of excitation that goes from atria
to ventricles back to atria and thus a reentrant circuit that can be the substrate for ventricular arrhythmias and even
death [, ]. During the instant in which the excitation travels through the accessory pathway, this bioelectric source
is very focal and discrete, and the electric field from this source resembles that of a single current dipole. There have also
been many reported studies in which a set of distributed dipoles, each with unique orientation and activation times has
represented the potentials from the heart – as we will see, this is still a representation that allows models of propagation to
generate extracardiac fields (> Sect. .). One such model was even the source for a complex inverse solution expressed
in terms of on time and off times for a multiple dipole source [].

In the contemporary context, there are more accurate and sophisticated formulations that are both more accurate,
and through modern computers, tractable sources of cardiac bioelectricity. The rest of this section focuses on these, but
for more detail on discrete models, the review by Gulrajani is an excellent resource [].

... BidomainMethod

One of the most successful and perhaps initially confusing approaches to representing the electrical activity of the
myocardium is the bidomain technique, first conceived by Schmitt [], proposed by Miller and Geselowitz [] and
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Tung [] for the heart, and later expanded and used by others to examine all facets of cardiac excitation and stimula-
tion [–].We present here only a brief overview of the method and refer to an excellent review byHenriquez for more
details [].

The main goal of the bidomain approach is to simplify through a process of “homogenization” the features of an
aggregate of individual myocytes so as to enable feasible computations of pieces of heart tissue and ultimately the entire
heart. Computation that did not employ such a simplification but instead included every cell of the heart would require
approximately  billion sets of parameters for each time instant, where each set of parameters could include as many
as  variables, clearly beyond the scope of any computer. The bidomain approach makes explicit use of the fact that
the heart is essentially a syncytium, that is, every cell connects via its immediate neighbors to all other cells. This means
that, in principle, stimulating a single cell will eventually lead to all cells firing an action potential (and contracting) in
a sequence. The bidomain then describes the heart as composed of two domains, one for all intracellular space and the
other for all extracellular space, both coexisting in the same physical space (the myocardium). Thus, what is actually a
discrete syncytiumofmany individual cells, eachwith their its transmembrane voltage, becomes two continuous domains.
Intracellular potential and extracellular potential then become continuous functions of space, as does their difference, the
transmembrane voltage. Similarly, other parameters of the tissue, most notably electrical resistance, become continuous
functions in the intracellular and extracellular spaces. Joining the two domains of the bidomain is the membrane, which
in the classic bidomain has no volume but is likewise distributed everywhere throughout the tissue. Most importantly,
the membrane contains the ionic channels represented by voltage- and time-dependent currents that generate action
potentials within the cells. > Figure . shows schematically the organization of intracellular and extracellular spaces
with a membrane linking the two. Also visible in the figure is the current that leaves the extracellular space and travels
into the extramyocardial volume conductor; it is this current that is ultimately responsible for the torso and body-surface
potentials (ECG).

As with other aspects of the forward problem, analytical expressions in terms of continuous functions are rarely
available so that numerical approaches or discrete approximations of myocardial geometry are necessary.Thus, somewhat
paradoxically, what starts as a discrete arrangement ofmyocytes eventually becomes a discrete organization of small pieces
of tissue, each small enough to be treated as uniform with regard to potentials and ionic currents.We describe this process
of homogenization and subsequent discretization in the following section.

The derivation of the governing equations of bidomain techniques begins with the statement of Ohm’s Law in terms
of conductivities for the intracellular and extracellular spaces as

J⃗i = −σi∇ϕi (.)
J⃗e = −σe∇ϕe,

where the subscripts i and e on each of J⃗, σ , and ϕ indicate intracellular or extracellular spaces respectively.

Extracellular

Extramyocardial
Intracellular

Membrane

Φi, σi

Φe, σe

Φo, σo

Im

Itorso

⊡ Figure .

Schematic view of the bidomainmethod of describing myocardium. The heart contains intracellular and extracellular spaces

that are linked by a membrane. Currents from the extracellular space (Itorso) flow into the extramyocardial volume conductor

to produce body-surface potentials.
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Conservation of current requires that whatever current leaving the intracellular domain must enter the extracellular:
a condition that is possible because both domains are assumed to exist at the same point in space.This allows one to write

∇ ⋅ J⃗i = −∇ ⋅ J⃗e (.)

Substituting (.) into (.) provides a conservation equation in terms of the intracellular and extracellular potential fields
as ∇ ⋅ (σi∇ϕi) = −∇ ⋅ (σe∇ϕe) (.)

We can now make use of the definition of the transmembrane potential

Vm = ϕi − ϕe (.)

to express (.) in terms of Vm and ϕe by subtracting ∇ ⋅ (σi∇ϕe) from both sides to obtain

∇ ⋅ ((σi + σe)∇ϕe) = −∇ ⋅ (σi∇Vm) (.)

This equation is the first of the two bidomain equations and calculates the extracellular potential field, given a transmem-
brane potential distribution. Note that this is essentially a form of Poisson’s equation with a source term based on the
current density associated with the transmembrane potential field. In fact, the extracellular domain of the bidomain is
contiguous with the passive regions outside the heart so that one could consider the whole torso to be a bidomain in
which the contributions from Vm are only non-zero in the heart region.

As shown in> Fig. ., any transfer of current between the intracellular and extracellular domainsmust pass through
the intervening membrane so that ∇ ⋅ J⃗i = −∇ ⋅ J⃗e = AmIm (.)

Here Am is known as the surface-to-volume ratio of the bidomain membrane and essentially describes how muchmem-
brane surface area is present per volume of tissue. The function Im describes the current flow across the membrane per
unit of membrane area. It is the sum of a time-dependent capacitive current and a second current, Iion , representing the
flow of ions through selectively permeable channels in the membrane as described in > Sect. ..:

Im = Cm
∂Vm

∂t
+ Iion , (.)

where Cm now denotes the membrane capacitance per unit area.
Combining (.) and (.) gives

∇ ⋅ (σi∇ϕi) = Am (Cm
∂Vm

∂t
+ Iion) , (.)

in which Iion is a function of Vm, and therefore, it is common (but not universal) practice to re-state the left hand side of
(.) in terms of Vm by adding and subtracting∇ ⋅ (σi∇ϕe) and again imposing the definition of Vm to write

∇ ⋅ (σi∇Vm) +∇ ⋅ (σi∇ϕe) = Am (Cm
∂Vm

∂t
+ Iion) (.)

Equation (.) is the second bidomain equation and from it, one can calculate the transmembrane potential.
It is possible for an external stimulus current to be applied to either domain (Is and Is); this allows the two bidomain

equations to be written as

∇ ⋅ ((σi + σe)∇ϕe) = −∇ ⋅ (σi∇Vm) + Is , (.)

∇ ⋅ (σi∇Vm) +∇ ⋅ (σi∇ϕe) = Am (Cm
∂Vm

∂t
+ Iion) − Is , (.)

where Is and Is are the stimulus currents.
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These two equations are highly coupled and indeed solutions can prove to be computationally prohibitive over
large domains and/or on high resolution meshes. If either the extracellular domain is assumed to be highly conducting(σe ∼ ∞) or the domains are assumed to be equally anisotropic (σi = kσe), it is possible to reduce the bidomain system
to a single equation with a significant reduction in computational complexity. The result is known as the monodomain
equation, ∇ ⋅ (σ∇Vm) = Am (Cm

∂Vm

∂t
+ Iion) − Is , (.)

in which σ is defined by σ− = σ−e +σ−i .This expression is essentially a nonlinear cable equation when reduced to its one-
dimensional form. Thus one can think of the bidomain approach as a multidimensional generalization of the nonlinear
cable equation.

. Simulating Propagation

To simulate a full heart beat, it is necessary to have bioelectric sources that vary with time, ideally overmore than one beat
if the goal is to study arrhythmias or other effects related to heart rate. The most realistic way to generate time-varying
sources is to simulate the spread of excitationwithin tissue, and there aremany approaches to describing such propagation
in the heart. As with all simulation components, there exists a range of levels of sophistication and degrees of realism and
flexibility that such a model can simulate.

There are two stages to this type of simulation andmultiple approaches to both.The first step is to predict the sequence
in which different regions of the tissue depolarize, the actual spread of excitation. The result is a set of activation and/or
repolarization times, parameters which are immediately useful to address some highly relevant questions. The second
step is to use the timing values of the excitation and repolarization to generation potentials either within the tissue, or
more often, on the epicardium and endocardium. In the context of the forward problem, one usually wishes to generate
such potentials at the body surface (although we leave this last step to the section on volume conductors). As described in
> Sect. .., a common approach to calculating potentials is to represent different regions of the heart as dipole sources
and use the activation wavefronts to provide their orientation and active/repolarization times and thus determine their
timing. Another approach, described in detail in > Chaps.  and > , is to represent the sources as moving double
layers, with timing and path determined from the propagation parameters. Rather than explicitly computing the spread
of excitation, it is also possible to assume knowledge of this sequence, e.g., to acquire it from experiments, and then
generate extracardiac potentials from this information.

We use this approximate taxonomy of stages to describe and categorize specific models and begin with simulation
approaches that generate the sequence of activation or spread of excitation, which we take as equivalent expressions. Here,
again, we emphasize the intuition of each approach over its mathematical description and solution and refer readers to
other sources for more detail.

.. Physiology Background

We begin with a qualitative description of the process by which excitation travel through the heart. Like all organs, the
heart comprises a large number of cells, each of which must be stimulated (partially depolarized) in order to generate an
action potential. At the tissue level, the question arises as to how the impetus to depolarize passes from one cell to the
next.The answer is via Ohm’s Law and gap junctions. Ohm’s Law (I = V/R) states that current will flow when a potential
difference arises and the resistance between regions at different potentials is low enough. Thus, if one cell depolarizes, it
will become more positive than its neighbors so that current will flow, providing there is a conductive pathway. The con-
ductive pathway is provided by what are known as “gap junctions”. Gap junctions are a form of protein channel embedded
in the cell membrane that form direct connections between the interior of one cell and the interior of a neighboring cell
through which charged ions may flow – each one represents a resistor with relatively low resistance compared with sur-
rounding tissue. While return currents do flow in the extracellular space, the gap junction connections are the primary
means of transferring electrical information between cardiac cells. > Figure . in > Sect. .. shows schematically the
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relationship between two cells coupled by gap junctions, the primary current pathway through the gap junctions, and the
return current through the extracellular space.

There are some characteristic features of propagation in myocardium that follow from these mechanisms and any
attempt at simulating propagation must also take them into account. In fact, appreciation of these features can lead to
simplified formulations of propagation, as we will show.The first notable feature is syncytial nature of the heart described
in > Sect. .., by which each cell is connected to all other cells by means of a series of neighbors – a single depolarized
cell will eventually cause all cells to depolarize as long as there is a path to each cell. Similarly, all paths from one cell to
a nonneighboring cell must go through intermediary cells, i.e., there are generally no short cuts or direct connections
between remote regions of the heart. The exception to this rule is a set of special cells, superimposed and only partially
connected to the rest of the heart, that are typically noncontractile and preferentially carry extrication more rapidly than
surrounding tissues. This conduction system is responsible for the coordination and timing of the spread of excitation,
ensuring, for example, through a branching network of fibers that most of the subendocardial regions of the ventricular
septum are stimulated almost simultaneously. Not all elements of the conduction system accelerate the spread of excita-
tion. In fact, the atrio-ventricular (AV) node is the only electrical link between atria and ventricles – in a normal heart, at
least – and it exhibits especially slow conduction speed because of weak intercellular coupling and smaller, rather slowly
rising action potentials of the cells. A complete propagation model of the heart must incorporate all these behaviors, or
at least must be able to mimic them in some form.

Wewill nowdescribe some of themore common forms of simulating propagation in physical andmathematical terms
and also direct the reader to > Chap.  of this volume for a discussion of the specific example of double layer sources.

.. Cellular Automata

The concept of cellular automata dates back to the s and two scientists, Stanislas Ulam and John von Neumann, but
by far the most widely recognized use is John Conway’s Game of Life []. Moe et al. adopted this approach in the early
s [] and the methods still find great popularity today due to its computational efficiency [–]. A cellular
automata approach divides the electrical wave propagation problem into two components. First, the domain of interest
is divided up into a regular grid. Each point on the grid has a set of neighboring points, the number of which depends
on the dimension of the problem and the topology of the grid. The second component is the automaton that is used to
represent the behavior of a single cell and is so named because its actions are solely determined by a set of internal rules.
Note that because of computational constraints, an element or cell of the grid in this context is usually substantially larger
than a physical cardiac cell.

In its simplest form, a cell in a cellular automata model would have two states, resting and excited (essentially on
and off) plus a set of rules to describe the transition from one state to the other and back again. This system mimics a
piecewise approximation of an action potential. To then replicate the behavior necessary for propagation, there are rules
that determine how the state of one cell affects those of its neighbors. Typically, a cell may transition to the excited state a
fixed time after it senses that one ormore of its neighbors have been excited.The same cell would then have a rule whereby
it returns to the resting state after some further period of time has elapsed, thus encapsulating the ordered cell-by-cell
coordination prescribed by the underlying physiology.

More complex – and realistic – cellular automata incorporate additional states in order to capture, for example, refrac-
tory properties. One example of such a model from Bailie et al. [] includes three states: quiescent (Q), excited (E), or
refractory (R). In addition there are a total of six rules that govern the transition into and out of each state, summarized
in > Table Table ..

Starting from a quiescent state, a cell makes the transition to the excited state if it detects that one or more of its
neighbors are in an excited state. Next, after a prescribed time period, the cell transitions to the refractory state, and then
after another period of time, returns to the initial quiescent state. > Figure . shows the initial stages of propagation
using this simple automaton.

We present here a few examples of the many modern applications of cellular automata models, each of which has
added notable features in order to better replicate real spread of excitation (and in some cases repolarization) in normal
and diseased tissue. A summary of earlier examples can be found in the review of Saxberg [].
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⊡ Table .

Rules governing a simple three state cellular automatamodel

State(t) Count(t) Neighbor(t) State(t+) Count(t+)

Q (any)  Q 

Q (any) ≥  E 

E < ET (any) E Count(t)+
E ET (any) R 

R < RT (any) R Count(t)+
R RT (any) Q 

⊡ Figure .

Propagation from a point source using a cellular automata approach. Initially, one cell is set to be in an excited state (light)

while the remainder are quiescent (dark). Subsequent images show neighboring cells making the transition to the excited

state.

Leon et al. described in a series of studies a cellular automata model that incorporated anisotropic propagation in
a human ventricle model by altering the rules of interaction among cells [, , ]. In order to change from resting
to activated state, each target cell received inputs from all neighboring cells, each with its contribution weighted by the
direction between the target cell and each neighbor relative to the local fiber direction. In this way, neighboring cells that
lie along the local fiber direction have more influence on a target cell than neighbors that lie in the cross-fiber direction.
They then used this model to simulate reentrant propagation and to illustrate some of the effects of rotational anisotropy
on conduction in a very realistic heart model with  mm resolution.

Wei et al. constructed an anatomically based heart mesh that included descriptions of the atria and ventricles, using
approximately , connected elements []. The structure was such that each element was connected to  adjacent
neighbors. The authors divided the heart into  cell types with different properties and simulated a normal cardiac
excitation pattern. At each time step  dipolar sources were constructed from the transmembrane potential distribution
and these were used to simulate the ECG and also the vectorcardiogram. WeiXue et al. used CT images to construct a
, element heart model at a resolution of . mm []. The hexahedral elements were arranged in a cubic close-
packed structure meaning that each was connected to  neighbors. Again a cellular automata approach was used to
model propagation and in this case the primary interest was in the epicardial and body surface potential distributions
associated with Wolff–Parkinson–White syndrome. Hren et al. developed even more finely resolved cellular automata
models with . mm cell size and used it to simulate various forms of arrhythmia and determine a functional limit of the
resolving power of body surface potentials, and to investigate their use in guiding radio-frequency ablation procedures
[, ].

Following the success of the Visible Human Project [], there has been much interest in using this high-resolution
data source in biomedical computations. Sachse et al. segmented the cardiac geometry from the Visible Man [], and
like Weixue et al. [], used the pixelated structure as a template for a cellular automata solution. In their study, the
transmembrane potential distribution at each time point was used to construct ECG signals from both normal sinus
rhythm and also a number of conduction pathologies. Freudenberg et al. also constructed a heart model but in this case
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using the Visible Female data set []. The resolution of the original images was scaled down by a factor of two in each
direction to limit the number of variables that the computation had to encompass.

The main advantage of the cellular automata approach over more biophysically detailed models is the computational
speed; whole heart simulations are possible without the need for expensive supercomputing facilities.There are, however,
drawbacks to this approach. Formost implementations, the shape of the resulting wavefront is dependent on the topology
of the grid – amesh tiled with squares produces a topologically square wavefront []). Although it is possible to generate
curved wavefronts [], these are restricted by the need for a characteristic dimension for the curvature. The cellular
automata approach is also unsuitable for simulations in which dynamic cellular activity is important, such as the onset of
ischemia, as they do not include realistic cellular electrophysiology and hence cannot respond to most external stimuli.

Huygens’Principle Models

From a macroscopic perspective, one can consider the spreading electrical excitation passing through the heart as a
wave and therefore look toward other wave representations to model the phenomena. Huygens’ principle, also known
as Huygens’ wavefront method, originated in the s with the Dutch physicist Christian Huygens and his studies of
the wave theory of light. The idea is conceptually simple and based on an assumption of constant wave speed. From a
given time point and knowing the wave speed, one can construct the location of the wavefront at the next time point by
simply drawing circles (or spheres in three dimensions) of an appropriate size along the existing wavefront as shown in
> Fig. .. From a point source, the Huygens’ principle is essentially like dropping a pebble into a pond and observing
the path of the first wave.

Numerically for a Huygens’ wave simulation, the heart tissue is usually divided into regular pieces, each on a scale
much larger than a single myocyte. The activation sequence is best described with reference to > Fig. ., in which the
dark grey cells behind the wavefront have been previously activated. As the wave moves from its initial position (solid
line) to its final position (dashed line), it moves over the centers of the light grey squares and these are then added to the
list of active cells. Ahead of the wavefront the white cells indicate that the tissue is yet to be activated.

Early examples of this idea in the cardiac field date back to the s, for example, Okajima et al. [], who constructed
a model of the ventricles using , cubes and solved it under the assumption of isotropic conduction within this
geometry. Resolutions quickly increased with Solomon and Selvester publishing a ventricular model with , points
giving a spatial resolution of  mm [].

Huygens’ principle simulations can also incorporate anisotropy by assuming that the wave speed differs depending on
local fiber orientation. Lorange et al. developed such amodel but did not align wave speedswith realistic fiber orientation
so that the resulting elliptical wavefronts did not match experiments []. Later models did include this alignment and
incorporated fiber rotations in two and three dimensions, including an anatomically based ventricular geometry [].
More details on this form of propagation model are available in an excellent review by Plonsey and Barr [].

In general, the Huygens’ approach describes only the location of the activation wavefront and cannot describe repo-
larization. This limitation can be circumvented by a cellular automata-like set of rules to return each cell to its original
state after a predetermined period of time has elapsed since the initial activation. Besides the lack of a biophysical basis

⊡ Figure .

Huygens’wavefrontmethodusesa constantwavespeedapproach. Thenewpositionof thewavefront canbe foundbyplacing

circles of anappropriatediameter on theexistingwavefront (left).Withpreviously excited cells drawndarkgrey andquiescent

cells white, the cells which will become active as the wavefront moves forward are shown in light grey (right).
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for this approach, the main limitation of this model is that propagation is restricted to occur in a finite number of direc-
tions (perpendicular to the wavefront) – in other words, the curvature of the wavefront has no effect on the speed of
propagation.

.. Eikonal Curvature

An eikonal equation will generate the position of the wavefront in a manner that does allow the wavefront curvature to
influence the speed of propagation. Essentially, a concave wavefront creates a current density that is higher than that of
a plane wave, because the wave is propagating into a smaller area (see > Fig. .) and this causes the wave to accelerate.
The opposite is true for a convex wavefront in which the wave moves into a larger area of resting tissue, which causes the
wave to decelerate.

Mathematically a general eikonal equation has the form

∣∇u (x)∣ = F (u (x)) , (.)

where u (x) is the travel time, or eikonal, from the source to the point x. The equation governing the propagation of a
Huygens’ wavefront is actually a simplification of (.) where F (u (x)) = . To correct for the dependence of the wave
speed on the wavefront curvature, (.) can be written as

∣∇u (x)∣ =  +∇u (x) (.)

This is an elliptic equation, and therefore, the wavefront position at all times can be calculated in a single step. There
are a small number of variations on this equation in the literature, including some based on parabolic representations;
however, the essential feature is the inclusion of the Laplacian term, which allows wavefront curvature to influence the
wave speed.

There are two classes of Eikonal equation based studies of cardiac propagation: those for which the position of the
wavefront is the desired outcome and those for which it is an intermediate step. As an example of the former class,
Keener developed a parabolic eikonal model that he solved using a finite difference approach and applied it to investigate
microstructural effects [].More recently Hooks et al. used a finite elementmethod to solve an eikonal equation over an
orthotropic canine ventricular geometry []. The final model required only  tricubic Hermite elements to describe
the wavefront position. For examples of the second class of models, Colli-Franzone and his colleagues have made many

⊡ Figure .

A concave wavefront creates a high local current density that causes the wavefront to accelerate and flatten out as it prop-

agates (left). A convex wavefront creates a low local current density that causes the wavefront to decelerate and flatten out

(right).
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outstanding contributions and have developed what is probably the current state of the art in eikonal models [–].
Their studies include models of the spread of activation under a wide variety of conditions and the most recent examples
also include simulations of repolarization wave fronts and potentials [].

.. FitzHugh and Nagumo

The FitzHugh–Nagumo model is a popular method of describing not only cardiac propagation but also other reaction-
diffusion systems such as other excitable organs [], calcium waves, and chemical reactions. Unlike many of the cardiac
models that bear the name of their authors, FitzHugh and Nagumo developed their ideas independently and largely
concurrently [, ].

Given a dimensionless activation variable u and a dimensionless recovery variable ν, the FitzHugh–Nagumo model
can be written as

du
dt

= cu (u − α) ( − u) − cν +∇ ⋅D∇u, (.)

dν
dt

= b (u − dν) (.)

with the boundary condition
du
dn

=  (.)

Here D is the diffusion tensor, c is an excitation rate constant, c is an excitation decay constant, b is a recovery rate
constant, d is a recovery decay constant, α is the dimensionless threshold potential and n is a unit outward normal vector.
This system defines a cubic polynomial activation profile while the inclusion of a recovery variable allows the system to
return to its initial resting state, thus enabling the simulation of phenomena that depend on repeated activations.

This type of model can be thought of as an oscillator and a careful selection of parameters can form an excitable
model with the model equilibrium below α (as is needed for ventricular cells) or a self-exciting oscillator with the
model equilibrium above α (as is appropriate for sinoatrial node pacemaker cells). The presence of the Laplacian
term means that in most cases, an appropriate numerical solution technique is required, e.g., finite element or finite
difference. An omission of the Laplacian term from (.) removes the propagation aspect and leaves a single-cell
model that can be adjusted to return Iion, which can then feed into the monodomain or bidomain equations. One
could also easily think of this model as a nondimensionalized monodomain equation with a simple two-variable cell
model. Given a resting membrane potential Vr, a peak membrane potential Vp, and a threshold of Vth, the follow-
ing relationships can be used to convert between the dimensional monodomain equation and the nondimensional
form.

u = Vm −Vr

Vp − Vr
, (.)

α = Vth − Vr

Vp − Vr
, (.)

Iion = Cm (Vp − Vr) du
dt

(.)

Rogers and McCulloch made a slight modification to (.) in order to provide a more cardiac-like waveform,
multiplying the recovery variable by the activation variable [].

du
dt

= cu (u − α) ( − u) − cuν +∇ ⋅D∇u (.)
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Their recommended parameter values were α = ., b = ., c = ., c = ., and d = .. In isotropic simulations,
D had the value . and in anisotropic simulations D was . in the direction of the muscle fibers and . in the trans-
verse direction. Among other results, this parameter set was used to provide a demonstration of the influence wavefront
curvature has on propagation velocity.

Although the FitzHugh–Nagumo approach has been used to investigate a number of different phenomena, it is in
the simulation of reentrant waves (representing arrhythmias) in which it has proved to be most useful.The popularity of
this formalism arises in large part because it is computationally efficient for simulating activation and recovery; modeling
reentrant waves requires considerably longer simulations (several to tens of beats) than for a single heart beat. Examples of
this type of model appeared in the early s and subsequently focused primarily on two-dimensional tissue blocks [,
] but as computational power increased, three-dimensional models appeared, including some based on anatomically
realistic geometries [–].

.. Computing Extracardiac Potentials

With a propagation sequence available, either from measurements or from one of the propagation models already
described, the second stage of bioelectric source modeling is converting information that is essentially timing into the
electric sources – typically currents – that would then generate the potentials measured from the heart or the body sur-
face. The typical approach is to use the activation time and some assumptions about the resulting potential gradients
that arise at the spreading wavefront to create some reasonable number of current sources. Because current and current
density have direction, it is also necessary to determine the orientation of discrete current sources, which in turn requires
knowledge of the spatial orientation of the spreading activation wavefront.The final component required is the amplitude
of the current sources, which one can derive naturally from the spatial gradient of the potential in the myocardium.

The typical assumption during the activation phase is that the most significant potential gradients are localized in
the region of the spreading wave of excitation so that it is necessary to evaluate only those regions of the heart. One
particular simplifying assumption is to assign a fixed potential difference across all regions of the activation wavefront,
which assumes that both the extracellular and intracellular potentials are identical for every cell. A more realistic version
of this scheme assigns an action potential to each region of the heart, based either on a local implementation of one of
the cell simulation models described in > Sect. .. or on measurements and taking into account the natural variations
in action potential characteristics over the heart.

Mathematically, one can express this approach as computing a current density from Ohm’s Law

Ji = −σi∇Φi, (.)

where Ji is the current density in some region i, σi is the effective intracellular conductivity (which may be a tensor
quantity), and ∇Φi is the potential gradient over the same region. Depending on the model geometry and structure,
there is a discrete form of this equation that applies at some appropriate resolution either throughout the heart or in
regions of appreciable gradients (defined, for example, by the location of the activation wavefront at any given time).

In some formulations of the extracardiac potential, this expression for current density is enough, while in others, a
more discrete form is necessary and one computes a dipole moment by integrating the current density over some region
in space,

Pl,m,n = −∫ σi∇Φi dl dmdn, (.)

where dl dmanddn describe some region in the (usually discrete) representation of the region collapsed into a single
dipole with moment Pl,m,n .

.. Applications

The applications of the bidomain approach and propagation modeling are very numerous and include a wide range of
problems. One of the earliest applications of this approach to cardiac propagation was by Henriquez et al., who con-
structed detailed models of bundles of cardiac tissue and examined the critical values for spread of excitation [, ].
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Amoremodern version of this approachhas recently appeared in simulations by Stinstra et al., first of the passive electrical
characteristics of cardiac tissue [, ], and then using those parameters to simulate at unparalleled spatial resolution
the effects of cell shape and size on propagation []. Henriquez and his various colleagues have published a series of
report of applying bidomain approaches to ever more complex slabs of tissue to investigate the role of structure, coupling
and especially anisotropy on cardiac excitation in the ventricles [–].

Bidomainmodels have also become tractable enough to simulate some behaviors in whole heart models. For example
Fischer et al. used a bidomain model of the heart together with a propagation model to simulate cardiac potentials under
realistic conditions of anisotropy []. Other studies by Weinstein and Henriquez et al. have described the first compu-
tations of cardiac potentials in mice using bidomain models [, ]. Hopenfeld et al. also used a realistic, anisotropic
dog heart model and the bidomain approach to simulate cardiac potentials from acute ischemia under varying conditions
of ischemic zone location and depth [, ]. The fact that they simulated an essentially static condition from potentials
during the plateau phase of the action potential made these simulations very tractable compared with models with prop-
agation. For that, the model allowed unprecedented examination of the relationship between ischemic border zone shape
and alignment with local myocardial fiber structure.

There are some less obvious applications of the bidomain for problems of tissue stimulation that make use of the
unique ability of this formulation to capture spatially variable anisotropy. In one such application, Frazier et al. used
a bidomain model of heart tissue to investigate the fields that arise during extracellular stimulation of tissue and thus
to investigate the role of tissue structure, electrode location, and stimulus strength on stimulation []. Using even
stronger extracellular fields, Trayanova and her colleagues have published many studies on defibrillation using the bido-
main approach [–]. Recent studies by Jolley and Triedman et al. have illustrated the feasibility of carrying out
simulations of cardiac defibrillation using realistic electrode placements inside the human child thorax []. Successful
studies such as these will make it possible to simulate intracardiac defibrillator placement in subject-specific models and
thus optimize lead placement and defibrillation protocols for each patient.

. Models of Volume Conductor Potentials

In this section we describe themathematicalmodels and numerical methods required to compute body surface potentials
from cardiac bioelectric sources. This is the last of the four components of the complete forward solution introduced in
> Sect. ., which, in essence, describes the biophysical characteristics of the volume conductor, a passive medium with
heterogeneous electrical conductivity. In practice, however, it is necessary to match the model of the volume conductor
to the specific representation of the source and the desired outcome of the forward problem. For example, if one repre-
sents the heart as Einthoven did as a single current dipole [] and seeks to compute the body-surface ECG, the volume
conductor model and the associated mathematical formulation will differ from the case of the source described in terms
of activation times on the epicardial and endocardial surfaces.Thus any discussion of the volume conductor potentials is
closely tied to the source formulation, a fact that we reflect in the organization of this section.

The choice of numerical method is also a product of the type of source model and desired outcome of the simu-
lation, as well as assumptions about the volume conductor itself. For example, a forward problem based on epicardial
and endocardial surface activation times and under assumptions of heterogeneous but isotropic torso volume conductor
leads naturally to a numerical implementation based on the boundary element method (BEM). By contrast, a solution
based, for example, on bidomain computations of cardiac currents embedded in an anisotropic model of the heart and
heterogeneous (and possibly anisotropic) torso is better served by an implementation using the finite element method
(FEM). Wherever possible, we will indicate the numerical approach best suited for a particular problem formulation and
direct the reader to > Sect. . for details of the associated numerical methods.

This section describes the biophysics and mathematics of volume conductors required to form the bridge between
the descriptions of bioelectric sources in the previous sections to the numerical methods that are necessary to imple-
ment working solutions to electrocardiographic forward problems. It is impossible in a single chapter to provide
comprehensive coverage of all combinations of source models and volume conductors so that we focus here on
some of the more frequently studied scenarios and describe at least the main numerical methods in contempo-
rary use.
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.. Biophysical Background

The physics of potential fields describes this component of the forward problem and is also the topic of > Sect. . of this
volume. Here we avoid some of the simplifications of > Sect. . and arrive at a more general framework, specifically one
that supports a wider range of realistic tissue characteristics.

The basic formulation of all such problems leads either to Poisson’s or Laplace’s equation, i.e.,

∇ ⋅ (σ∇Φ) = −iv = ∇ ⋅ J⃗ i , (.)

as in (.), the general expression that applies to inhomogeneous, anisotropic conductivity. In case the conductivity is
anisotropic, σ denotes the tensor character (> Chap. , “Appendix: The EDL and BidomainTheory”).

Similarly, we can write a Laplace’s equation ∇ ⋅ (σ∇Φ) =  (.)

for any region in which there are no active sources, i.e., iv = . To make use of Laplace’s equation, the solution domain
cannot include the sources, which then appear as imposed boundary conditions of the resulting solution, an approach
outlined in > Sect. ... These boundary conditions include electric potentials that are known at some subset of the
problem domain, typically on or within the heart, and this is known as the “Dirichlet” boundary condition.

The solutions of (.) and (.) also depend on boundary conditions that arise from the physics of the problem. At
the boundary of the outer surface of the torso and air, for example, no current flow leaves the body so that

(σ∇Φ) ⋅ n = , (.)

where n is a unit vector pointing in normal direction to the surface.This is known as the “Neumann” boundary condition
on the flux through the surface. At the boundaries within the volume conductor there are also boundary conditions
dictated by the fact that potentials must be equal on both sides of a shared boundary and normal current flow must
therefore also be the same, i.e., for a boundary between compartments p and q

Φp = Φq, (.)

(σp∇Φp) ⋅ np = (σq∇Φq) ⋅ nq (.)

.. Analytical Models

Under highly simplified conditions, it is possible to formulate closed form or analytical solutions to (.) and (.) and
there is a rich history of applying this approach to the forward problem in electrocardiography. The simplified conditions
typically include a source described in terms of a modest number of discrete current dipoles and a volume conductor
with a mathematically simple shape, for example a circle, sphere, or cylinder. Examples of this approach include studies
fromWilson and Bayley [] and then Frank [], who computed body-surface potentials from a single current dipole
source located in a spherical surface model of the torso. Burger et al. [] and Okada [] carried out similar studies
using cylindrical model of the torso and concentric and eccentric dipole sources, which led eventually to the extensive
studies based on amodel of eccentric spheres developed by Bayley and Berry [–]. Rudy et al. later further developed
this approach extensively [–], and it is still in use, largely as a means of validating solution techniques based on
numerical approximations of the sources and volume conductors [, –] (as we describe in the following sections).
It is rare to use analytical models for any realistic solutions to forward (or inverse) problems in electrocardiography,
simply because the resulting accuracy is inadequate when compared with measured values in a real subject/patient.

.. Discrete SourceModels

There is a rich history of forward problem formulations based on discrete source models of the heart, the background
of which is covered in > Sect. .. and > Chaps. , > , and >  of this volume. The underlying notion of all these
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approaches is that a very simple current source can adequately represent the electrical activity of the heart, at least when
viewed from some distance from the heart, e.g., the body surface. The huge advantage of these approaches is the small
number of parameters required to describe the sources and the resulting simplicity of the associated forward (and inverse)
problems.Themost notable disadvantage is that there are no clear physical or physiological links between discrete sources
and either the true sources they represent or any directly measurable quantities; there is noway to directly measure dipole
locations or amplitudes nor to unambiguously link their parameters to action potentials or spread of activation. Discrete
source models nevertheless play important roles in both the analytical approaches already outlined and the numerical
approaches described in the following section.

The descriptions of bioelectric fields from discrete sources begin with the expression for the potential from a single
dipole in an infinite space, (.), rewritten as

Φ(r⃗′) = 
πσ

R⃗
R ⋅ P⃗(r⃗), (.)

where R⃗ is the vector from the location of the dipole to the location r⃗′ in space where Φ is calculated and P⃗(r⃗) is the srength
(dipole moment) of the dipole at location r⃗, specifying both the direction and the magnitude of the current dipole source.

To compute the potentials from a current dipole located within a finite medium, even one with several regions having
different conductivities (σ) is also possible using the equation (derived in > Sect. ... resulting in (.))

Φ(r⃗′) = 
πσ

R⃗
R ⋅ P⃗(r⃗) − 

π

NS∑
l=

∫
Sl
(σ+l − σ−l )Φ(r⃗) dΩrr′, (.)

where σ+l and σ−l are the conductivities on either side of the boundary l and dΩrr′ is the solid angle described in
> Sect. .. of >Chap. .With a numerical implementation of this equation (usually via the boundary elementmethod
described in > Sect. .. and in the following section) it is then possible to compute the potential at any point provided
the dipole location, orientation, and strength and the spatial locations of all boundaries and the conductivities around
them are known. It is also possible to extend this approach to other discrete sources, i.e., quadropoles or octopoles, which
are capable of representing more complex versions of the cardiac sources at the cost of more parameters but still without
a clear link to measurements or physiological sources [].

.. Cardiac Surface Potential Models

This form of the forward problem is one of the two dominant approaches in modern applications and is based on a
source description of epicardial potentials. More precisely, the potentials on any closed surface that encompasses all
active cardiac sources forms a completely equivalent representation of the true cardiac sources. Out of convenience –
because it permits direct measurement of the source parameters – one usually selects the enclosing surface to be the
epicardium (or pericardium) and the challenge then becomes to derive a mathematical formulation that predicts the
potentials throughout the thorax (include the body surface) from this source. Barr and his colleagues solved this prob-
lem in the mid-s in a way that also provides a natural numerical solution by means of the boundary element
method [, , ].

> Figure . describes schematically the configuration and the associated variables involved in linking the potentials
the heart surface SH and the body surface SB. In this figure, the region between the heart surface and the body surface is
taken to have a uniform conductivity. The derivation of this link as derived from the BEM is described in > Sect. ....
Equation (.) implies that inhomogeneities in the region between SH and SB, like those of the lungs, can also be treated
by means of the BEM.

In its numerical form, the transfer can be described by a matrix A. Any element aBH of this matrix represents the
effect of the potential at location PH on the heart surface SH to points PB on the body surface SB.

The transfer coefficients relate to the specification of the geometry and conductivities of the problem, i.e., it depends
only on the volume conductor and not on the time-varying source potentials.

Although the formalities of all the terms of the transfer (.) are crucial when carrying out the calculations, it is
their qualitative meanings that are fundamental to understanding this entire approach. The equations (and diagrams)
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Schematic diagram of the forward problem in terms of surface potentials. (a and b) represent the approach to calculating

the potentials on each of the heart (PB on SB) and body (PH on SH) surfaces respectively. Both surfaces have outward normals

(nH and nB) and all active sources are contained within SH. The heavy line segments between the tips of the arrows represent

the contribution of a surface element to the potential at the common origin of the arrows and the Ω symbols represent the

solid angle that weights each of these contributions.

reveal that the potential at any point on the surface of, for example, the body surface is the sum of contributions from the
potentials (and perhaps potential gradients) at the other surfaces in the problem.

The full expression of the forward transfer reads

ΦB = ABHΦH (.)

The computation of potentials on the heart surface from body surface potentials is based on evaluationg the inverse of
the transfer matrix involved,a topic treated in > Sect. . of > Chap. .

One of the essential aspects of this approach to the forward problem is that it is based on epicardial (or pericardial)
surface potentials, which are, in principle, measurable quantities. In fact, as we outlined in > Sect. .., these quantities
are measured in experiments and in clinical practice, because they convey directly information about the electrical state
of the heart. This form of the forward solution is also unique in the sense that for any given set of source potentials there
is one and only one set of associated body surface potentials (as we shall see in the next chapter, the reverse is also true, at
least under assumptions of perfect numerical calculations and noise-free measurements).The information necessary to
solve this problem consists of a description of the heart and body surfaces and of any other surfaces that separate regions
of differing conductivity along with the tissue conductivities of each of these regions.

.. Equivalent Double Layer BasedModels

A final formulation of the forward problem is based on a representation of the spread of activation and repolarization
in the heart and this represents the sources not as variable potential amplitudes but on the timing of activation and
repolarization on the epicardial and endocardial surfaces of the heart. > Chapters  and >  contain descriptions of
these sources (the uniform and equivalent double layers) and the resulting forward problem respectively. The ECGSIM
software described in > Sect. .., is a very user-friendly and powerful implementation of this forward model.

. Numerical Approaches and Computational Aspects

.. Introduction

This section describes a family of numerical methods that are common to many different types of electrocardiographic
forward problems and in some cases, several of them may solve the same problem. Hence they are combined here into



  The Forward Problem of Electrocardiography

one section rather than organized within the previous sections describing the types of problems to which one might
apply them. These methods are common not only to forward problems but also to many other applications across the
broadest spectrum of engineering and science, which has the considerable advantage that they are well supported with
robust theory and easily available implementations as computer programs and libraries. Here we provide only outlines of
these methods with emphasis on the intuition that motivates each and the specific applications to the forward problem.
We refer the interested reader to other sources through this section.

Please note that in this section the symbol Ω denotes a region in space, rather than a solid angle as used at several
other places in this volume, and that Γ denotes its boundary.

To provide a common framework for all these methods, we begin with Laplace’s equation (.) and note that it is a
differential form, also known as a strong form ∇ ⋅ (σ∇Φ) =  (.)

Numerical solutions to differential equations always involve somedegree of approximation and uncertainty.Thus, any
numerical solution for (.) will also be to some extent approximate. If we use the notation ϕ̂ to represent the numerical
solution, then the substitution of ϕ̂ into the left hand side of (.) will not yield identically ; there will be some error, or
residual, remaining that one would like tominimize, thereby yielding an accurate answer. Different numerical techniques
seek tominimize this residual in different ways, typically by trying to force the average (or weighted) error to be zero.The
general expression for this is the weighted residual expression or “weak form” given by

∫
Ω

∇ ⋅ (σ∇ϕ)ω dΩ = , (.)

where Ω represents the solution domain whose boundary is denoted Γ and ω is an as-yet-unspecified weighting function.
The presence of this weighting function leads to the termweighted residual for this approach. It should be noted that there
is nothing inferior or inadequate about the weak form of the equation when compared with the strong form.

In terms of the numerical techniques outlined in the subsequent sections, the finite element method (FEM) and the
boundary element method (BEM) both solve the weak form while the finite difference method (FDM) solves the strong
form. Consequently the FEM and BEM enforce the governing equation in an integral sense, i.e., the governing equation
will be satisfied over each element but not necessarily at any given point. Finite differences, on the other hand, do satisfy
the governing equation at the difference points but not necessarily within the space between these points.

The choice of numerical approach is closely tied to the specific forward problem and there is no single best method
for all applications []. The finite difference method (FDM) is intuitively the most straightforward, because it directly
estimates the derivatives explicit in the strong form of the equation (Poisson’s or Laplace’s). However, the FDM usually
requires a regularly sampled, orthogonal grid for the solution domain, which is rarely the most efficient way to describe
complex geometries as they arise in the body.The FDMmethod requires this grid to encompass the entire volume and can
represent anisotropic characteristics of this domain. As a result, the FDM approach has seen widespread use in models
of regular slabs of myocardium [, ] and also to represent the whole torso [, –]. Recent studies have even
suggested a generalized FDM approach suitable for irregular grids applied to the bidomain method [].

The boundary elementmethod (BEM) is based on a grid of the boundaries of a region, e.g., the surfaces that surround
the heart, torso, and internal organs of differing electrical conductivity. The BEM is well suited to inhomogeneous tissues
but not to regions with anisotropy. Its major advantage lies in the requirement only for surface descriptions, which is
often the first step in creating volume grids and is more flexible and easily adjustable than finite element (or finite volume)
methods. A related advantage comes from the fact that the number of nodes – the degrees of freedom – involved in the
computation is smaller for BEM than FEM (surface rather than volume). As a result, the matrices involved in solving the
forward problem by the BEM are generally much smaller than in the other methods, although, the latter involve sparse
matrices so that the overall size of the computation may ultimately be comparable.

Applications of the boundary element method to forward problems in electrocardiography abound and virtually all
the early simulation studies (as well as many contemporary studies) have made use of this technique [, , , , ,
, –].

The finite elementmethod (FEM) and the related finite volumemethod (FVM) have gained broad support in the past
decade, in large part for their general utility, their ability to include all forms of tissue conductivity, and the advanced
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support available in the form of efficient computational implementations. The chief disadvantage of the FEM is the
requirement for carefully constructed volumetric meshes of nodes and polygons: a task that is still arguably the largest
barrier to practical use of all forms of numerical methods for partial differential equations. Any changes in geometry of
the heart or torso also require a reorganization of themesh, often best achieved by starting again from the beginning (or at
least from the adjusted surfaces). Perhaps the firstwidely published use of the FEMwas fromColli-Franzone et al. [] but
many others have also adopted this technique for all types of electrocardiographic field problems [, , , , –].
A particularly novel approach has been to combine techniques, taking advantage of their relative strengths in appropriate
portions of the solution domain [, ].

We now provide brief descriptions of the major numerical methods used for electrocardiographic forward problems
and refer the reader to more detailed descriptions.

.. The Finite Difference Method (FDM)

The finite difference method represents arguably the simplest approach to solving the generalized Laplace equation gov-
erning the potential fields and current flows within the torso volume conductor.The inherent simplicity of the FDM relies
on an underlyingmesh that is a grid of evenly spaced solution points distributed along orthogonal axes across the solution
domain. Meshes for the FDM are relatively easy to construct, at least for pieces of tissue that represent rectilinear slabs
or in cases for which image data with equal sampling in all directions are available.The resulting system of equations has
some advantageous structure that can facilitate computational solution approaches.

The FDM solves the strong or differential form of the generalized Laplace equation shown in (.) and thus depends
on estimates of first and second spatial derivatives of the potential field variable, ϕ, and the conductivity tensor, σ . The
method is illustrated here over a two-dimensional domain but easily extends to three dimension. Expanding (.) gives

∇ ⋅ (σ∇ϕ) = ∂σ
∂x

∂ϕ
∂x

+ σ
∂ϕ
∂x

+ ∂σ
∂x

∂ϕ
∂y

+ σ
∂ϕ
∂x∂y

+ ∂σ
∂y

∂ϕ
∂x

+ σ
∂ϕ
∂x∂y

+ ∂σ
∂y

∂ϕ
∂y

+ σ
∂ϕ
∂y

, (.)

where the two subscripts on σ indicate the value from the appropriate row and column of the conductivity tensor.
Several simplifications maybe possible at this stage. If the principle axes of the conductivity tensor are alignedwith the

coordinate axes then the terms involving σ and σ can be omitted. A further simplification is possible if the conductivity
tensor is homogeneous throughout the solution domain, in which case the four terms involving derivatives of σ can be
omitted. Here, however, we proceed without a loss of generality.

Each continuous partial derivative in (.) may be approximated by a discrete finite difference that is usually formed
from a truncated Taylor’s series expansion of the dependent variable in terms of values at neighboring points. Given a
regular mesh with a constant spacing in the x (i) direction of Δx and a constant y ( j) spacing of Δy, it is possible to
describe, for example, the point one step away in the negative x direction as (i − ) ( j). Similarly, the point located at(+Δx,+Δy) from the point of interest can be denoted (i + ) ( j + ). While a number of formulations are possible using
differing numbers of surrounding points to control the accuracy of the approximation, the most common approximation
is a second-order, central finite differencing scheme.Using this approach, the second-order partial derivatives from (.)
can be approximated from a Taylor’s series expansion as

∂ϕ
∂x

= ϕ(i−)( j) − ϕ(i)( j) + ϕ(i+)( j)
Δx

, (.)

∂ϕ
∂y

= ϕ(i)( j−) − ϕ(i)( j) + ϕ(i)( j+)
Δy

, (.)

∂ϕ
∂x∂y

= ϕ(i−)( j−) − ϕ(i−)( j+) − ϕ(i+)( j−) + ϕ(i+)( j+)
ΔxΔy

(.)



  The Forward Problem of Electrocardiography

The first-derivatives from (.) for a generic variable u can be approximated as

∂u
∂x

= u(i+)( j) − u(i−)( j)
Δx

, (.)

∂u
∂y

= u(i)( j+) − u(i)( j−)
Δy

, (.)

where u can be substituted for either the potential field, ϕ, or any of the σij components as necessary.
The discrete derivative approximations given in Eqs. (.)–(.) can then be substituted into (.) in place of

the continuous derivatives. Following this, (.) can be rearranged to uncover the weighting coefficients for ϕ at each
referenced point resulting in an expression of the form

kϕ(i−)( j−) + kϕ(i)( j−) + kϕ(i+)( j−) + kϕ(i−)( j) + kϕ(i)( j)+ kϕ(i+)( j) + kϕ(i−)( j+) + kϕ(i)( j+) + kϕ(i+)( j+) =  (.)

One such equation will be generated for each finite difference point that does not lie on the boundary of the domain
and the resulting equations then assembled into a matrix system of the form

Kϕ = f , (.)

where the right-hand side vector, f , will be zero at all internal points.
On the boundary of the solution domain, either a potential (Dirichlet) or a flux (Neumann) boundary conditionmust

be set at every point. Dirichlet boundary conditions are set by directly specifying the value of potential at a given point. In
order to preserve the matrix structure, this is often achieved by placing a “” on the diagonal of the appropriate row and
the desired value of the boundary potential in the same row of f . For Neumann boundary conditions, a simple one-sided
difference is often adequate, e.g.,

c = σ
∂ϕ
∂n

= σ
ϕ(i+) − ϕi

Δx
, (.)

where c is the magnitude of the flux condition (zero on the surface of the torso). The coefficients of the ϕ terms are
assembled into K and c is placed into f . Selecting this form of flux boundary condition preserves the symmetry of K ,
which is also highly sparse for large meshes, and the final system can be readily solved by either direct or iterative means.

.. The Finite Element Method (FEM)

The finite elementmethod has become increasingly pervasive in traditional engineering disciplines and is also becoming
a popular solutionmethodology for problems in cardiac bioelectricity.The starting equation for the finite elementmethod
is the weighted residual form of the generalized Laplace equation given in (.), to which we apply Green’s first formula,
which can be thought of as a multidimensional version of integration by parts.

Given scalar fields f and g with a tensor k, Green’s first formula can be written as

∫
Ω

( f∇ ⋅ (k∇g) + ∇f ⋅ (k∇g)) dΩ = ∫
Γ

fk∇g ⋅ ndΓ (.)

This is also known as the Green–Gauss theorem because the scalar fields must obey the divergence theorem of Gauss.
Applying (.) to (.) yields

∫
Ω

∇ ⋅ (σ∇ϕ)ωdΩ = ∫
Ω

(σ∇ϕ) ⋅ ∇ωdΩ −∫
Γ

(σ∇ϕ) ⋅ nωdΓ = , (.)
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and from (.) we obtain

∫
Ω

(σ∇ϕ) ⋅ ∇ωdΩ = ∫
Γ

(σ∇ϕ) ⋅ nωdΓ (.)

To solve (.) using finite elements, as the name suggests, the solution domain is first subdivided into L smaller
domains or elements. These elements are nonoverlapping and in combination completely cover Ω. This can be written
mathematically as

Ω = L⋃
l=

Ωl (.)

Typically the geometry of these elements is defined by a set of nodes which, in the simplest cases, correspond to the
vertices of the elements.The set of nodes associated with a particular element are known as local element nodes.

Field variables can be interpolated between the local element nodes and hence over an element by what are known as
basis functions. Instead of performing the interpolation in global space, it is preferable to introduce a local element-based
coordinate system referred to here as local element or ξ space. In this space, the axes are orthogonal and the ξ directions
are normalized to lie between  and  in each direction. This approach has the advantage that regardless of their physical
geometry, each element in themesh appears identical in ξ space and thus evaluating (.) over one element easily extends
to the remaining elements.The relationship between global and local element space is illustrated in > Fig. ..

1 2
3

6

5
4

7
8

9

7 8

4 5

4 5

1 2

5 6

2 3

8 9

5 6

Ω3

Ω3

Ω1
Ω2

Ω4

Ω1

Ω2

Ω4

ξ2

ξ1

ξ2

ξ1

ξ1

ξ2

ξ1

ξ2

⊡ Figure .

A two-dimensional example of the mapping between the solution domain Ω and local finite element space. The solution

domain is divided into four finite elements, Ω, Ω, Ω and Ω with nine global nodes. Each of these elements is then

mapped to the normalized local ξ spacewith four local nodes and the geometric basis functions are used to interpolatenodal

quantities over these elements.
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The details of the basis functions required to interpolate among the local element nodes in ξ space largely depend on
the shape of each element and the number of nodes it contains (e.g., a triangular element will have three nodes while a
hexahedral element will have eight). As an example, the bilinear interpolation of a variable u between the four nodes of
a quadrilateral element can be described by

u (ξ, ξ) = Ψ (ξ, ξ)u + Ψ (ξ, ξ)u + Ψ (ξ, ξ)u + Ψ (ξ, ξ)u, (.)

where ξ and ξ represent the coordinate axes in local element space and both lie between  and  inclusive.The terms u,
u, u and u refer to the value of u at each of the four local nodes, and the four basis functions from (.) can be written
in terms of ξ and ξ as

Ψ (ξ, ξ) = ( − ξ) ( − ξ)
Ψ (ξ, ξ) = ξ ( − ξ)
Ψ (ξ, ξ) = ( − ξ) ξ
Ψ (ξ, ξ) = ξξ

(.)

In general the interpolation of a variable over an element can be written as

u (ξ) = Ψn (ξ)un , (.)

wheren represents the appropriate number of local elementnodes and noting the vector form of ξ indicating the presence
of an appropriate number of ξ coordinates.

Using these ideas we can rewrite the volume integral from (.) in terms of individual elements and their local ξ
coordinates as

L∑
l=

∫
Ω l

(σ∇ϕ) ⋅ ∇ωdΩl = L∑
l=

∫


(σ∇ϕ) ⋅ ∇ω ∣J (ξ)∣dξ, (.)

where J is the Jacobian for the transformation from global to local element coordinates and all of the terms inside the
resulting integral are expressed in terms of local element space. The emboldened integral notation is used to represent
the presence of the appropriate number of integrals – three for a volume integral over a three-dimensional element.

To simplify the expressions in the following step, we make use of the Einstein summation convention, which states
that the letter used for an index is arbitrary, a repeated index indicates a summation, and no indexmay be repeated more
than twice. An example of such a summation is as follows.

xiyi = ∑
i=

xiyi = xy + xy + xy (.)

Within the integral the two gradient terms may be expressed as

∇ϕ = ∂ϕ
∂ξk

∂ξk
∂xj

, (.)

∇ω = ∂ω
∂ξh

∂ξh
∂xj

, (.)

which is essentially just applying the chain rule for partial derivatives. For a scalar conductivity value the integrand then
becomes (σ∇ϕ) ⋅ ∇ω = σ

∂ϕ
∂ξk

∂ξk
∂xj

∂ω
∂ξh

∂ξh
∂xj

, (.)

noting the summations over h, j, and k. For information on the extension of this formula to a general conductivity tensor,
please see Pullan et al. [].
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Within each element, the dependent variable to be evaluated (in this case ϕ) can be described via interpolation using
basis functions and (.), i.e., ϕ = Ψn (ξ) ϕn. It is now necessary to also choose a set of weighting functions ω and a
common choice are the dependent variable basis functions, i.e., ω = Ψm (ξ), yielding what is known as a Galerkin finite
element formulation. Equation (.) then becomes

(σ∇ϕ) ⋅ ∇ω = ϕn σ
∂Ψn (ξ)

∂ξk
∂ξk
∂xj

∂Ψm (ξ)
∂ξh

∂ξh
∂xj

(.)

The ϕn terms are now no longer functions of space but instead refer specifically to the value of ϕ at the n local element
nodes.Thus, they can be moved outside the integral expression, resulting in

L∑
l=

∫
Ω l

(σ∇ϕ) ⋅ ∇ωdΩl = L∑
l=

ϕn

∫


σ
∂Ψn (ξ)

∂ξk
∂ξk
∂xj

∂Ψm (ξ)
∂ξh

∂ξh
∂xj

∣J (ξ)∣dξl (.)

There is seldom an analyticalmeans of evaluating these integrals so that the numerical integration technique known as
quadrature is required. The most efficient quadrature scheme for this integral is Gauss–Legendre quadrature, sometimes
referred to as Gaussian quadrature []. For a single element, (.) describes a total of m × n integrals as there is no
implied summation over either of these indices. In a Galerkin formulation m = n and the evaluated integrals can be
assembled into an element stiffnessmatrix, Emn , that is both square and symmetric, resulting in a set of element equations
of the form

Emnϕn = fm (.)

Performing the required summation over all of the elements in the solution domain results in a global systemof equations
that is sparse and also symmetric.

Kϕ = f (.)

A zero entry in f is prescribed for all nodes internal to the mesh, representing a conservation of flux at these points.
Unlike the FDM, no special treatment of the boundary nodes is needed in order to constructK . On the domain boundary,
the same weighting function, ω, can be used to transform the boundary integral from the right-hand side of (.) where
the dependent variable is a flux of the form (q = (σ∇ϕ) ⋅ n).

f = L∑
l=

qn
∫



Ψn (ξ)Ψm (ξ) ∣J (ξ)∣dξ (.)

This gives rise to a matrix system of the form

Kϕ = f = Nq (.)

After the application of either potential (Dirichlet) or flux (Neumann) boundary conditions at each boundary node, this
system can be solved for ϕ. In practice, the N matrix is rarely constructed and integrated flux values are inserted directly
into f .

.. The Boundary Element Method (BEM)

Like the FEM, the derivation of the boundary element method can begin with the weighted residual form of Laplace’s
equation, a highly relevant conceptual framework that is given a separate theoretical treatment in > Sect. ... Also, like
the other numerical approximationmethods, the endpoint of the derivation can be cast in the form of a matrix as follows.

After discretization of its integrals, Eqn. (.) can be expressed as

ϕ = g −Aϕ, (.)
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where ϕ represents the potentials at the nodes of the triangulated boundary surfaces, g are the scaled versions of the
same potentials in the virtual, infinite homogeneous medium, and A is the expression of the inhomogeneities. Recall
(> Sect. ..) that in an infinite homogeneous medium the secondary sources vanish (σ− = σ+ at all interfaces), and
hence, only the first term on the right remains.

Formaly, we may write (I −A)ϕ = g, (.)

from which the desired potential ϕ can be found as

ϕ = (I −A)−g (.)

By writing (I −A)− = B we may write
ϕ = Bg (.)

and thus express the solution as a simple matrix multiplication. This expression is particularly useful in situations in
which the same geometry (and conductivity) apply to a number of sets of potentials, which requires only a change in g
as the coefficient matrix, B, remains the same [].

Until the s, the BEM approach was the dominant method in bioelectric field problems and it still dominates the
literature in problems in which current-dipole sources adequately capture the phenomena of interest, most typically in
representing discrete sources of bioelectricity in the brain. As we have already seen, in the electrocardiographic forward
problem the sources are usually more elaborate, which has led to a wider range of numerical approaches so that today
there is a balance between BEM and FEM applications. As already described, the choice of method is multifaceted and
depends on both the source formulation and the shape and nature of the volume conductor, and the ultimate goal of the
study. Of particular note in the use of the BEM approach are the breakthroughs of Barr et al. in a series of seminal studies
leading to the epicardial potential based electrocardiographic forward (and inverse) problem [, , , ]. Solutions
using the BEMapproach are typically best suited to conditions inwhich torso conductivities are at least piecewise constant
and isotropic.

Of the three numerical approaches, the BEM has the longest history in the field of cardiac bioelectricity.

.. Geometric Modeling

The three numerical methods already described all assume some form of discrete representation of the geometry of the
problem; the creation of these discrete descriptions is what we refer to as geometric modeling. The broader field of geo-
metric modeling contains many additional aspects of computational geometry and computer aided geometry design that
seek to capture shape and structure in analytical or statistical form so that its use in the forward problem is just one lim-
ited application. In the description to follow, we take a very pragmatic approach and outline the essential requirements
for our problem.

Geometric modeling is required whenever a simulation problem has a specific geometric context, i.e., it uses neither
a schematic representation of actual shape nor a geometrically simplified model made from simple shapes such as lines
(planes), circles (spheres), rectangles (cylinders) in two (and three) dimensions. Instead, the geometric models of interest
here describe real anatomy derived from some form of images or otherwise digitized reference points and represented as
a set of points joined into polygonal elements.Thus a typical geometric modeling pipeline begins with () raw geometric
data, often a set of medical image data from magnetic resonance (MR) or computed X-ray tomography (CT) from a
particular subject or patient.These images sometimes contain specific markers or anatomical fiducial points that provide
a reference frame for additional geometry information either from other discrete sources or other image modalities.The
next step in the pipeline is () to extract from the image data the points (pixels or voxels) that define surfaces between
regions of different conductivity. Obviously, the surfaces of interest include the outer boundary of the torso, the surfaces
on or inside the heart, and surfaces that surround any other region whose conductivity is considered relevant to the
simulation – a determination that is still the topic of research. From these surface boundaries, the next step in geometric
model is usually to () define a set of suitable points on these boundaries and then connect them into surface polygons
(lines in two dimensions and triangles or quadrilaterals in three dimensions). For methods like the BEM, the geometric
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model is essentially complete at this point but for FDM and FEM, there is an additional step that () adds more points
and links them into polygons (typically hexahedra or tetrahedra) to describe the volume of the problem domain, e.g., the
heart and/or thorax.

. Raw geometric data
There are two typical sources of raw information for geometric models: medical imaging data from MR or CT and
perhaps ultrasound, and sets of discrete points from some form of digitization, e.g., mechanical or electromagnetic
digitizer devices, or with growing frequency, location-sensing systems incorporated into catheter-based electrophys-
iological mapping systems [, –]. Image data are sampled at very regular intervals, and assuming the field of
view is adequate, covers the entire problem domain, even regions inside the otherwise inaccessible interior of organs
and tissues.

Each imaging modality has its own strengths and weaknesses, especially with regard to the types of tissue that
appear visible in the images, e.g., CT is an X-ray based system and therefore is especially useful for revealing bone
whereas MRI performs much better in differentiating soft tissues. Modern, multiscanner CT systems are very fast
whereas MRI is generally slower, a concern of special impact for imaging the heart because it moves and motion
artifacts can blur or distort the images and the resulting geometric model. CT, however, presents potential risk to
subjects because of its use of ionizing radiation whereas MR imaging has no known risks to subjects–unless they
have implanted metal devices, in which case the large magnetic fields of MR devices make this form of imaging
impossible. Ultrasound is a widely used modality for medical imaging, especially in cardiac evaluations and presents
no known risks to any patients; however, it is a challengingmodality for geometric modeling; that quality of individual
images is very poor compared with CT orMR, and perhapsmore daunting, ultrasound images normally have no fixed
reference frame. Instead, the region of view in ultrasound is a wedge-shaped, two-dimensional slice whose orientation
depends completely on the location and orientation of a handheld probe. Intracardiac echocardiography (ICE) is a
modern version of cardiac ultrasound that addresses both these limitations and has proved suitable for geometric
model construction of the ventricular chamber of the heart [, ]. Fluoroscopy from a limited set of orientation
presents a similar challenge but is constrained enough to be the source of several approaches to creating geometric
models of the heart and thorax [].

Another challenge of using imaging data for geometric models is the sheer volume of data. Image resolution
is glowing rapidly so that data sets with , or over  million voxels, are not unusual. Even more modest data
sets of  ×  ×  still represent over  million data values to store and manipulate. A further challenge to
using imaging data for quantitative geometric models lies in the distortions and errors that are inevitable in three-
dimensional modalities. Such distortions are not so relevant in the clinical use of images, much of which is based
on qualitative evaluation or uses quantitative measurements only in rather small regions of the field of view, where
distortions are limited. Geometric models are based on quantitative information from throughout the field of view so
that corrective measures are often required. InMR imaging, for example, variations in the magnetic field strength that
are present (and different) in every device require correction before they are suitable to providing accurate geometric
information [–].

Digitizing devices that provide another source of geometric information for models have certain advantages and
disadvantages compared with imaging data. A digitizing device, either as a free standing device or as part of a catheter
based mapping system, can allow a great deal of user control of the location and density of sample points. When
carefully controlled, direct digitization can generate directly the set of points that are used in the polygonal model,
thus omitting the segmentation step already described for image data. At a minimum, some form of resampling of
points can replace segmentation at considerable savings in time and technical complexity. Of course, with high levels
of user control comes a high cost in user time so that acquiring the digitized points typically takes considerably longer
than an imaging scan. As we describe in > Sect. .., there are also few standard software tools for acquiring and
especially manipulating digitized point sets, compared with software for at least some parts of the image acquisition
and processing phase of creating geometric models. However, the single largest disadvantage of acquired geometry by
means of a digitizing device is the lack of access to necessary regions of the problem domain. Digitizers can only reach
surfaces adjacent to some form of air or liquid spaces as these spaces provide the physical means of access, e.g., the
body surface or the inner walls of the heart chambers. Of most relevance to the electrocardiographic forward problem
is the lack of access to the epicardial surface of the heart, which is crucial for many forms of the forward problem.
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In cases of life-threatening arrhythmias that justify the invasive nature of the measurement, there are now methods
of inserting catheters through the thoracic wall and the pericardium to reach the epicardium [–] so that this
information is at least potentially available.

Not surprisingly, combining image and digitizer systems for generating rawmodel data hasmany advantages. One
may, for example, take a CT or MR scan from a patient and then augment this with digitized locations of electrodes
or sites of functional or clinical interest such as pacing, ablation, or coronary artery lesions. Because such mixed data
sets come from separate scans based on their own, local, coordinate systems, it is necessary to carry out alignment or
registration in order to merge them. Such registration, in turn, requires that the same points be in some form visible
in all data sets. With such common points measured in each coordinate systems, it is possible to apply robust fitting
methods to align these systems [, ] and thus create a complete data set.

. Segmentation
Segmentation is a process by which, through either manual or automatic means, one extracts from image data the
boundaries between regions of interest. In the context of the electrocardiographic forward problem, this step in geo-
metricmodeling typically includes identification of body and heart surfaces along with any regions of inhomogeneous
electrical conductivity that should be explicitly incorporated into themodel.The topic of segmentation is huge and has
a substantial place within the field of computer science. Fortunately, in recent years some of the research in biomedical
segmentation has resulted in software (see > Sect. ..) that is useful for electrocardiographic geometry model-
ing; previously, many geometric models were the product of largely manual tracing of boundaries from individual
images [, –]. While hardly trivial and still not completely automatic, modern segmentation algorithms are
capable of identifying most of the bounding surface from which to create geometric models [, –].

. Surface descriptions
From either a segmented volume or a set of digitized points, it is necessary to next identify a new set of points and
polygons linking them that efficiently define the surfaces of the geometric model.The need for identifying a (possible
new) set of pointsmay not be altogether clear, especially for the case inwhich a set of digitized points already exists, but
the quality of the resulting model depends on certain features of this point set that are rarely achieved throughmanual
digitization. First, the distance between adjacent points will ultimately determine the size of the surface polygons that
one must construct from them. The characteristic size metric for the mesh is a parameter one often wishes to adjust
or control at the time of surface model generation and for numerical reasons, this parameter may even vary over the
problem domain. Moreover, the selection of high quality point locations and spacing is a function of the underlying
surface shape. For example, regions of sharp edges or rapid changes in surface orientation are often captured better
when there are points that lie along the edges or at least with relatively higher density than over regions of relatively
flat or smooth surface shape.

One common approach to defining surface boundary points is to create from each image (or in each plane inwhich
digitized points lie) parametric descriptions of contours, e.g., B-splines or Bezier curves [, ]. To such contours
one can then apply variable degrees of smoothing and then compute a new set of points to represent the curves with
whatever density is desired. To create surfaces from the contours, one can employ a fairly simple algorithm that will
“lace” adjacent sets of nodes into triangular surface elements [–]. > Figure . shows schematically the basic
configuration (Panel A) and two conditions that may confound algorithms that do not anticipate and recognize such
situations (Panels B and C). The goal of the algorithm is to link points from the upper and lower layers of a pair of
contours in a way that minimizes the length of the diagonal connection between opposite nodes in each quadrilateral
(Segment – vs. Segment – in Panel A).

For a segmented volume data set, the need to create a smoothed boundary surface between regions ismore obvious
because of the tessellation that is inherent in any set of regularly spaced points. One elegant solution to this problem is
the “scanline surfacing” algorithm fromWeinstein et al., which even deals with abutting and interpenetrating surfaces
and has found application in a variety of biomedical geometric modeling applications []. This approach identifies
the voxels at boundaries between regions of different extracts and then smoothes not the contours, but entire surfaces.
This treatment of the problem in its full three-dimensional extent allows more sophisticated recognition of surfaces
and reduces the incidence of many problems (like those in Panels B and C of > Figs. .) that arise in contour-based
methods.

Another class of approaches to the problem of creating surfaces from point sets is to fit them to piecewise analyt-
ical functions. Such fitting is part of the scanline surface algorithm [] and others have used, for example, surface
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Lacing algorithm to create surfaces from surface contours. (a) shows the basic algorithm for linking nodes in surface contours

from adjacent layers of a geometric model derived from segmented image data. (b and c) show two different potentially

troublesome conditions that arise in such applications and for which the algorithm has to have robust solutions.

harmonics [, ] and Hermite polynomials [, ] to describe body and or heart surface geometry. Van Oost-
eromwas one of the first to apply such an approach by using Fourier transform to represent the surface shape and then
create triangulated surface meshes that are not only smooth but also optimally adjusted to aspects of the boundary
element (BEM) solution he then applied to the forward problem []. Another approach by Gumhold et al. was to
identify local surface features from an existing set of points and then refine the point locations to better represent
those features without adding more points (and complexity) to the description []. The main advantages of any
such representations is the ability from them to create models that have better characteristics in terms of, for example,
smoothness, conformity to the original surfaces, and spatial resolution.

. Volume mesh generation
The final step in geometric model construction, required specifically for numerical techniques like the finite differ-
ence (FDM) and finite element (FEM) methods already described. This step is known as “mesh generation” in the
technical literature and usually starts with a surface representation based on triangles or quadrilaterals and produces
a mesh based on tetrahedra and hexahedra respectively []. The main challenge of generating such a volume mesh
is to introduce additional points within the volume that preserve the quality of the individual mesh elements and
also respect the internal boundaries that separate regions of differing characteristics (e.g., electric conductivity). The
first, and still challenging, step is to define a metric of quality that an algorithm can apply to evaluate candidate
point locations. The most common choice for such a metric is the “Delaunay” criterion, which seeks to maximize
the smallest internal angle of a tetrahedron and has led to many useful algorithms [–]. Unfortunately, a com-
pletely flat tetrahedron can meet Delaunay criteria and yet still be highly unsuitable for numerical calculations so that
modifications or additions to the Delaunay criterion are necessary, a recent example of which is from Alliez et al.
[].

In many cases, the mesh that comes from a single application of any set of criteria is not optimal when it forms
the basis for a computation of a particular forward problem or when exposed to different boundary conditions.
In this case, some sort of adaptive approaches are necessary or at least useful. Adaptive methods seek either to
increase the local resolution of a mesh or to otherwise alter it slightly in order to achieve some improvement in
simulation efficiency or accuracy. For example, it is easy to imagine that in regions of high amplitude or spatial gra-
dient of the quantity of interest, a higher resolution of the mesh could improve the simulation results. Similarly,
in regions of low amplitude or low spatial gradients, it is intuitively apparent that one requires fewer points and
larger elements to maintain the same levels of accuracy with reduced numbers of degrees of freedom and hence
computational cost. Because full forward problems that go from cells or tissues to the body surface are always com-
putationally daunting, any approaches that reduces degrees of freedom without meaningful loss in accuracy are of
interest.

The challenges of all adaptive approaches include defining a good metric by which to determine if adapta-
tion is actually useful and then creating robust and efficient schemes for making appropriate changes to the mesh.
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This is an area of research in electrocardiographic problems and there is as yet no single approach that is effective in
all cases [, , , –].

.. Software for Electrocardiographic Forward Problems

From a practical perspective, mathematical, and numerical modeling and simulation approaches are only as good as the
software that implements them and that is available for scientists to apply to their own problems. As in almost all research
environments, most software created in the laboratories of even the most sophisticated and experienced electrocardio-
graphic researchers is used exclusively in those laboratories and is rarely available for other researchers to use or evaluate.
Fortunately, in the area of forward simulations, this situation is better than in many other areas, perhaps a reflection of
the relative maturity of at least some segments of this research domain.

Software for Cellular Simulations

Software for the simulation of membrane kinetics using the Hodgkin–Huxley formalism described in > Sect. ..
is relatively widely available, although not always in the flexible, efficient, and simple-to-use form that most serious
researchers seek. The simulation approach that is most widely used for cardiac myocytes is probably one of the mod-
els from Luo and Rudy [, ] and the authors provide a version of the software written in C/C++ at their web
site (http://www.case.edu/med/CBRTC/LRdOnline/content.htm). The following is a partial list of software available for
download that includes support for cardiac myocyte models.

. Cell electrophysiology simulation environment (CESE): One of the most flexible, portable, and powerful software
systems for membrane modeling is a recent projects of Sergey Missan at Dalhousie University, who has created a
comprehensive framework that includes implementations for all the leading forms of membrane model []. The
software is open source and freely available at http://sourceforge.net/projects/cese/.

. E-Cell Project: is an international, multicenter research project aiming at developing necessary theoretical supports,
technologies, and software platforms to allow precise whole cell simulation that has recently added support for the
Luo–Rudy model [].

. iCell: is a web-based program from Semahat Demir et al. at the University of Memphis for carrying out simple simu-
lations of nerve or heart cells. It is very simple to use but there is no access to the source code nor can the application
become part of another system, thus it is not useful for research (http://ssd.bme.memphis.edu/icell/).

. LabHEART: is a model of the myocyte developed by Don Bers and investigators at the Loyola University Physiology
Department that includes standard electrophysiological parameters as well as a simulation of calcium concentration
in the cell. The application is originally written in LabView but the authors have recently created a new version in
MATLAB (http://www.luhs.org/depts/physio/personal_pages/bers_d/index.html).

Software for Tissue Simulations

The availability of software for simulation of cardiac tissue is much more limited than for cardiac myocytes, a reflection
of the research state of the field and the technical complexity of especially the bidomain forms of simulation. Perhaps the
only generally available software for simulation of propagation in cardiac tissue using the bidomain is Cardiowave from
Henriquez et al. at Duke University. Cardiowave is capable of creating high-performance simulation programs for a range
of platforms, even some that make use of vectorized and parallel computing (http://cardiowave.duke.edu/pmwiki.php).
Programming cellular automata is relatively straightforward so that most researchers have developed their own code.
There are numerous sources of general purpose cellular automata software, although most of these feature the Game of
Life as the driving application (http://cafaq.com/other_software/index.php).

Software for Volume Conductor Problems

There are many public domain and commercial software packages for the solution of BEM, FEM, and FDM problems
but only a small number of dedicated systems have been developed for use in electrocardiographic forward problems.
Fortunately, these are some of the best developed and well-supported programs in this application area, providing useful
entry points for a range of different types of users.
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. CMISS: CMISS stands for ContinuumMechanics, Image analysis, Signal processing and System Identification and is
amassive software system developed by investigators at AucklandUniversity for a broad range of problems, including
the electrocardiographic forward problem.The system supports membrane models using the XMLmarkup language
known as CellML, bidomain simulations, and volume conductor simulations using both BEM and FEM techniques.
(http://www.cmiss.org)

. ECGSIM: ECGSIM is an interactive program that is very specifically directed at the electrocardiographic forward
problem based on the uniform double layer formulation described in > Sect. .. and > Chaps.  and >  of this
volume [].The user can adjustmany parameters of the action potentials and immediately see the resulting changes
in all relevant whole heart and body surface parameters (depolarization times, repolarization times, action potential
durations and amplitudes, transmembrane potentials, and surface potentials). > Figure . shows an example of
creating a simulation with ECGSIM.

. SCIRun/BioPSE: SCIRun is a large-scale interactive problem-solving environment developed at the University of
Utah, Scientific Computing and Imaging (SCI) Institute [, ]. Similar to CMISS, the application domain of
SCIRun is very broad, although there has always been a special emphasis on bioelectric field problems of the brain and
heart [, –]. SCIRun software has several different forms of user interface including an interactive network
editor for data-flow visual programming (as shown in > Fig. .) that allows users to create and modify networks

⊡ Figure .

User screen for ECGSIM. The user can interact with all panels of the screen to adjust display features, select specific time

instants, and adjust action potential parameters. The specific example here shows the effect of elevating the resting potential

of action potentials in the anterior right ventricle similar to a local transmural ischemic region. Standard ECG signals show the

standard shape (in blue) and simulated for this intervention (in red). Yellow vertical lines in the time signals show the time

instant displayed in the spatial distributions of potential on epicardium and body surface.
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⊡ Figure .

SCIRun problem-solving environment for a cardiac defibrillation forward problem. The middle pane shows the network dia-

gram that illustrates the visual programming interface for the program while the right hand panel shows the results of a

simulation of internal cardiac defibrillation. The small panels in the lower, left-hand corner show the structure of the result-

ing solution matrix along with a graph showing the convergence of the linear system solver over time. The user can interact

with the visualization of the results and each of the blocks in the network diagram has its own user interface for control of

the simulation. Moreover, the user can interactively add new blocks to the network and thus tailor the simulation to specific

needs of the application.

from functional modules connected with data pipes. Less flexible but simpler for the user to learn are various forms
of “PowerApps,” which appear to the user as dedicated applications with a focused set of options and functionality but
are actually built on underlying self-modifying networks. The SCIRun/BioPSE suite also includes a dedicated appli-
cation for segmentation of volume data called SegD, which uses core functionality from SCIRun libraries but does
not have the data-flow structure of other previous SCIRun software. Finally, the SCI Institute also supports a program
calledmapd, which provides visualization capabilities for the type of surface-based mapping data that is common to
many applications of the forward problem and the experimental techniques described in > Sect. . []. All these
applications are well documented, under constant development, and freely available for download in open-source
form (http://software.sci.utah.edu/scirun.html).
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. Outstanding Challenges of the Forward Problem

.. TheMultiscale Challenge

Evidence is emerging that one day forward modeling will begin at the subcellular level and extend to predicting the
clinical ECG. Such simulations are already being performed at the single and multiple cell levels, and it seems a natural
progression to migrate this further up the size continuum. For example, Clancy et al. placed a Markovian model of the
cardiac sodium channel within a cardiac cellular model to predict the mechanisms of early depolarization and the effects
of mutations in this channel on action potential behavior []. The particular behavior under examination was the
inactivation and subsequent reactivation of the L-type calcium channel.The same paper reported findings using a larger
spatial scale in which slow conduction in a string of cardiac cells was examined. Here the conduction was slowed by
reducing the conductivity of the gap junctions between the cells and not through a loss of cellular excitability. This model
provided a quantitative measure of the stability of propagation and produced insights into the mechanisms behind very
slow conduction that can be observed under certain conditions experimentally. For example, because of the long time
taken before a neighboring cell depolarizes, Clancy et al. showed that it was actually the L-type calcium channel that
provided the charge gradient for propagation to continue long after the inward sodium current has ceased. It seems a
natural path for these types of simulations to consider increasingly larger tissue blocks, leading ultimately to simulations
involving the whole heart and torso. Thus, a gene defect may result in a malfunctioning channel, and then, through the
forward modeling, gives rise to macroscopic phenomena such as long QT syndrome.

Forward simulation of cardiac electrophysiology may be poised for a revolution driven by rapid developments in
biomedicine, imaging, and computing. The completion of the first draft of the human genome sequence [] provides
fundamental information on the structure of the proteins that determine ion-channel function and transmembrane cur-
rents.This landmark event signifies the beginning of comprehensive studies of the relationship between genetic code and
channel, cell, tissue, and whole-heart function, developments suggested by the authors of the genome project when they
stated “In principle, the string of genetic bits holds long-sought secrets of human development, physiology, andmedicine.
In practice, our ability to transform such information into understanding remains woefully inadequate.” Only through
sophisticated use of imaging, modeling, and simulations strategies, based on enhanced computational capabilities, will it
be possible to overcome these inadequacies.

The challenge therefore is clear – to integrate this incredible wealth of information to allow the determination of
structure and function at all levels of biological organization. One has very little choice but to use computation simulation
to help to cope with this explosion in complexity: a fact which has led to the development of the Physiome project (see
http://www.physiome.org.nz/, [, , ]).The International Union of Physiological Sciences has adopted the Physiome
as amajor focus, with the aim of developingmathematical and computermodels to integrate the observations frommany
laboratories into quantitative, self-consistent, and comprehensive descriptions. The models not only will provide new
insights into basic science and biological mechanisms but will also fuel breakthroughs in human health. The forward
problem in electrocardiography will feed into and benefit from these developments and the relatively mature simulation
approaches that exist for this problem make it a natural candidate for further advances based on novel information and
computational capabilities.

.. Computability

One implicit aspect of the challenge of computing the forward problem over multiple scales is the computational burden
of such complexity. Computers – and the software that controls them – have always placed limits on the level of detail
that a numerical simulation could feasibly incorporate so that simplification has always been required. In fact, the art of
numerical simulation lies mainly in selecting the appropriate simplifications and implementing the essential components
in the most efficient way possible. Similarly, computer simulations tend to require more or less fixed amounts of time;
when the computers become faster or the numerical methods more efficient, the model simply becomes more detailed
or enlarged in scope to incorporate more realism so that the time required is once again set at whatever a researcher
considers acceptable.
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The electrocardiographic forward problem has just under a century of history [] and thus has seen many changes
in the nature and form of simulations. The first simulations were based on single dipoles and required the solution to
simple systems of linear equations expressed in terms of measured body-surface potentials and dipole location and/or
strength [, , ]. As computers became first available to scientists and then ever more powerful, so too did the the
source models, to the point where we are now able to carry out simulations of both small animal [, ] and human
ECGs []. Some groups have even begun to compute some form of the full forward problem, i.e., from cellular to
body-surface ECG [, ]. However, it is not currently possible to apply the same level of spatial or temporal detail or
level of representation in all these simulations. For example to apply the bidomain equations with a biophysically realistic
membrane model, which many consider the minimal acceptable approach for addressing relevant questions in electro-
physiology, to a human heart model embedded within a torso model is at or beyond the limit of current computational
resources []. As a result of this perpetual need for increased complexity, some investigators of the forward model
spend significant effort focusing on techniques to improve the efficiency of the calculations [–]. Even with such
tools, it is necessary to address many of the questions that arise in the electrocardiographic forward problem using lower
resolution (and potentially incomplete) models.

.. Selection of Models/Parameters

There are many sources of variability in the solution methods and parameters for the forward problem, and selecting
those most appropriate for a given set of research or clinical goals remains an open challenge.There is a wide range of cell
models available for use in the bidomain equations (see, for example, www.cellml.org or ssd.bme.memphis.edu/icell),
all of which give rise to slightly different action potentials. Simulated EG’s or ECG’s computed using these different cell
models generate quantitatively (and possibly qualitatively) different results. Similarly, as described in > Sect. ., there
are different numerical approaches to solving the volume conductor equations that relate cardiac sources to body-surface
potentials, each of which will give different results.

Even after the choice of numerical method and simulation software, however, there are many decisions related to the
parameters settings required to make a working simulation. At the membrane/cellular level, one must first determine
the appropriate, species-specific parameters that control the dynamics of the ion channels. To further complicate matters,
there are a variety of different cell types within any heart, each of which reflects a different balance of ion-channel densities
and thus has different action potential features. It is well known that there is a transition of cellular properties from the
ventricular endocardium to the mid-myocardial M-cells and then to the epicardium. The affects of these variations in
cell characteristics on the ECG are still under debate but may have potentially profound affects on arrhythmia generation
and maintenance. The torso also consists of many tissue types, each of which could play a role in shaping the electric
current in the thorax and thus the body-surface potentials. It is not yet clear what level of accuracy or fidelity in the
electrical conductivity parameters is required to carry out useful forward simulations – the answer will surely depend on
the particular goals of the simulation. And across all scales there are variability and uncertainty in the geometry of the
problem that can have consequences on solution accuracy. Although the effects of each of these sources of variability are
largely unknown as this point, the efficacy of using detailed forward simulation in the clinical arena over the longer term
may depend on our ability to include these small-scale features and to understand the multiple interactions among these
parameters that are associated with specific pathologies.

.. Mechanical and Chemical Interactions

The electrical activity of the heart does not occur in isolation. Many factors can significantly influence cardiac electri-
cal activity, including cardiac mechanics, coronary blood flow, cellular metabolism, and the autonomic nervous system.
Mathematical models of many of these factors are being developed, but integrating these within a forward modeling
framework is extremely challenging. Such combinations will ultimately help to provide the foundations for models that
link cardiac excitation to myocardial mechanics, perfusion, and regulation. This form of comprehensive simulation will
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ultimately be necessary for in silico study of pathologies such as myocardial ischemia, in which reduced coronary blood
flow adversely affects cell and heart function, or heart failure, inwhich reducedmechanical performance leads to electrical
instability.

. Summary

The forward problem in electrocardiography has become very broad and deep in scope in the last decades as mathemat-
ical and computational capabilities allow an unparalleled integration of behaviors in the form of simulations. Progress
continues at all levels of the problem as researchers uncover the relationships between the genetic code and ion channel
structure and function, examine inmore andmore detail the linking of cells intomyocardium, and use advanced imaging
and signal acquisition and processing approaches to capture the shape, structure, and bioelectric (and biomagnetic) fields
from the body. At every level of this problem, computational and simulation techniques are essential, not just to gather,
analyze, and visualize the experimental data but also to begin to test hypotheses about the roles and interactions of all the
elements of this problem. Computers are essential to describe and evaluate possible protein structures and to predict the
impact of subtle local changes in action potential shape and duration on the resulting body surface ECGs.

The role of the forward problem in cardiac electrocardiography is thus very secure and will provide an intellectual
playground for basic questions at all levels of electrophysiology as well as the essential starting point for the inverse
problems that we describe in the following chapter.
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. Introduction

In very broad terms, the inverse problem of electrocardiography may be defined as the determination of the electrical
function of the heart from a number of remote recordings of potentials on some noninvasive or minimally invasive sur-
face. In this sense, even clinical electrocardiographic or vectorcardiographic diagnosis is an inverse problem solved on an
empirical basis by using previously cataloged information. In this chapter, the phrase “inverse problem of electrocardio-
graphy” is used in its more formal sense tomean the deduction of electrical information about the heart by mathematical
manipulation of the measured potentials on the body surface (or from inside the cavities of the heart). The description
of this inverse problem and various forms of its solution forms the principal subject matter of this chapter. We consider
the clinical interpretation of the calculated electrical information only briefly, since clinical deduction may be viewed as
subsequent to the solution of the mathematical inverse problem.

In contrast to the forward problem, which can be solved uniquely to within a constant for the zero of potential, the
inverse problem does not possess a complete solution that ismathematically unique. By this wemean that it is not possible
to identify unique cardiac sources within the heart as long as the active region is inaccessible, because the electric field that
they generate outside any closed surface enclosing them may be duplicated by equivalent single- or double-layer sources
on the closed surface itself [].This difficulty is usually circumvented by using simplifiedmodels for the cardiac sources; in
this case, the parameters of thesemodelsmay be uniquely determined from the surface potentials with additional assump-
tions regarding the intervening volume conductor. (We note that if one takes into account the physiological constraints
of cardiac bioelectricity, most notably the electrical anisotropy of cardiac tissue and the wavefront behavior of activa-
tion (or the quasi-wavefront behavior of recovery), and one considers measurements at multiple time instants, it is less
clear to what extent intramural activity may indeed be imaged. This may seem contradictory to the previous statement;
certainly, at any single time instant the “internal” sources are not unique. However, by considering multiple temporal
measurements as a whole, many solutions which might well be mathematically valid on a time-instant-by-time-instant
basis will now be invalid, because they represent source behavior that is nonphysiological. Thus, the spatio-temporal
behavior of reasonable solutions, that is, of cardiac sources, can be used to make the space of feasible solutions smaller
(in the mathematical sense) and thus make the solution closer to being unique. In summary, it is not yet clear what the
limits are on the degree to which one can image intramural activity from body surface or intracavitary measurements,
nor how reliable such imaging may be. We discuss in some detail in the following section how to use temporal behav-
ior to improve inverse solutions for surface models, as well as some recent, initial attempts to reconstruct intramural
activity.)

A simple description of a parametric model for the inverse problem is the vectorcardiogram (VCG), which assumes
that the heart’s electrical activity may be approximated by a fixed-location, variable-amplitude, variable-orientation
current dipole within a finite homogeneous torso. More sophisticated inverse solutions upgrade the heart source model
by using a more realistic description of cardiac depolarization/repolarization. Along with these upgraded heart models,
most contemporary simulations include a realistically shaped and often patient-specific geometric model of the torso,
as illustrated in > Chap. . We note that the inverse solution cannot, in general, be obtained unless the corresponding
forward problem, using the assumed heart and torso models, is solved first.

Early formulations of the inverse problem in electrocardiography treated it as a kind of extension of the tradi-
tional electrocardiogram (ECG), based on measurements made on the body surface. With the advent of intracavitary
catheter-based probes for clinical electrophysiology (EP) procedures, researchers also began to use measurements from
multielectrode noncontact probes, located inside one of the heart chambers, in an inverse solution to reconstruct the
electric potential on the inner wall of the chamber. In the literature, this has been called the “endocardial inverse prob-
lem.” However, a number of inverse solutions using body surface measurements can reconstruct parameters of electrical
activity on the endocardium, and indeed, as we discuss a little later in this section, the surface upon which the measure-
ments are made is not uniquely tied to the location of the sources to be reconstructed. Thus, it is perhaps more accurate
to distinguish between measurement surface (body surface or intracavitary) and source locations (discussed in the next
paragraph).

The first edition of this chapter dealt almost exclusively with inverse solutions in terms of discrete, equivalent bio-
electric sources, i.e., simple-dipole, moving-dipole, multipole-series, or multiple-dipole heart models, and there is no
need to repeat that excellent treatment. Here, we have chosen to describe the progression to solutions based on more
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realistic sources.Thus, we concentrate on source models that capture electrophysiological parameters that one can physi-
cally measure, specifically surface potentials (epicardial and/or endocardial), transmembrane potentials on the epicardial
and/or endocardial surfaces or even in the myocardium itself (Transmembrane potentials can be measured as monopha-
sic action potentials, using floating glass microelectrodes, or optically using voltage sensitive dyes; we note, however, that
these technologies are not yet suitable for the verification of inverse solutions), or that directly represent fiducial-time
parameters such as activation or repolarization times (usually derived from measurements of potentials). The fact that
these formulations are based on measurable quantities has opened the possibility of direct validation of the solution, a
facet of all approaches that is of fundamental importance. With any discrete source approach (dipole or multipole), such
direct validation is not possible because of the difficulty of relating measured activation times or potentials to equivalent
dipoles. We note that the term “equivalent sources” can be somewhat ambiguous, since in some sense any source model
that does not start with the true cardiac sources at the microscopic scale must use equivalent sources. Indeed, the term
appears at times in the literature to mean source models such as the epicardial potential distribution. However, we use it
here in the same sense as in the first edition of this book, to mean a small set of discrete dipole or multipole sources that
do not attempt to closely mimic any physiological phenomenon.

As described in some detail in > Chap. , the surface upon which these potential or temporal parameters are
reconstructed is somewhat independent of the sourcemodel itself. Traditionally, potential-type sources have used a single-
surfacemodel (the epicardium for body-surface measurements, the endocardium for intracavitary measurements), while
fiducial-time based approaches have by necessity used a combined endocardial/epicardial surface. However, asmentioned
earlier, since any surface which encloses all the sources is a valid surface on which to model the sources, potential-based
methods can also use a combined surface, and indeed at least one recent report [] described such an approach. Here,
to keep an appropriate level of generality, we adopt at times the convention of Messnarz et al. in [] and use the term
“heart surface potentials” (HSP) to include any relevant surface model; when needed, we will use specific variants such
as epicardial, endocardial, and combined epi/endocardial potentials.

As in the first edition, any coverage of this vast topic will be incomplete andwe apologize in advance for any omissions
or oversights.The references cited here are representative and by no means comprehensive. An additional technical note
is that we will use the terms “electrocardiology” and “electrocardiography” interchangeably in the context of this inverse
problem despite possible differentiations [].

A final introductory note before addressing the details is the importance of understanding and appreciating from
the outset the difficult nature of the inverse problem. Keener and Sneyd summarized the forward/inverse problem
relationship well in a recent book []:

� “... If the exact location and strength of this dipole surface and the conductivity tensor for the entire body were known, then

we could in principle solve the Poisson equation to find the body surface potential at all times during the cardiac cycle.”

� This problem is known as the forward problem of electrocardiography.

“Even more useful ... one could determine the sources by inverting the forward problem. This problem, known as the inverse
problem of electrocardiography, is even harder to solve than the forward problem ...”

Despite the conceptual simplicity of this so-called forward problem, as Keener and Sneyd point out, its solution is far
from trivial. The major utility of a forward solution is that it provides a means of probing the fundamental relationships
between bioelectrical sources and electrocardiographic potentials; it serves as a tool for both learning and experimenting
with those relationships.This tool has clinically oriented uses (for instance, design of defibrillators [] ormapping systems)
and forward models are also needed for inverse solutions. By contrast, the most common goal of inverse solutions is to
evaluate the state of the heart from remotemeasurements, and thus it has an explicitly clinical context.We note, however,
that results of a forward solution describe possible pathways for source-measurement relationships, but by themselves
they do not show causality – one can easily imagine different parameters in forward models, or even different models,
leading to similar predictions of measurements. To establish causality one wants to also show uniqueness, or perhaps to
quantify the uncertainty in the forward predictions, and this requires an inverse solution.

To appreciate the source of difficulty in the inverse problem, one must examine the extent to which it allows a unique
solution, and even when it is unique, whether the problem is sufficiently constrained to actually solve in practice. Simply
put, in the inverse problem one would like to invert the forward model, or equivalently solve for the source parameters
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which, togetherwith the forward model, explain or predict themeasurements.However, a naive attempt at this is doomed
to failure. As already noted, it is impossible to recreate the electrical state of each cell in the heart (or even each small
cluster of cells) from surface or intracavitary electrical recordings, no matter howmany recordings are available. Some of
the reasons for this are described in previous chapters or will become apparent in the following sections. However, the
impossibility of this reconstruction is a mathematical certainty – perhapsmost simply explained by the fact that multiple
configurations of cellular activity can give rise to the same measurements (that is to say, the problem is not unique).
If, however, attention is restricted to finding some alternative parameters to represent the electrical activity of the heart (for
instance the epicardial potential distribution), then it is possible to construct an inverse problem with a mathematically
unique solution. Unfortunately, unless this problem is appropriately constrained, in all likelihood it will be ill-posed in the
sense of Hadamard [] – the solution will not depend continuously on the data, meaning that small perturbations in the
input data will result in disproportionately large changes in the computed solution.This is illustrated in> Fig. .c, which
shows computed epicardial potentials that best match the measured body surface potentials in a least-squares sense; with
no constraints the results are completely erroneous. An important consequence of nonuniqueness and ill-posedness is
that the level of detail that one can reconstruct from body surface electrical recordings is significantly lower than that
which can be simulated with a similarly resolved forward solution.

Why does ill-posedness arise? We can consider the difficulty and the effects of ill-posedness in an electrocardio-
graphic inverse problem as an imaging problem. The goal in this case is to reconstruct the electrical state of the heart
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⊡ Figure .

An illustration of ill-posedness. Shown are (a) epicardial and (b) body surface signals generated in a forward simulation. Also

shown are resultant inverse solutions for (c) an unconstrained inverse solution taken from the data in (b); and (d) a Tikhonov

regularized inverse also using data in (b) (see > Sect. ..). The unconstrained epicardial signals are clearly erroneous,

highlighting the ill-posedness of such an inverse problem.
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just as anatomy is reconstructed using an inverse solution in the more widely known imaging modalities of magnetic
resonance imaging (MRI) or computed tomography (CT). In MRI, the forward model is a (discrete) Fourier transform,
and thus, there is no difficulty inverting it reliably to create an image.However, for the inverse ECG problem, the forward
solution includes attenuation that is of different degrees for different spatial scales (technically, at different spatial fre-
quencies). In particular, higher spatial frequencies (smaller-scale phenomena) are attenuatedmore than those with lower
frequencies. As a consequence, trying to invert the forward solution directly (or solve for the “best-fit-to-data” solution)
leads to the amplification of high-frequency components. Of course, any noise in the measurements and any error in the
forward model will contain such high-frequency components which will then dominate unconstrained solutions, as seen
in > Fig. .; the effects of these components on the solution must be constrained if the result is to be useful.

Put more formally, the source/data relationship is subject to the inverse square law inherent in Laplace’s and Poisson’s
equations, while the superposition of currents that takes place in the torso volume means that each measurement is a
combination of the entire set of sources – thus the measured body surface potentials are, at best, a highly blurred and
attenuated version of the intracardiac sources. Deblurring (inverting) is a tractable mathematical problem only after the
application of auxiliary constraints. In the absence of such constraints, the effective nonuniqueness means that there is
no unique deblurred solution. In other words, there are many equally valid candidates for the electrical image and no way
to determine which one actually represents reality. This nonuniqueness implies that one can be completely misled if the
wrong solution is chosen, is clearly unacceptable for scientific or clinical applications.

Thus, the great difficulty in solving the inverse ECG problem is the identification and application of appropriate
physiological and mathematically tractable constraints so that the nonuniqueness is resolved in a clinically appropriate
manner, yielding a physically and physiologically meaningful image of cardiac electrical activity. Indeed, it is the design
and application of such constraints as will occupy most of the rest of this chapter.

In the appendix to> Chap.  a brief introduction is given to the matrix and vector notations used, as well as to some
of the basic concepts taken from the field of linear algebra.

. Inverse Problem Formulation

In this section we describe in general terms a formulation of the inverse problem that encompasses all the variants we will
then describe inmore detail.Wewill then discuss, again in general terms, solution strategies that address the ill-posedness
explained in the previous section.

Two requirements for solving an electrocardiographic inverse problemare: () amathematical (geometric) description
of the region through which the electrical currents generatedwithin the heart flow to the recording sensors, whether they
are on the torso surface or in the intracavitary blood volume and () recordings of those electrical signals themselves,
sampled at tens to perhaps two hundred known locations, at typically between  and , samples per second, using
lead systems described elsewhere in this book.

> Figure . illustrates the various types of inverse solutions we consider here. As the figure shows, measurements
of body surface potentials can be used in one of two ways depending on the source and forward model to which they
are applied: either to reconstruct potentials (surface or transmembrane) or to reconstruct fiducial times such as timing of
wavefront arrivals on the epicardial and endocardial surfaces (activation times).Measurements of intracavitary potentials
can be used to reconstruct surface or even transmembrane potentials as well, although to date this technique has usually
been applied to reconstruct endocardial potentials.

To formalize this setting, we first summarize in a general form the results of a solution to the forward problem (note
that we use general notation here, leaving more specific notation as appropriate for specific classes of formulations):

b = A(x) + n, (.)

whereA is a (possibly nonlinear) forward operator which incorporates a parameterized model of the cardiac sources and
produces a prediction of the measured potentials, x holds the solution of interest (e.g., epicardial potentials or activation
isochrones), b holds themeasurements (whether body-surface or intracavitary), and n represents themeasurementnoise.
For linear forward operators, A becomes a matrix A and measurements, solution and noise can be denoted as column
vectors: b, x, and n respectively. In this situation the forward model becomes

b = Ax + n (.)
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There are three basic types of inverse problems treated in this chapter, as illustrated here: in two of them, body surface mea-

surements are used to reconstruct potentials (surface or transmembrane) or activationwavefront locations (isochrones), and

in the third intracavitary potentials are used to reconstruct surface potentials.

Although we have written the forward operator A above as free of error, it is important to recognize that generaly
none of the components of (.) or (.) are exact – in addition tomeasurementnoise the forward operator is corrupted to
some degree by the geometric noise arising from many sources: inaccuracies in developing the geometric model, errors
associated with the numerical solution of the forward problem, errors in conductivities, etc. Moreover, the measured
signals have errors in the recording of the positions of the electrodes. Errors may be considered small (e.g., signal noise
below  microvolts, submillimeter MRI or CT image accuracy) but such errors can and do become greatly amplified in
an inverse calculation, especially without careful treatment, due to the ill-posed nature of the problem.

.. Including Time in the Formulation

There are a number of ways that temporal aspects of the inverse problem can be formulated. We can consider x, b, and n
as representing an entire temporal sequence of the relevant parameters in the case of potential sources. Alternatively,
b and n could contain temporal sequences, while x could be the relevant fiducial timings for activation or recovery
time source models. An alternative formulation for potential models could be to consider x, b, and n as spatial sam-
ples at a given time instant, and then write a temporal sequence of equations of the form of (.), one for each sample
instant.

In the context of a linear model, x, b, and n in (.) would be block vectors formed by concatenations of the different
time instants, and the matrix A would then be a large block diagonal matrix, with the forward matrix repeated in each of
the diagonal blocks. Written explicitly, then, the vector x becomes

x = [x(t)T x(t + )T ⋯ x(tn)T]T , (.)

where x(ti) is the vector formed by stacking the potentials over the solution surface at time ti and the time instants taken
into consideration range from t to tn . The block vectors for b and n would be written similarly, and then A would have
the form (where here we use Ã to represent the single time-instant forward matrix):

A =
⎡⎢⎢⎢⎢⎢⎢⎢⎣
Ã  ⋯ 
 Ã ⋯ ⋮ ⋱ ⋱ ⋮
 ⋯  Ã

⎤⎥⎥⎥⎥⎥⎥⎥⎦
(.)
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Another useful formulation is to simply stack each time sample as one column of a matrix and then re-write the
forward solution over the entire time sequence as

B = AX +N , (.)

where the matrices B, X, and N have columns b, x, and n, which are spatial vectors at discrete locations, and each row
is a time series at a given spatial position. We note that the block vector/matrix formulation and the matrix/matrix
formulations can be formally equated with the use of vectorization and Kronecker product operators.

We point out that there is no explicit time dependence in the forward operator A in any of the above equations.
Indeed, in the inverse problem, A is generally taken to be temporally invariant, defined using the geometry of the heart
in diastasis without consideration of the dynamic variation of that geometry. One could certainly argue that ignoring the
dynamic nature of A (which arises as a result of heart motion, among other sources of physiological motion) is a possi-
bly meaningful source of error. However, there are a number of justifications that support this static assumption. First,
because of the delay between excitation and contraction in cardiac myocytes, significant contraction does not occur
until after the QRS complex. As a result, ignoring contraction should be a reasonable approximation for imaging the
depolarization of the heart. This argument is, of course, not valid for imaging repolarization, and the importance of this
additional error source in repolarization imaging has yet to be determined. However, perhaps the strongest reasons for
treating A as a static matrix are pragmatic ones. It is already difficult enough to obtain and use image data (e.g., MRI
or CT) to create a mesh of the heart and surrounding torso volume of a specific patient at one time instance; repeating
this process to construct multiple transfer operators would be prohibitive, given the present state of model-creation tech-
nology. One recent attempt to mitigate this problem has been the suggestion to use electrical impedance tomography,
which may allow one to image changes in the geometry in a time-resolved fashion [, ]. Perhaps most important, to
date, no evidence has been presented that indicates that the error incurred by assuming a fixed ventricular geometry dur-
ing depolarization is as large as that arising from the many other approximations and error sources common to inverse
problems.

.. The Inverse Problem

With the notation mentioned in the previous section, the inverse problem can be stated very succinctly as finding a
solution x which () matches the measurements that the modelA would predict for that particular solution to the actual
measurementsb and () also is indeed a reasonable solution for parameters of cardiac electrical activity. One can think of
this as “inverting” the operator in (.) (although, as discussed in the following section, there are iterative approaches to
finding x that do not explicitly compute an inverse, for either algorithmic or computational reasons). As we have already
stated, even with a linear forward matrix and x representing a vector of epicardial potentials ϕ, the inverse problem is ill-
posed.This ill-posednessmanifests itself in the severe ill-conditioning of thematrixA.There is no reason to expectA to be
square, and therefore, it is typically not invertible.The usual solution in such cases, at least if the number ofmeasurements
is greater than the number of potentials to be solved for on the solution surface (so thatA is over-determined, that is, it has
more rows than columns), is to solve for the least-squares solution. This is the solution which minimizes the (Euclidean)
magnitude of the residual error ∣∣Aϕ − ϕB ∣∣ (where ϕ represents the solution x for the specific case of heart surface
potentials, and ϕB represents b for the specific case of body surface measurements). The resulting solution solves the
square matrix equation

ϕ = (ATA)−ATϕB (.)

This equation, in theory, has a unique solution if the columns of A are linearly independent (in effect, if the vectors
which describe how each source location is related to all the measurement locations are not redundant). However, even
in this case, ATA is even more poorly conditioned than A, meaning that its inverse is even more challenging to obtain
reliably. In the case that the number of measurements is less than the number of cardiac locations at which one desires
to estimate the relevant parameters, (i.e., the matrix A is under-determined) there can be no unique solution. The most
common strategy in this case is to find a solution that minimizes the Euclidean magnitude of the residual and is itself
the shortest (in Euclidean length) of the infinite number of vectors that will achieve this minimum error. The “formula”
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for finding the solution is similar in spirit to (.). It too requires solving a very badly conditioned system of equations,
which leads to the same problem as discussed in the framework of (.).

Thus, since the forward operator is ill-posed, a simple data fit by the minimization of the residual norm ∣∣A(x) − b∣∣,
for any of these formulations, leads to a (almost certainly) wildly erroneous inverse solution, with unrealistically large
magnitudes, as illustrated in> Fig. .. To obtain a reasonable inverse solution, prior knowledge about the solution needs
to be added to the problem formulation as a constraint or set of constraints. The difficulties in accomplishing this goal
include identification of physiologically useful descriptions of such prior knowledge, of mathematically tractable ways
of including them into the inverse problem, and of practical algorithmic approaches to solving the resulting constrained
optimization problem.

The problem of determining x in (.) is an example of a rather general type of “inverse problem” that arises frequently
in science and engineering. (For a more general treatment of inverse problems see one of the many good textbooks on
the subject, for instance, Hansen [] or Kaipio and Somersalo [].) In inverse electrocardiography, as in other such
inverse problems, common formulations fall into two categories. One is a deterministic framework, generally referred to
as “regularization,” inwhich an objective function to beminimized or a constraint function to be satisfied is composed of a
combination of the norm of the residual error and some norm of a constraint function (or multiple constraint functions).
The other category of formulation is a statistical framework, inwhich the solution is treated as randomwith an appropriate
probability model, and a probabilistic error measure is minimized to find a likely solution.

Conceptually, deterministic regularization approaches can be summarized by two different ideas:

. Approximate the best-fit-to-data solution. One or more spatial penalty functions acting on a candidate solution are
defined, and then a weighted sum of these functions plus the residual norm is minimized. This approach is generally
called Tikhonov regularization [, , ].The penalty functions generally used constrain the magnitude of the inverse
solution or its high spatial frequency content (often formulated via a first or second order spatial derivative). One can
summarize the resulting formulation as:

x̂λ = argmin{∣∣A(x) − b∣∣ + λ∣∣R(x)∣∣}, (.)

where R represents a “regularization operator” and λ is the regularization parameter whose value controls the level of
regularization (i.e., the balance between the data fit and the amount of regularization). For a nonlinear operator A or
nonlinear regularization operator R, nonlinear optimization methods are used to obtain the solution. For the linear
cases, A and R become matrices and the Tikhonov solution simplifies to:

x̂λ = (ATA + λRTR)−ATb (.)

(or equivalently solving (ATA + λRTR)xλ = ATb by any appropriate algorithm).
. Approximate the forward operator. In this approach, the forward operator A is approximated with an operator Ar that

is “similar” to A in some well-defined sense, but much better conditioned. Formally, given Ar as some well-behaved
approximation of A, one solves

x̂r = argmin{∣∣Ar(x) − b∣∣} (.)

In the discrete linear case, the most common version of this approach is called the Truncated Singular Value Decom-
position (TSVD) [] (see the Appendix to > Chap.  for a discussion of the Singular Value Decomposition)), and Ar

is Ar, a well-conditioned low-rank least squares approximation to A.

We note that under quite general conditions the linear versions of these two approaches can be shown to be closely
related, somewhat surprising given the difference in their conceptual underpinnings. We discuss this in more detail in
what follows.

In statistical approaches x and n are considered as random vectors with given probability models. In particular, the
probabilitymodel for x encodes our belief about how a reasonable, or physiological, solution should behave.The optimum
Bayesian solution is the posteriormean of x [],meaning that it is the statistical average, or expected value, of the random
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solution given the data and the probability models. Applications of this approach to inverse electrocardiography to date
have tended to use a simplified version of this general model with the following assumptions:

. A linear forward matrix A
. Gaussian statistical models for both x and n

Under these assumptions, the Bayesian solution becomes identical to themaximumof the posterior probability distri-
bution of x, given the measurements b, and this solution is commonly called the Maximum a Posteriori (MAP) solution.
With non-Gaussian models, the MAP solution is the best linear mean square error solution for x, but not necessarily the
optimum Bayesian solution [].

Independent of the assumption of probability models, there are a number of ways one can treat the temporal variation
of x statistically. For simplicity, we discuss the possibilities in the context of Gaussian distributions for both the unknowns
and the noise, which means that we need only specify the mean and the covariance. The simplest and most widely used
model assumes that each time instant is a vector drawn from a (second-order) stationary distribution; in the case of a
Gaussianmodel, thismeans that a constantmean (almost always taken to be zero) and a fixed covariancematrix determine
the model. One can also assume the covariance matrix to be fixed over time but let the mean be time-varying, or one can
assume a constant mean but a general spatio-temporal covariance matrix, or one can let the mean vary in time and have
a spatial-temporal covariance matrix as well. In any of the zero-mean cases, the MAP solution can be written as:

x̂MAP = (ATC−n A +C−x )−ATC−n b, (.)

where Cx and Cn are appropriate solution and noise covariance matrices, respectively.
If n is assumed to be white noise (Cn = σ 

nI), the solution becomes:

x̂MAP = (ATA + σ 
nC
−
x )−ATb (.)

Comparing this result with (.), we note a parallel structure; the inverse of the solution covariance matrix plays the
role of the regularization term RTR in the Tikhonov solution and the noise variance plays the role of the regularization
parameter.

The relative strengths of the deterministic and statistical formulations lie in the ability to specify constraint functions
R or statistical priors as determined by the covariance matrix Cx. We will see examples of how each has been used to
capture and formulate relevant assumptions about realistic solutions and to then solve the resulting version of the inverse
problem.

In the following sections we explicitly deal with the various types of inverse methods that arise from different mea-
surement locations and source assumptions. We note that several acronyms have been presented in the contemporary
literature to describe some of these methods, including NICE (Noninvasive functional source imaging [, ]), ECGI
(electrocardiographic imaging [, ]) and DEIT (three-dimensional electrocardiography imaging technique []).

We also note that the previous edition of this chapter [] described in excellent detail inverse approaches based on
equivalent source models, and therefore we omit coverage of these methods. They are of limited relevance to current
practical applications in the heart, although they remain the topic of great attention in the localization of focal electrical
activity in the brain [].

. Potential-Based Inverse Solutions from Body SurfaceMeasurements

In this section, we describe the conceptually most straightforward version of the inverse ECG problem – reconstructing
potentials on the heart surface (denoted HSP in what follows) from measurements on the body surface. As is shown
in > Sect. ., the forward transfer between these potenials can be expressed by a matrix equation (.). As already
discussed, the nature of the matrix involved demands a more elaborate treatment than just an inversion.

We beginwith themost common variant – reconstruction of epicardial potentials – and explain inmore detail the two
standard deterministic approaches outlined earlier: Tikhonov regularization and TSVD. We then describe some recent
efforts to achievemore reliable and accurate solutions by incorporating more prior information through use of truncation
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of iterativematrix equation solutions,more complicated statisticalmodels,multiple spatial regularization constraints, and
constraints on temporal behavior. We then discuss two other potential-based source models to which inverse solutions
have recently been applied: transmembrane potentials and then transmural potentials. From here on, we will use ϕH(x, t)
to representHSPs at positions x on the heart surface at time t, and similarly, ϕB(y, t) to represent the potential at positions
y on the body surface.

By posing the inverse problem in terms of reconstructing heart surface potentials, the problem is linear and the
resulting solution is theoretically unique []. However, as already noted, because the inverse problem is ill-posed, such
a formulation is inherently unstable; even extremely low levels of signal noise or very small geometric errors can result
in an unbounded solution. Hence, in order to stabilize the problem and to obtain a reasonable solution, it is necessary to
incorporate further constraints before attempting to solve the equations. The need for constraints in epicardial solutions,
graphically illustrated in > Fig. ., was first demonstrated by Martin and Pilkington [] and later via singular-value
decompositions of A [, ]. As discussed above, the most common and straightforward approach to this problem is
via regularization of the inverse problem. A successful regularization procedure will yield a feasible solution that has
useful properties in common with the exact solution of the underlying unperturbed problem. The main challenges in
applying this approach are to determine both the type and the amount of regularization required to produce the desired
solution. Regularization can be viewed as a procedure that imposes constraints on the solution, typically on its magnitude
or smoothness. The goal is that these constraints relate to the underlying physiology or other known information about
the solution.

Treating every individual column of the system in (.) independently and solving for each column, ϕB, to obtain the
regularized solution, ϕ of (.), i.e., the heart potential ϕH(t)

ϕH = A†λt
ϕB, (.)

whereA†λt
is the regularized inverse matrix at time t (although the matrixA itself is time-invariant, its regularized inverse

need not be). Next we describe in detail two of the most common specific approaches to generating the pseudo-inverse,
both of which are widely used in cardiac applications.

.. Tikhonov Regularization

As stated earlier, the Tikhonov regularized solution is obtained by minimizing an appropriate objective function, i.e.,

ϕH = min [∥AϕH − ϕB∥ + λt ∥RϕH∥] , (.)

where R is an N × N constraint matrix and ∥ ⋅ ∥ is the Euclidean norm. The R term in (.) helps to constrain (or
regularize) the inverse solution.

The first term in (.) represents the least-squares solution to each column of (.), while the second term constrains,
in the spatial domain, the amplitude of the solution according to the choice of the particular constraint matrix R [].The
constant λt is the regularization parameter at each time, t, which controls the weight given to the residual and solution
norm and hence controls the degree of smoothing. The full solution is then a balance between the unconstrained least-
squares solution and a set of constraints that in some way encapsulates a priori knowledge of a physiologically realistic
solution.

There are three Tikhonov regularization constraints typically used in inverse electrocardiography, known in that lit-
erature as zero-order, first-order, and second-order Tikhonov regularization. Zero-order Tikhonov regularization uses
R = I, the identity matrix, which effectively limits the total magnitude of the solution; first-order Tikhonov regulariza-
tion uses R = G, a discrete approximation to the surface gradient operator, and limits the steepness of the solution; and
the second-order Tikhonovmethod usesR = L, a discrete approximation to the surface Laplacian operator, to restrict the
rate of change of the steepness, i.e., the overall nonsmoothness of the solution.

With the Tikhonov approach we can write a closed form solution for (.) that leads to an expression for the pseudo-
inverse []

A†λt
= (ATA + λtR

TR)−AT (.)
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Messinger-Rapportand Rudy [] studied regularizations of different orders by comparing analytic solutions in a
spherical model []. Their results suggested that zero-order Tikhonov regularization performed as well as the higher-
order schemes. Others have carried out similar studies comparing regularization on realistic geometries with dipole
sources and found that second order Tikhonov performed best [, ]. It may be that the choice of the best Tikhonov
regularizing function depends on the particular case and conditions.

Substituting (.) into (.), the solution for zero-order Tikhonov regularization becomes

ϕH = (ATA + λt I)−ATϕB (.)

.. Truncated SVD (TSVD)

As already described, another method of treating the ill-conditioned nature of the transfer matrix A is to derive a new
problem with a well-conditioned rank deficient transfer matrix []. A common approach is to use the singular value
decomposition (SVD) [], a matrix factorization technique that is introduced in the Appendix of > Chap. . From a
singular value decomposition, one can determine the principal components of the information contained within a matrix
[]. If an SVD is applied to a transfer matrix A, then the transfer matrix can be written in the form

A = UAΣAVT
A

= N∑
i=

σiuivTi
, (.)

whereUA andVA are orthogonalmatrices (their columns are orthonormal) and diagonalmatrixΣA contains as its diagonal
entries the singular values, whileui and vi are the columnvectors forming these orthogonalmatrices and σi are the singular
values for i = , . . . ,N. We assume in this case that the number of measurements, or the row-size of A, M is larger than
the number of HSP reconstruction sites, or the column size of A, N. If M < N some details change but the results are
substantially the same.The singular values are greater than or equal to zero and are typically sorted in order of decreasing
size. For a matrix representing an ill-posed process (as is the case here) the range of nonzero singular values covers many
orders of magnitude. This large range of singular values is directly related to the noise amplification properties of the
direct least squares solution.

The smaller singular values, the reciprocals of which are used in the least-squares inverse, will tend to magnify com-
ponents in the data which lie in the subspace of their corresponding left singular vectors, while data components in the
subspace of the singular vectors corresponding to the larger singular values are not amplified that dramatically.Thus, these
“low singular value” components dominate the solution. Moreover, for forward solutions that smooth high frequencies,
as in electrocardiography, those same singular vectors will also represent high frequencies and thus contain only highly
attenuated information about the sources. As a consequence, the relative contribution of the noise to those components
will be very large. The result is extreme noise amplification, as seen in our original example in > Fig. ..

To overcome this problem, the truncated SVD (TSVD) solutionproposes to substitute forA a low rank approximation,
which simply leaves out the modes with unstably small singular values, i.e., we replace A with

Aλt = λt∑
n=

σA(n)u
T
A(n)vA(n) λt ≤ N, (.)

where uA(n) and vA(n) are the nth vectors from the SVD of A, σA(n) are their corresponding singular values, andN is the
full rank of the matrix. The size of λt determines the level of regularization for time t (where λt is a positive integer). In
the notation of (.), we wish to emphasize that the right singular vectors have the dimension of, and indeed are a basis
for, the “data space,” while the left singular vaectors have the dimension of, and indeed are a basis for, the “solution space.”
Thus below we denote the former as functions of y and the latter as functions of x.

The TSVD solution is obtained by minimizing the objective function

ϕH = min ∥AλtϕH − ϕB∥ (.)
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The solution to this can be computed by means of the pseudo-inverse []

A†λt
= (AT

λtAλt)− AT
λt (.)

The pseudo-inverse can be found easily from the SVD of A as

A†λt
= ṼA Σ̃

−
A ŨT

A, (.)

where ŨA and ṼA contain the first λt columns of UA and VA respectively, and Σ̃A is a λt × λt diagonal submatrix of ΣA.
Substituting (.) into (.), the TSVD solution is

ϕH = ṼA Σ̃
−
A ŨT

A ϕB

= λt∑
n=

uTA(n) ϕB

σA(n)
vA(n)(x) (.)

It is useful to compare this TSVD solution with the zero-order Tikhonov solution given in (.). Expressing (.) in
terms of the u and v components from the SVD of A we can write

ϕH = (ATA + λt I)−ATϕB

= N∑
n=

fn(t)uTA(n) ϕB

σA(n)
vA(n)(t), (.)

where fn(t) are the Tikhonov filter factors given by

fn(t) = σ 
A(n)

σ 
A(n) + λt

⎧⎪⎪⎨⎪⎪⎩ σA(n) ≫ λt

σ 
A(n)/λt σA(n) ≪ λt

(.)

These filter factors have the effect of filtering out contributions to the reconstructed ϕH that correspond to the small
singular values while leaving the SVD components corresponding to large singular values almost unaffected. Equa-
tion (.) is identical to (.) with the corresponding filter factors being equal to zero or one; the terms up to and
including λt are included in the summation and have a filter factor of one while the remaining terms are zero. In other
words, we use an effective λ which is zero for the singular vectors we retain and infinity for those we reject. In practice,
the performance of TSVD regularization is often indistinguishable from that of zeroth-order Tikhonov regularization
[]. Thus, as mentioned above, despite the different conceptual basis for the two approaches, the resulting equations are
closely connected. For higher-order Tikhonov regularization, and indeed for general regularization matrices, a similar
analysis can be made via what is known as the Generalized SVD (GSVD); details can be found in Hansen [].

.. Truncated Iterative Approaches

Truncated iterative methods are another deterministic approach to solving the inverse problem. In these methods, a
sequence of candidate solutions is produced and each one is evaluated according to a “goodness” criterion: if the solution
meets some threshold of accuracy, the iterations stop and otherwise they continue with additional candidate solutions.
These approaches draw on the standard techniques for solving large linear systems of equations []. However, because
such methods, like the unconstrained least-squares methods already described, will converge to unreliable solutions, the
regularization approach is to truncate the iterations before convergence []. In this case, the number of iterations plays
the role of a regularization parameter.

Iterative methods are especially favorable for large-scale problems for which direct regularization methods are
computationally expensive, and in problems in which a matrix representation of the forward operator or an explicit
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representation of the inverse solution are not available. However, their use is not limited to these cases; they can be used
as an alternative approach to direct regularization approaches. Most iterative methods can be represented in terms of
filter factors such as those already discussed for Tikhonov and TSVD approaches [], which demonstrates the similarity
between iterative methods and direct methods in their filtering of the small singular values of the forward matrix.
In regularized iterative methods, the solution converges to the lower frequency modes of the right singular vectors of
A in the earlier iterations, and thus stopping the iteration filters out the effect of the otherwise amplified higher frequency
modes.

The most commonly used iterative methods in this context are in the class of Krylov subspace methods, for which
the connection between iteration number and modes of A is most clear. Brooks et al. [] reported an early attempt to
use this approach, in which the Conjugate Gradient (CG) iterativemethodwas combined with regularization constraints.
More recently, Ramanathan et al. [] have reported using another Krylov subspace method, the Generalized Minimum
Residual (GMRes) method, with significant success.

Reports suggest that the inverse solution reconstructed by the GMRes method was more accurate than the Tikhonov
solution in terms of the pattern and localization of epicardial potentials []. No comparison was reported between the
GMRes and CG methods. Also it was reported that in some cases the L-curve criterion, based on the condition number
of a particular matrix, reflected a clear location at which to specify the regularization parameter, while the appropriate
point on the L-curve for the Tikhonov approach was difficult to determine []. However, despite the strong empirical
evidence supporting the GMRes approach, as well as the success of other initial results [], as yet there is no theoretical
justification to explain why this method reconstructs a localized solution better than Tikhonov regularization. We note
that in both approaches, Tikhonov-type regularization was combined with the iterative regularization, either by iterating
on a regularized (albeit under-regularized) set of equations [] or by using the Tikhonov solution as the starting point
for the iterative regularization [].

.. Statistical Approaches

Although some of the original reports on inverse electrocardiography for epicardial potentials [] were based on the
statisticalmodel in (.), themain challenge of this approach remains specifying themodel (i.e., determining appropriate
parameters of themean and covariance of the desired solution and the noise).The simplest technique, which was adopted
by these early investigators, is to assume that not only is the noise white and uncorrelated, as in (.), but that the solution
has the same structure, with zero mean and variance σ 

x . In this case the relevant equation becomes

x̂MAP = (ATA + σ 
n

σ 
x
I)− ATb (.)

This is the same as Tikhonov regularization with an identity matrix as the regularizer (i.e., Tikhonov zero-order) and
with a statistical model for picking the regularization parameter. Since a good model for the variance of the unknown
solution is hard to specify a priori, most of the research that followed these early reports concentrated on the deterministic
regularization approaches described above.

However, in the late s, van Oosterom, in a series of publications [–], re-introduced the idea of using this
model with a more complicated and realistic covariance matrix. He showed that if one can in fact obtain even a reason-
able approximation of the true covariance matrix (and assuming the time-invariant, statistically stationary, zero-mean
model is valid), one can recover detail about the surface potentials more reliably and one is less sensitive to errors intro-
duced by internal inhomogeneities such as the lungs. The key problem, of course, is how to obtain a useful, valid, and
reasonably accurate statistical model of the cardiac sources. One approach, introduced in the context of estimation of acti-
vation times all over the heart from sparse catheter-based measurements [], and then extended to the inverse problem
[–], is to use previously recorded data to determine such a model. One version of this idea uses a “training database”
of prior recordings of the sources, where available, to estimate a covariancematrix to be applied in the inverse solution. An
additional enhancement is to use sparse catheter measurements to “tailor” this statistically derived result to an individual
subject.The results, based on simulations using canine epicardial recordings, indicated that improvements in the inverse
solutions are indeed possible using such an approach, if the necessary prior and catheter measurements can be acquired.
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.. Multiple Spatial Regularization Operators

All of the traditional methods – Tikhonov regularization, TSVD, and the Tikhonov-equivalent “white Gaussian source”
statistical model – have produced results that showed that it is indeed possible to recover meaningful information about
cardiac surface potentials from body surface measurements. However, these results were neither precise nor reliable
enough to be really attractive for potential clinical or even scientific use. An example of these limitations can be seen in
> Fig. .; the Tikhonov solution shown there, although certainly orders of magnitude improved over the unconstrained
solution, is both rather noisy and overly smooth, in the sense that it cannot match the rapid downward deflection of
activation in the original electrogram. The next few subsections discuss various ideas introduced to try to improve the
accuracy and reliability of inverse reconstructions. One approach that has shown some success is to combine two dis-
tinct types of regularization. For instance, TSVD and Tikhonov regularization were used together in Shahidi et al. [],
and we have already mentioned two approaches which combined Tikhonov-type regularization with truncated iterative
regularization.

Another approach starts from the observation that if the problem is that we need constraints to improve inverse
solutions because the measurements contain insufficient information in themselves, one can consider the possibility of
using more than one constraint at the same time. This approach, in the context of simply extending the Tikhonov for-
malism to more than one constraint, has been applied to inverse electrocardiography using both Tikhonov zero-order
and Tikhonov second-order regularizers []. The results were reported to be somewhat improved, and in particular
were more robust to the exact choice of regularization parameters. (Here, with multiple constraints, one needs multiple
regularization parameters as well.) This approach had its difficulties, however, in particular in picking a good set of reg-
ularization parameters without undue computational burden, and this problem gets dramatically worse if the number of
constraints increases beyond two. At the same time, it was not clear that any particular pair of constraints contained the
most useful information for reconstructions.

Ahmad et al. [] proposed a method that flexibly allows the inclusion of more than two constraints, as well as con-
straints that do not lend themselvesmathematically to easy treatment in the Tikhonov framework.This approach, which
had seen significant use in the formally related problem of image restoration, consists in considering the desired solution
as a single “point” in some space of possible inverse solutions. Then each constraint, including the constraint that the
solution must correspond reasonably well to the measurement data after application of the forward model, can be treated
as a constraint set in this solution space. Reasonable – technically, feasible or admissible – solutions would lie inside each
constraint set, and only infeasible solutions lie outside it. For example, if we believe that a good solution should have a
residual error below some reasonable value, then the corresponding “constraint set” is all solutions that indeed have a
residual error less than that value. If the constraint is that the -norm of the solution, or its gradient, is below some value,
then the constraint set is all solutions for which this is true.

One can easily devise constraints that are somewhat lessmathematically simple, for instance bounds on themaximum,
or minimum, or some norm other than , of the solution or of some spatial derivative of the solution, or even any such
constraint applied only to one or several subregions. Moreover, given any number of such constraints, all admissible
solutions will lie in the intersection of all the constraint sets. It turns out that, if the constraints can all be described by
convex functions (a class that includes all the examples given above), one can apply any of a large number of convex
optimization algorithms to find a feasible solution. Note that in this approach, the optimization algorithm is stopped as
soon as one finds a solution that matches all the constraints, before converging to an “optimal” solution – similar in spirit
to the way inwhich the iterative Krylov-subspace linear system solvers like CGorGMRes are truncatedwhen dealingwith
ill-posed problems. The application of this approach to inverse electrocardiography, using one such convex optimization
algorithm called the ellipsoid algorithm, has shown encouraging results []. However, again there was no clear set of
constraints on the potentials that emerged as giving the level of accuracy and reliability required.

.. Spatio-Temporal Approaches

As mentioned in the introduction to this chapter, the temporal behavior of cardiac electrical signals is known to have a
strong deterministic, hence at least partially predictable, component. It would make sense tomake use of this strong prior
knowledge to constrain solutions overmultiple time instants. One approach along these lines involves parameterizing the
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sources by means of fiducial time parameters, and we discuss such approaches at some length in the following section.
With potential-basedmethods, the temporal behavior of the source, if it can be effectively captured in a constraint, would
also seem to be a powerful tool in the inverse solution toolbox.

In fact, from a statistical standpoint, it is commonplace in the fields of statistical signal processing and estimation
theory that, if the quantities in (.) are taken as potentials at single time instants, the solution is optimal only if the
desired heart surface potentials are temporally uncorrelated []; otherwise their temporal correlation must be included
in the estimation equation. In fact, algorithms commonly used in devices such as modems and cell phones make use of
the so-called Viterbi algorithm for Maximum-Likelihood Sequence Estimation that exploits exactly this fact. It should
be clear from the earlier chapters in this book that any reasonable model for cardiac sources will be far from tempo-
rally uncorrelated, and thus it is not surprising that inverse electrocardiography algorithms have been introduced to take
advantage of models of expected temporal behavior.

We first treat extensions of the heart surface potential (HSP) inverse solution formulation described earlier to include
temporal or spatio-temporal constraints. We then discuss a relatively new approach that replaces the heart surface model
with a transmembrane potential (TMP) model. Based on this model, temporal constraints that are a reasonable approx-
imation of TMP temporal behavior can be applied; the hoped-for advantage is that TMP temporal behavior may lend
itself to simpler, more effective and useful, constraints.

... Spatio-Temporal Constraints with Heart Surface Potential Models

Some of the earliest work in this field used a simple On–Offmodel to incorporate temporal information [], but this was
not pursued as the importance of various factors such as regularization constraints and parameters and the development
of appropriate validationmodels tookprecedence. In the late s researchers began to consider again the use of temporal
behavior, first in the sense of temporal correlation via a frequency-domain approach [], and then, in research that had
significant historical impact on the field, in a direct regularization framework, by simply adding a temporal constraint after
an initial Tikhonov solution []. This latter method penalized subsequent time instants for changing too dramatically
from the preceding one, by constraining the Euclidean norm of the difference between them as a regularization (generally
referred to in the inverse electrocardiography literature as Twomey regularization). Formally, (.), with a linear model
and linear regularization constraint, becomes:

x̂λ = argmin{∣∣Ax − b∣∣ + λ∣∣R(x − x ∣∣}, (.)

where x represents an initial estimate of the solution, as for instance the estimated value of x at a previous time instant.
Thus this approach requires an initial estimate of the solution; the quality of the resulting inverse solution was shown to
depend on the quality of this estimate, and the final solution is therefore biased towards it [].

Starting from this approach, several alternative methods were introduced that attempted to combine spatial and
temporal constraints into a true spatio-temporal regularization method. The three methods that had the most success
were:

. A method that added a temporal constraint to one (or more) spatial constraint(s) [],
. Amethod that added an equation containing an explicit model of temporal evolution of the potentials to the standard

forward problem equation (which models the spatial relation between potentials on two different surfaces), with the
pair of equations formulated as a state-space model and solved via a Kalman filter or smoother [, ], and

. A method introduced and developed primarily by Greensite and Huiskamp which attempted to simultaneously reg-
ularize in time and space by finding a temporal whitening transform according to a statistically informed assumption
[, ].

The initial version of the method was presented in a specific variant with a heuristic justification that Greensite has
since developed into a more general and theoretically based formulation using an assumption he called “isotropy”; here
we start with the latter and then include a detailed description of the specific earlier implementation, which has seen
the most use in practice. Indeed this earlier method has become perhaps the most widely accepted for reconstruction of
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potentials by inverse electrocardiography, used, for example, by groups such as those in Innsbruck and Auckland, who
have reported significant success with it [–].

Initially, it appeared that these were three distinct methods with no clear connection or comparison among them
except in terms of exemplary results. We note that the paper describing the first method did show that the method in
Oster and Rudy [] was a one-step simplified version of an iterative solution to the full multiple regularization method.
However, recently it has been shown that in fact all the three of these methods can be cast into the same statistical
framework []. We outline this framework here, leaving the details to the literature, and then proceed to describe in
some detail the popular implementation of Greensite’s method.The key to unifying these approaches is to consider (.)
with the quantities defined as in (.) and (.); the vectors are all block vectors concatenating the spatial distribution
of the potentials across all time instants, and A is a block diagonal matrix with the forward solution matrix repeated
on the diagonal blocks. We employ the statistical model described earlier in which both the noise and the unknown
signals are assumed to be zero-mean, and the noise is assumed to be white as noted, here in both space and time. In
this case the key quantity that governs the solution is the spatio-temporal covariance matrix Cx, or equivalently, its
inverse:

Cx = E{xxT} = E

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
⎡⎢⎢⎢⎢⎢⎢⎢⎣

x(t)
x(t + )⋮
x(tn)

⎤⎥⎥⎥⎥⎥⎥⎥⎦
[x(t)T x(t + )T ⋯ x(tTn )]

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
, (.)

whereE{⋅} represents statistical expectation.Thus, in the spatio-temporal formulation, Cx is a spatio-temporal covariance
matrix which can be divided into blocks of the form E{x(ti)x(tj)T}; the dimension of each block is the number of nodes
used on the heart surface; the number of blocks (in both directions) is equal to the number of time instants; and each block
is a spatial cross-covariance matrix at different time instants (except for the diagonal blocks which are spatial covariances
at the same time instant). The temporal covariance is embedded in the variation from block to block across the matrix,
as indexed by the difference (or time lag) between ti and tj.

Considering this formulation, two significant problems arise:

. How can one derive or estimate the parameters required to populate this matrix (or its inverse, since the inverse
covariance plays the role of regularization constraint matrix)?

. How can one handle the dramatic increase in computational requirements stemming from the fact that the matrices
now have dimensions on each side that are equal to the number of spatial nodes on the relevant surface multiplied by
the number of time instants considered?

Each of the three methods introduced separately – multiple regularization, Kalman filtering, and isotropy – solves
exactly this same pair of problems, but in different ways, based on different assumptions. Each assumption, and its result-
ing formulation, turns out to impose a particular structure onCx or its inverse, which then leads to a specific algorithm or
set of algorithms. Here we briefly describe the simplest form of the approach taken in each method; for details see Zhang
et al. [].

. Multiple regularization. In this approach one assumes that we can build separate constraints for the spatial behavior
(typically a standard constraint on the norm of the solution or its derivative, effectively a spatial high-pass filter) and
for the temporal behavior (again typically a high-pass temporal filter, based on the idea that potentials do not change
dramatically from one sample time instant to the next). When formulated in terms of statistical regularization, such
assumptions impose a particular structure on the inverse of the spatio-temporal covariance matrix, as the sum of two
block matrices; one is a block diagonal matrix, which contains the spatial regularization constraints, and the other
is a block matrix that has all its blocks restricted to be themselves diagonal matrices, and that enforces the temporal
regularization constraint. A consequence of this structure is that fast algorithms can be developed which reduce the
computational complexity down to the order of the number of nodes in the heart surface model [].

. State-spacemodel. In this approach, the spatial distribution of potentials at each time instant ismodeled by a prediction
or temporal evolution equation, in which the potentials from each time instant evolve from the previous time by
applying a known predictionmatrix plus a randomperturbation. For example, imposing an identity predictionmatrix
assumes that the potentials do not change rapidly from one time sample to the next (a random walk model). More
general models, which take into account, for instance, the behavior of neighboring nodes, can easily be employed.
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One consequence of these assumptions is that the resulting structure of the spatio-temporal covariance matrix shows
a kind of block exponential decay (for a stable model) across the blocks. More importantly, the inverse covariance
matrix has a block tri-diagonal structure; in other words, regularization is applied only between adjacent time instants
in thismodel.The computational consequence of this simple structure is in fact the Kalman filter/smoother algorithm,
and thus, a reduction in computational complexity is achieved.

. Isotropy model. One consequence of the assumption of isotropy, which Greensite frames as a kind of invariance to
unknown prior information for the case in which one has no useful model of the temporal behavior, is what in sta-
tistical terms is known as separability between the spatial and temporal correlation. The effect on the structure of the
inverse covariance matrix is that all blocks (that is, the spatial cross-covariance matrices) are exactly the same except
for a scalar multiplication; the set of scalars needed to relate all the blocks contains the information about the tem-
poral covariance. Mathematically, this assumption means that the spatio-temporal covariance matrix can be factored
as the Kronecker product of a single spatial covariance matrix by a single temporal covariance matrix. As a further
consequence of this assumption, the temporal covariance of the heart surface potentials is identical to within a scalar
to that of the body surface potentials. This assumption suggests the following algorithm:

(a) Estimate the temporal covariance matrix of the body surface potentials directly from the data.
(b) Find the SVD of this matrix; its right singular vectors can be used to decorrelate, or whiten, the entire problem,

by a simple matrix multiplication.
(c) Once the problem has been so whitened, it is optimal to solve it column by column (in effect, “time-instant” by

“time-instant” in the new “temporal” coordinate system induced by the decorrelation). Spatial regularization is
still required and can be done by any relevant method, including Tikhonov regularization or TSVD. We discuss
this last point in more detail in the following section.

(d) Once the column-by-column solutions are complete, “re-correlate” bymultiplying by the transpose of the decor-
relating matrix. Since this matrix comes from the SVD and is therefore orthogonal, the optimality of the solution
is preserved.

As should be clear, this algorithm, since it does its primary work on a column-by-column basis, again reduces the
computational complexity to the order of the spatial dimension.

As discussed in Zhang et al. [], each of thesemethods has its advantages and limitations.Themultiple regularization
approach gives the designer great freedom in choosing regularizers, but requires considerable prior knowledge to make
good choices. Moreover, one cannot consider nearby (or, in fact, any other) spatial nodes when regularizing in time
without incurring a dramatic increase in computational complexity. The state-space model gives even more flexibility
in the design of the temporal model, and indeed, this model has a very direct physical or physiological interpretation
as the expected temporal progression of the solution. Moreover it opens access to a truly vast literature of modeling
and solution methods – the literature on Kalman estimation algorithms [e.g. , , ]. However, it does depend on
an effective prior knowledge of this evolution, and most applications of this method to inverse electrocardiography have
simply used the random walk approach. In addition, it does not allow one to directly consider more than one previous
time instant in predicting the next time instant, again unless one is willing to increase the computational order and the
modeling complexity.

The isotropy/separability method has the significant attraction that one does not need to model or make any further
explicit assumptions on the temporal behavior; the required parameters are in the temporal correlation matrix of the
body surface potentials, which can be directly estimated out of the measurements. However, the underlying assumption
of isotropy, or separability, is difficult to interpret in physical or physiological terms, and it is not yet clear how one
can verify or test its accuracy. Moreover, the assumption rests on the idea that one knows nothing about the expected
temporal behavior of the solution. If, in fact, one has some prior knowledge, it is not clear if or how onemight incorporate
that knowledge into this approach. Nonetheless, as already noted, not only the original authors of this method but also
independent groups have reported success with it in several settings.

There is one key aspect of the isotropy method, which is critical to its performance, and which indeed was incorpo-
rated explicitly in the original, less general, version of the method in Greensite []. After the decorrelating transform
achieved by multiplication of the data by the right singular vectors of the data matrix, one has exchanged the original set
of L equations, where L is the number of time instants used, for a new set of L equations. As mentioned earlier, each of
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these equations still involves the badly conditioned forward matrix A and thus still needs to be (spatially) regularized. If
one uses a standardmethod to find an appropriate regularization parameter for each equation, as for instance the L-curve
method described in the following section, and then solves all L equations, the results are dominated by noise and are not
useful.This is true because the new set of equations has its own set of “singular values” in the transformed domain, which
are unknown even under the isotropy assumption (in effect, they are known for the data matrix but not for the “solution
matrix,” and these two sets of singular values differ).Therefore, onemust find away to “truncate” this process, only solving
the set of equations that contain reliable information, because they correspond to the relatively large singular values of the
unknown solution matrix. As we describe in the following section, the original version of this spatio-temporal approach,
as introduced by Greensite [] before the isotropy theory was developed, included an ad hoc method for exactly this
truncation, via a kind of “double TSVD,” which uses an SVD of the data matrix to determine which equations to solve,
and an SVD of A to regularize each of those solutions.

We now proceed to a detailed description of the version of the isotropy method generally used in practice. One starts
by performing an SVD of the torso surface signal data matrix ΦB , where ΦB is a specific variant of the matrix B in (.)
which stores the signal information in its rows and the potentials at each time instant in its columns, to determine its
principal components. The result of this process is a factorization of ΦB into a matrix of spatial singular vectors (UB)
and temporal singular vectors (VB). The idea that will be exploited here is that, because of the spatial smoothing and
attenuation, only a relatively small number of time signals can represent almost all the information in this data matrix;
the rest of these components are dominated by noise.

Indeed, one could, “filter” the data matrix to remove the noise-dominated components before attempting an inver-
sion – even if one ignored any other spatio-temporal constraints, thismight improve the results.Wenote that this relatively
low-dimensionality of the torso data has been known, and used, for a long time – in the early s Lux et al. published a
series of papers on the use of the principal component method, or Karhunen-Loeve transform, for compression and data
reduction of body surface potentialmaps [, ], which indeed used exactly the same principle for temporal compression
as the one described here.

Specifically, the columns of UB and VB corresponding to small singular values are assumed to correspond to noise-
dominated signals and are typically removed []. A determination of which singular values correspond to this “noise
subspace” can be estimated in a somewhat ad hoc fashion by plotting the logof the ordered singular values against the rank
of the matrix obtained from the appropriate subsets of these singular values []. This typically results in a characteristic
‘L’ shaped curve as shown in > Fig. .. It has been postulated that the singular values below the point at which the curve
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Singular value spectra of two different torso surface signal matrices. In panel (a) are the singular values from a signal matrix

recorded from a normal male volunteer and in (b) signals from a simulated cardiac source. The singular values have been

normalized and plotted on a log scale to emphasize the curvature in their values. The lower right quadrant (as defined by

the vertical and horizontal lines) corresponds to the ranks and singular values which have been considered to correspond to

noise, and the upper left quadrant those which have been considered as “signal.”
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levels off correspond to the noise subspace []. A number of different methods have been used for determining the best
place to locate this leveling off point, including the Akaike Information Criterion [] and the point of steepest curvature.
However, none of these has been found to be truly reliable in practice [].

The key idea of this version of the isotropy method is not to simply filter the data, as shown, but rather to combine
this filtering with regularization. To start, we write the SVD expansion of the matrix of torso potentials matrix as

ΦB = UBΣBVT
B , (.)

whereUB is anM ×Ne matrix that represents the spatial basis, ΣB is an Ne ×Ne matrix with the singular values stored on
the diagonal, VB is an Ne ×Ne matrix that represents the temporal basis, and Ne = min(M,L) whereM is the number of
recording electrodes on the body surface and L is the number of time samples recorded. We assume once more that the
number of measurement locations is greater than the number of nodes on the HSP model, that is, that M ≥ N. If this is
not the case, once again minor changes are required but the procedure is essentially the same. Inserting (.) into (.)
leads to

ΦH = A†λt
ΦB

= A†λt
UBΣBVT

B

(.)

Multiplying on the right by VB , which is what the isotropy assumption would lead to as the optimal decorrelating
transform, leads to

ΦHVB = A†λt
ΦBVB= A†λt
UBΣBVT

BVB = A†λt
UBΣB

(.)

because of the orthogonality of the matrix VB.
Next, we define

Γ = ΦHVB (.)

and proceed by solving Γ from

Γ = A†λt
UBΣB (.)

This problem is tackled for each column vector γi of Γ, paired to each column vector i of matrix [UBΣB], with
i = ,⋯,Ne.

We use the “noise subspace” method already described, which permits the selection of regularization parameters for
each value of i in any type of pseudo-inverse (e.g., Tikhonov of TSVD) selected. The amount of regularization used for
each of the paired columns can be determined using the methods described in > Sect. ..

The solution to (.) is then found from
ΦH = ΓVT

B (.)

Note that only the columns of Γ deemed significant by testing the singular values of the data matrix are used.
Two recent attempts to incorporate spatio-temporal constraints in the context of wavefront propagationwere reported

in Ghodrati []. The first used the Kalman state-estimation formalism in the context of a constraint based on wavefront
propagation. This work, which in principle is like the activation-based methods in that it considers the arrival time of
the wavefront at each point on the surface as the unknown values to reconstruct, uses a nonlinear state evolution model
built on phenomenological study of canine epicardial data, along with fiber directions drawn from the Auckland heart,
to propagate the wavefront on the epicardial surface. A second model, also built from a study of canine epicardial data
[], maps the wavefront location to a potential distribution; the latter is then used with a standard forward matrix to
relate the wavefront location at any time instant to the body surface potential measurements.The second approach uses
a regularization constraint based on a nonlinear mapping of the previous time instant solution to a wavefront-based
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model; this constraint is then used in a standard Tikhonov solution to calculate the solution at the current time instant.
Both methods were reported to show a significantly improved localization and extent of reconstructed wavefronts in
simulations with cardiac data.

... Spatio-Temporal Constraints with Surface Transmembrane Potential Models

As described in > Chap. , transmembrane potentials can also be used as the source strength of a double layer (EDL)
upon which an appropriate forward model, and thus a corresponding inverse model, can be formulated. As discussed
there, the tractability of this model is greatly improved if one makes simplifying assumptions about homogeneity and
isotropy of cardiac conduction. These assumptions are the basis for most activation-based inverse solutions, as described
below in> Sect. ., which have been under development since the s. However, more recently there has been interest
in the development of potential-based TMPmodels. In these models, the forward solution employed is one that maps the
TMPs directly to the body surface potentials. TMPs have some conceptual and practical disadvantages compared with
HSPs; for example, they require additional isotropy and homogeneity assumptions, and are only guaranteed to be unique
(even in theory) if these assumptions hold. In addition, TMPs are more difficult to measure directly in experimental
settings, especially for purposes of validation of inverse solutions. In the context of activation-based solutions, as we will
see, they have the very important advantage of directly imposing the dominating spatio-temporal constraint, and of the
propagating nature of the activationwavefront forQRS reconstructions.These advantages also apply to the reconstruction
of repolarization activity.

One effect of the constraints used in activation-based methods is that the height of the jump and the shape of the
profile across the wavefront must be constant across the surface, which translates to constant height and constant shape
of the action potential, and in particular, of the “phase ” transition. In an attempt to relax this restriction, Messnarz et al.
[] recently introduced a TMP-based inverse solution.The goal was to achieve some of the flexibility of HSP-based solu-
tions while imposing a physiologically-based constraint based on expected TMP behavior.The specific formulation they
employed constrained the TMPs to become progressively more positive over time – i.e., bemonotonically nondecreasing,
or equivalently have a nonnegative temporal derivative – during the activation (QRS) interval. From a potential-based
inverse problem point of view, the idea is that the shape of the TMP is generally much simpler than that of an electrogram
and thus lends itself to a simple yet powerful (and physiologically meaningful) constraint such as the one just described.

The formulation of the inverse problem in Messnarz et al. [] was quite similar to that for the other spatio-temporal
models described earlier; the time samples of interestwere concatenated into block vectors and the forwardmatrix became
a block diagonal matrix with A on all its blocks (as per (.) and (.)). A spatial regularization term was used with a
Laplacian regularizer, the same way that spatial regularization was accomplished by Brooks et al. [] in the multiple
regularization context, which fits perfectly into the block structure. Imposing the temporal constraint, however, required
a matrix inequality constraint, in which the temporal derivative of the solution was approximated via a simple difference
operator written as a large, sparse matrix (again similar to the way Brooks et al. [] applied a high-pass temporal filter).
However, instead of simply adding this as a second regularization constraint, it was necessary to enforce the condition that
all elements of the vector of temporal derivatives, over all time instants, were nonnegative.Thus, the problem became one
of minimizing the spatially regularized residual error, subject to the constraint that the side term, the temporal deriva-
tive vector, had all nonnegative elements. This problem falls into the class of convex optimization problems, in which
the forward problem is linear and the constraint imposed in the inverse problem is nonlinear but convex. Given the rela-
tively simple form of this convex optimization, Messnarz et al. were able to employ a standard version of the interior point
optimization approach, an algorithm known asMOSEK [], rather than themore general ellipsoid algorithm used previ-
ously in the truncated convex optimization approach [] described above. To validate their approach,Messnarz et al. []
used simulations of normal and abnormal hearts and compared results with standard Tikhonov spatial regularization of
the single time instant TMP problem. No attempt was made to use spatiotemporal regularization of any kind with the
Tikhonov method, although the authors did impose minimum and maximum amplitude constraints (− and +mV)
on the reconstructed potentials. Results indicated that the method was able to recover important aspects of propagation
for both the normal and abnormal hearts more accurately than single-time instant reconstruction of the TMPs.

In a second report, Messnarz et al. [] explored from both a mathematical and (numerical) experimental view-
point a direct comparison between the HSP model (using a combined epi/endocardial surface) and their TMP
model. The mathematical approach involved examining the numerical null-spaces of the forward problems for the two
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methods. The numerical null-space is the space of possible source behaviors that are seen so weakly in the body surface
potentials that they are below the measurement noise level. There is a nontrivial null-space of this sort for all complete
inverse electrocardiography formulations because of the attenuation and smoothing that makes the problem ill-posed.
Messnarz et al. [] compared the null-spaces and their complements, and the signal-spaces (technically the row spaces),
of their implementation of the two (HSP and TMP) forward problems. They showed that the information present in
the measurements was insufficient to reconstruct the HSPs or TMPs accurately, confirming the need, widely accepted
in the field, to find regularization methods that can “restore” the null-space components. Note that Tikhonov methods
do reconstruct some null-space components, while TSVD methods do not. Interestingly, the HSP forward model was
somewhat better conditioned than the TMP forward model.The authors suggested that this was due to differences in the
uniqueness properties of the HSPs compared with the TMPs. An alternative explanation might be that the HSPs are sim-
ply smoother than the TMPs; thus the forward problem from HSP to body surface involves less (additional) smoothing
than the forward problem from TMPs to body surface, and hence may be better conditioned. Numerical experiments
carried out using the same simulated measurement data for both methods showed that the TMP model produced more
accurate reconstructions of activation times, especially on the endocardium. The HSP reconstruction method used was
the “truncated isotropy” spatio-temporal regularization method introduced by Greensite and Huiskamp described in
detail earlier. The authors attribute the superiority of the TMP reconstructions to what they hypothesize is the ability of
the TMP non-decreasing-in-time constraint to better add physiologically correct null-space components to the recon-
struction, compared with the isotropy/separability assumption used in the HSP reconstruction. No results were included
on the actual null-space components of the HSPs or TMPs themselves, and thus no direct evaluation and analysis of the
presumed better reconstruction of these null-space components were reported.

.. Imaging Transmural Potentials

The inverse methods described earlier attempt to reconstruct electrical activity on the epi- and/or endocardial surfaces
of the heart. There have also been a few recent attempts to noninvasively image cardiac electrical activity within the
myocardial wall [, ]. This problem is even more difficult than that of imaging surface electrical activity, as it is less
constrained and hence more likely to yield nonunique solutions.

The basic approach used in this type of inverse problem starts with a forward model that incorporates a description
of the three-dimensional myocardium. These forward models are designed to simulate surface electrograms that origi-
nate from within the myocardium. As discussed earlier, on a time-instant by time-instant basis such models are clearly
not unique, and even with temporal constraints included a reasonable question to ask is whether such source models
result in a unique inverse solutions for the myocardium. To our knowledge, this question has not been addressed in the
literature.

In one approach, He et al. [] proposed a cellular automata solution procedure based on predefined transmembrane
potential descriptions (> Sect. ..).Thismodel required only an initial site (or sites) of activity to be specified to generate
a full potential description on the torso surface. The inverse problem was then formulated as an optimization problem
in which one minimizes the average correlation covariance between the measured and simulated body surface potentials
by altering the initial site (or sites) of myocardial electrical activity used in the forward model. The solution must also
satisfy two heuristically designed constraints based on the position of the minima of the body surface potentials and the
number of body recording leads whose potentials are less than a certain negative threshold. These extra constraints are
justified by the presumed relation of the position of the minima on the body surface with the origin of the activation in
the heart (in recent work from the same group [], these two constraints were replaced by the averaged relative error
between the measured and simulated body surface potentials). For this procedure to be computationally feasible, the size
of the initial activation sites are generally taken to be significantly larger than the elements of the computational mesh.
Once the optimization process has converged, one obtains a representation of the transmembrane potentials everywhere
within and on the myocardium. However, we note that these transmembrane potentials are obtained by using a model
with predetermined parameters and might not present a good estimate of the true transmembrane potentials; thus, this
approach in some senses is more similar to a fiducial-time based imaging method than to a potential-based one.

We also note that this approach applies a very strict spatial-temporal constraint on the solution behavior, since the
cellular automatamodel parameters depend on the physiological properties of the heart. However, these parametersmay
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vary from one heart to another, and from a normal heart to a diseased one.Therefore, these predefined parameters of the
cellular automata model may produce a model error whose effect has not yet been addressed in the literature. A possible
solution to this problem might be to reconstruct more parameters of the cellular automata model from the body surface
measurements rather than just reconstructing the site of origin of activation.

Skipa et al. [] reported on another approach to reconstructing the transmural activity of the heart, in which they
described the electrical sources in the heart by three-dimensional patches of transmembrane voltage. A linear forward
model, obtained by using FEM, related the transmembrane voltages in the heart volume to the body surface potentials,
taking into consideration the anisotropic properties of the myocardium. For the inverse problem, Tikhonov zero and sec-
ond order regularization were used while temporal information was incorporated using the Greensite method. However,
the simulation results obtained by this approach did not deliver a meaningful solution for the nodes inside the cardiac
wall, while the transmembrane voltages on the epicardial surface were comparable to reconstructions obtained using an
epicardial potential source model []. We emphasize again that to our knowledge, no discussion about the uniqueness
of the myocardial inverse solution has been offered for this approach.

. Fiducial-Time Based Inverse Algorithms

In HSP and TMP methods, the potentials at each point in space and time are essentially free variables in the reconstruc-
tion; thus, strong explicit constraints are required to achieve useful solutions, and as we have seen, it is not a trivial matter
to find constraints that both capture relevant physiology (and thus produce physiologically accurate, meaningful, and
reliable solutions) and are mathematically tractable. Another general approach to the inverse electrocardiography prob-
lem starts from almost the other extreme; it imposes very strong physiologically based constraints in the source model
itself and reduces the number of free parameters.The basic idea is to focus on reconstructing the time of activation at each
point in space on the epicardial and endocardial surfaces (a complementary formulation also exists for finding recovery
time). A separate benefit of this approach is that from a physiological standpoint, activation times are the most clinically
relevant aspect of cardiac electrical activity; although they can be derived from a potential-based reconstruction (e.g., by
finding extrema of temporal derivatives), it is simpler to reconstruct them directly. But perhaps more importantly, from
an inverse problems perspective, this formulation becomesmuch better constrained; instead of needing to reconstruct an
entire time series at each surface location, we only need to reconstruct one number at each location to capture the entire
heartbeat. Of course, if there is relevant information in other aspects of electrical activity (for example, variation in the
height of the wavefront or the location and behavior of the maxima that typically precede it early in activation and that
are related to depth in the wall of an ectopic focus []), we cannot reconstruct it with such a restricted source model. But
the advantage of greatly reduced complexity on the source model, especially when achieved with such a physiologically
motivated parameterization, holds great promise for a more robust, accurate, and meaningful solution. One particular
advantage that one could hope for from such an approach is greater robustness to errors in the geometry of the forward
model; put simply, because the space of the solution is so much smaller, the effects of ill-conditioning are lessened and
we can consequently expect to be less sensitive tomodel error in particular. In addition, from a physiological perspective,
the potentials are sensitive to loading effects of the torso volume conductivities, while the activation sequence is not; this
adds even greater robustness to this approach.

The main drawback of the activation time imaging formulation is that the forward problem, which now maps acti-
vation times to body surface potentials, is nonlinear. For example, adding two vectors of activation times together (for
example simply delaying activation in time by making one of the vectors have identical elements) will not produce the
sum of the body surface potentials due to each of these sets of activation times. Hence, nonlinear optimization algorithms
must be used to solve the inverse problem for the set of activation times that best fits the body surface data. Although
somewhatmore robust to errors in the input, the problem is still ill-posed and requires regularization. Nonlinear, ill-posed
problems are notoriously difficult to solve in general and the same has proved true in this case. In particular, experience
has shown that results can be very sensitive to the starting point for these nonlinear optimizations; presumably there are
multiple minima in the objective function, even with a regularization term added.

Theoriginal papers in this area came froma group inNijmegen,TheNetherlands, in the s [–]. In these papers,
the starting point for the nonlinear search was found by integrating in time over the entire QRS interval, then using a
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Newton-type nonlinear optimization to find an improved estimate. However, this approach was somewhat heuristic and
without any particular physiological motivation.

More recently a powerful algorithm by Huiskamp and Greensite [] based on this activation imaging approach has
re-invigorated this area of investigation. This activation-based inverse algorithm is centered around the identification
of what are known as “critical points” and associated times in the surface activation function (i.e., epi- and endocardial
breakthrough/termination points and times), which are found using a modifiedMUltiple SIgnal Classification (MUSIC)
algorithm []. Closely related approaches have been used for the EEG andMEG inverse problems since the early s,
presented primarily in a series of papers fromRichard Leahy and coworkers, starting fromMosher et al. []. Examples of
critical points in a cardiac excitation wavefront are shown in > Fig. .. The key idea behind this critical-point approach
stems from the observation that when an evolving cardiac excitation wavefront intersects the epicardial surface, a hole
develops in the wavefront. This is a significant change to the topology of the wavefront, which generates a sudden alter-
ation in the surface potential recordings. If τ (x) is defined to be the activation time on the surface of the heart (note
that in this formulation, x is a location parameter on the heart surface, and τ (⋅) has units of time, measured with respect
to some arbitrary t = ), then these breakthrough points are critical points of τ (x); that is, ∇τ (x′) = , where x′ is
the location of the breakthrough point (note that if we use Vm to represent the TMPs, the nonlinearity is in the transfer
from τ (x) to Vm ; given Vm we can define a forward matrix A that predicts the body surface potentials just as in TMP
potential-based formulations):

This critical point observation leads, after much mathematical derivation [], to the two following important
results:

. x′ is a critical point of τ (x) with critical time τ (x′) ⇐⇒ a is in the space spanned by the spatial singular functions
of ΦB, where a is the column of the Vm to ϕB transfer matrix A corresponding to x′, and

. with all critical points of τ (x) determined, the computation of τ (x) (on both the epicardial and endocardial surfaces)
is a well-posed problem.

The key assumption required to prove the first point is that Vm is modeled as a uniform step jump across the
wavefront; i.e.,

Vm = a + bH (t − τ (x)), (.)

a b c

⊡ Figure .

The formation of critical points and their associated critical times as an excitation wavefront (gold surfaces), derived from

a simulation based on an eikonal model, collides with the heart walls []. Panel (a) shows the initial excitation sites near

the endocardial surfaces. Panels (b) and (c) show critical points as the excitation wavefront (gold surface) collides with the

epicardial surface and a hole is formed in the wavefront. The heart is viewed from the apex with the epicardium shown as

a transparent surface, the left ventricular surface in green and the right ventricular surface in blue. Figure reproduced from

Pullan et al. [] with permission.
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where a is a constant offset value, b controls the height of the step jump of the action potential, H is the Heaviside step
function, and t ∈ [,T].

The Heaviside step function models an elementary source at a point on the heart surface x, excited at time τ (x),
which remains excited until the entire domain has been excited. Equation (.) represents only phase  of the action
potential and hence the inverse algorithm derived from the two results just shown is specific to the intervals occupied by
the P wave (atrial depolarization) and the QRS complex (ventricular depolarization) of the ECG. If, instead of (.), one
assumed

Vm = a + b − bH (t − τ (x)), (.)

(i.e., a step jump down) and we now considered τ (x) to be a time corresponding to the phase  (repolarization) of the
action potential, then results similar to the two listed earlier could be obtained.Thus, any inverse algorithm derived from
those two results for imaging depolarization could, in theory, be used to image repolarization, and thus this approach
is a means of complete fiducial-time based imaging. However, imaging repolarization is complicated by a number of
its unique features. As shown in > Fig. ., repolarization occurs over a relatively long time period, and therefore, it is
difficult to define a distinct recovery time (compared with the activation time), which means that (.) is a more severe
approximation than (.). Moreover, since it is the change in time of the TMP that produces the “source” in this model,
the effective signal-to-noise ratio is considerably reduced. Also, repolarization occurs during the mechanical motion of
the heart, meaning that the transfer matrix may contain substantially more geometric error in the repolarization phase
compared with the depolarization phase.

The use of the critical-point method to locate breakthroughs suggests a two-step approach for fiducial-time based
imaging:

. Find the critical points and times using the theory above, using, for example, the algorithm described in some detail
below, and then

. Obtain the entire activation sequence by solving a non-linear minimization problem in which the objective is to
minimize the difference between the calculated torso potentials ϕ̂B, and the measured potentials, ϕB (where ϕ̂B is
calculated using A (x, y) and any estimate of τ (x)), starting from an initial estimate found n the first step.

During this optimization process, the critical points and times that have been identified can either be fixed or be
constrained to remain local extrema of τ (x). Additional constraints on the optimization process can be imposed, such
as the surface Laplacian of τ (x) [],

E (τ (x)) = min{∥ϕB − ϕ̂B∥ + λ ⋅ Lτ (x)} , (.)

where E is the objective function being minimized with respect to the activation times on the heart (τ (x)), λ is a param-
eter controlling the degree of regularization imposed on the objective function and L is a discrete approximation of the
Laplacian of the excitation field. We return to a discussion of this second optimization step in the following section, but
first we describe how the “critical times” can be found computationally.

The following algorithm computes the critical points and times. First, the signal matrix, ΦH , recorded from surface
electrodes, and A (x, y) mapping from Vm to ϕB, are required. The spatial singular functions of ΦB (y, t) are computed
using the singular value decomposition

ΦB = UB ΣB VT
B with an effective rank R (.)

As already described, singular vectors corresponding to small singular values are discarded. Noting that each column
of A corresponds to the map from a particular node x on the heart surface to all the body surface nodes, the following
function can be defined for each x for all values of t ∈ [t, t],

Mt
t (x) = ( − R∑

r=
[ã (y) ⋅ ur (x)])− , (.)
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where ã (y) = a(y)∥a(y)∥ is the unit (Euclidean) normalized column of the transfer matrix A (x, y) which corresponds to

x, and ur (x) is the rth column of the spatial (left) singular matrix U and R is the number of singular values retained,
as just described. The summation term in (.) is the projection of the normalized vector ã (y) onto the vector space
spanned by the spatial singular vectors ur (x). With the normalization in ã and the fact that the singular vectors are also
unit norms, if ã (y) is contained in this space then the summationwill yield  (and henceMt

t (x)will be infinite), while if
no component of ã (y) is contained in this space, the summationwill yield .This is the principle behind the well-known
MUSIC method for spectral estimation and array processing []. Hence, (.) can be thought of as a measure of the
distance of ã (y) from the space spanned by the set ur (x), which we can think of as the “signal space.” This distance
measure greatly exaggerates points x that are close to this space. In theory,Mt

t (x) is singular at critical points ∈ [t, t],
although, in practice, there are no singularities, due to noise and other errors associated with Φ and A.

To find the activation times corresponding to these critical points, the following matrices are constructed,

M⊕xt =Mt
 (x), (.)

M⊖xt =MT
t (x) (.)

Each row of both matrices corresponds to a particular node x, while each element of that row is the value of the function
defined in (.) for the appropriate interval at a time t in the measurement time series which corresponds to its column
index. Thus, these two functions describe the distance from signal space, where the two signal spaces are restricted to[, t] and [t,T] respectively. From these matrices, a zero-crossing matrix is created, defined by

Zxt = M⊕xt −M⊖xt , (.)

which enhances the difference in behavior between M⊕xt and M⊖xt at each time t. Each row of this zero-crossing matrix
corresponds to the distance from signal space at a particular location on the heart as a function of time.

In > Fig. ., we show sample functions defined by the rows of Zxt (called the critical point functions); one observes
that they are similar to step functions in the sense that they have high gradients at the point at which the horizontal axis
is crossed. Theoretically, the critical point function corresponding to a critical point crosses zero at the critical time. In
practice, the distinction between critical points on the one hand, and activation times that occur in regions where the
activation surface is continuous, on the other, is not as clear, due to noise and errors. Thus, there are several alternative
ways to use the rows of Zxt . One could, for instance, define a threshold on the height of the jumps (which can differ dra-
matically, as seen in the right-hand column of > Fig. .), consider those jumps that are above the threshold as detected
critical points, and run the optimization algorithm initializing it by fixing or restricting its ability to change the detected
critical times. Another alternative is to use the zero-crossing of each critical point function to obtain an initial estimate
of the activation time at each location. With critical points and times, or activation times, thus identified, the process of
determining τ (x) everywhere is, theoretically, a well-posed problem and in practice can be solved via the optimization
process described next.

Once the critical points or initial activation times, or other results of the application of the critical point theorem, are
found, we are left with a nonlinear optimization problem such as the one in (.), with the critical points serving either
simply as a starting point for the optimization or also as an additional constraint throughout the procedure.We note again
that this problem is nonlinear because ϕ̂B depends on the fiducial times in a highly nonlinear manner, in contrast to its
dependence on the HSP or TMP values. We also note that many optimization algorithms run better if one can compute
the appropriate Jacobians. However, if the sources are simply switched on at discrete locations on the heart surface (i.e.,
the nodal positions) according to (.), the resultant simulated potentials ϕ̂B are discontinuous, which in fact gives rise
to body surface potentials that are not continuous with respect to the activation times. For use in the optimization phase
of the activation inverse procedure, it is more desirable to deal with functions that are continuous; moreover, the speed
of convergence is greatly aided by having continuous derivatives [].

Thus, alternatives to (.) have been used by various investigators. The purpose of these alternatives it to generate
values of Vm that are smooth and continuous but still contain the general features of the activation phase of a ventricular
action potential. One such alternative is the sigmoid function S (t − τ), as shown in> Fig. . and described in the follow-
ing section in (.), and another is the arctangent function, as used by Tilg et al. []. Like the Heaviside step transition,
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⊡ Figure .

Comparison of critical point functions between critical and noncritical points. The left column shows the three functions and

their corresponding ranges. The right column re-plots all the functions scaled to the same range. The larger jump in the crit-

ical point function for node C indicates that it corresponds to a critical point. The vertical linemarks the points at which the

functions cross the horizontal axis (critical times) and provides an estimate of the activation time at each location.
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Approximation of the Heaviside step function by a sigmoidal function. This function contains the parameters ω and b to

determine its shape. The ω parameter controls the width or window of the activation upstroke (i.e., the duration of the depo-

larization), while the b parameter controls the height of the transmembrane jump, i.e., the difference between the resting

potential (a) and the peak of the action potential upstroke. Time is shown on the horizontal axis and the transmembrane

potential on the vertical axis.

all these functions rely on assumptions about the shape of the action potential that are likely not a practical restriction
for normal hearts, but do provide a measure of the expected spatial resolution of this activation-inverse approach. More-
over, abnormal hearts may provide a more serious problem, a fact that, as noted earlier, motivated the introduction of the
surface TMP imaging method described in > Sect. ....

When specifying the sigmoid function as follows, the a and b parameters again represent the transmembrane resting
potential and the transmembrane jump respectively. The smooth function is created by gradually activating the sources
over a time-span of ω. If u is defined as t − τ (x), the smooth activation function can be represented mathematically by
the function

S (u) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a u ≤ −ω


a + b

( 
ω
u + ) −ω


< u ≤ 

b − b

( 
ω
u − )  < u < ω


a + b u ≥ ω



(.)

The derivatives of the torso surface potential with respect to the activation times for use in the optimization phase are
then given by

∂ϕ̂B
∂τ

= A ⋅ (−)
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

 u ≤ −ω


b( 
ω
u + ) 

w
−ω

< u ≤ 

−b( 
ω
u − ) 

ω
 < u < ω


 u ≥ ω



(.)

A recent addition to the literature on activation-time imaging has suggested an alternative way to solve the nonlinear
regularized optimization []. This approach, based on a method suggested for general nonlinear inverse problems [],
replaces the iterative gradient descent approachused inNewtonmethodswith iterations using a sequence of linearizations
around the current solution.The key benefit claimed for this method is that, for the case of regularized ill-posed problems,
it allows one to use a standard regularization parameter determinationmethod (such as the L-curve) on the linear update
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optimization that needs to be solved on each iteration.Thus, one solves a sequence of linear regularizations, each with its
own regularization parameter. Results indicate that this method leads to L-curves that are much better defined than the
single L-curve obtained using a standard Gauss–Newton technique [], especially when applied to clinical data.

An alternativemethod for both initializing and regularizing the activation (and recovery) time algorithms has recently
been introduced by van Oosterom and coworkers, who report improved results with it over standard initializations and
Laplacian-based regularization []. The basic idea is to compute a set of simplified propagation patterns, initialized
in turn from all of the nodes on the HSP geometry. This pattern is computed by finding the lengths of shortest paths
from each node to all other nodes, the paths following straight line segments that lie entirely inside the myocardium.
The shortest route is found by using an optimization method called the “shortest path algorithm.” Applying an assumed
constant propagation velocity to the resulting distances leads to an activation pattern for each node on the surface. The
body surface potentials predicted by the forward model based on each of these activation patterns are compared with
the measured potentials and the best fit pattern is chosen to initialize the nonlinear optimization as described earlier.
The same distance function has also been used to regularize the nonlinear optimization. It is interesting to note that the
underlying principle seems to have something in common with the wavefront-based methods for curve and potential
reconstruction of Ghodrati et al. [] described earlier, in that the idea is to impose a propagating wavefront behavior on
the reconstruction, although the specifics of both the formulation and the method are quite different.

. Inverse Solutions from IntracavitaryMeasurements

Another method of inverse electrocardiography is to measure the potentials within a chamber of the heart by means
of a noncontact, multielectrode catheter array and then to estimate the endocardial surface potentials from them. The
forward model of this approach has a similar form to other potential-based approaches and relates the potentials on the
endocardial surface to the measurement leads inside the cavity. Since the measurements are recorded relatively close to
the endocardial surface, the corresponding forward matrix is generally less ill-conditioned than the epicardial potential
forward matrix. On the other hand, obtaining accurate geometrical data from which to construct the transfer matrix is
challenging, because it requires medical imaging [–] and because the probe moves due to blood flow in the cham-
ber. Overcoming this challenge is critical, because the accuracy of the computed inverse solutions is highly sensitive to
errors in the geometry []. The only currently available commercial device based on inverse electrocardiography, the
Ensite system produced by St. Jude Medical [], obtains the geometry of the endocardial surface point by point using a
catheter navigating on the endocardial surface. The sampled points are then fitted to a bicubic spline surface to improve
the estimate of the actual chamber.

Due to the similarity of the forward model of this approach to the potential-based approach, all inverse methods
mentioned in > Sect. . apply to this problem as well. Khoury et al. have tested and reported several inverse methods
for the endocardial inverse problem [, , ] and here we describe briefly two approaches that are slightly different
from those covered in > Sect. .. While initially developed for the endocardial problem, there is no reason why these
approaches could not be used for other potential-based formulations.

. The first approach, developed by Khoury [], uses the first order Tikhonov regularization method and the BEM
method to define the regularization matrix as the derivative of the endocardial potentials in the normal direction to
the surface rather than tangential to the surface. This means that the regularization term constrains the magnitude
of the normal current density on the endocardial surface, a strategy that lacks a solid theoretical justification, but
nonetheless appears to work. Khoury et al. reported improved accuracy with this approach compared with simple
zero-order Tikhonov regularization.

. The second approach, also from Khoury and his colleagues, is again in the framework of Tikhonov regularization, but
tries to define a regularization matrix that will satisfy the discrete Picard condition []. The regularization matrix in
this approach has the same right and left singular vectors as the forward matrix, but its singular values are determined
from the energy spectrum of the data. Therefore, the singular values of the regularization matrix and the particular
measured data directly affect the filter factors of the inverse solution. The inverse solution obtained by this method
produces superior results than the zero order Tikhonov solution [].
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. Determining the Regularization Parameters

There are many a posteriori methods for determining the appropriate levels of regularization required for virtually all
forms of inverse problem. (By a posteriori here we mean that these methods try many regularization parameters, test the
results of each trial, and pick one of these based on some criterion. This is in contrast to a priori methods, which rely on
the knowledge of noise statistics or other prior knowledge.) Each of these regularization parameter estimation methods
attempts to provide a balance between the solution and regularization norm. Commonly accepted methods, which we
discuss briefly here, include: the L-curve [], the CRESO criterion [], the zero-crossing criterion [], and generalized
cross-validation []. We briefly explain these methods here with reference to the HSP inverses given in > Sect. .. In
addition, we first describe the optimal criterion method, by which we mean picking the regularization parameter using
the knowledge of the true solution – clearly not a practical approach, but useful for simulation studies and in exploring
the best case behavior of various inverse methods. For the optimal method, we illustrate the procedure using both the
Greensite potential-based inverse and the Tikhonov and TSVD inverses. We explain the other methods described in the
following section with reference only to the Tikhonov and TSVD inverses.

.. Optimal Criterion

The optimal criterion solution, although clinically not feasible because it requires a priori the knowledge of the epicardial
potential distribution, places a lower bound on the accuracy of a given regularization scheme and thus leads to a valid
comparison measure between relative regularization inverse approaches.

The optimal solution for Tikhonov and TSVD regularization schemes can be obtained by choosing the value of the
regularization parameter λt at each time t that leads to the best solution to (.), i.e., that minimizes

∥ϕ̂H(i) − ϕH(i)∥, (.)

where ϕ̂H(i) is the ith regularized solution and ϕH(i) is the exact solution on the heart. Note that, of course, one could
define a different measure of optimality instead of the Euclidean norm of the reconstruction error, but to the best of our
knowledge, this one has enjoyed universal support in the field.The optimally regularized solution to Greensite’s epicardial
potential method can be obtained via regularizing every ith equation individually if the isotropy condition truly holds;
since the columns ofUB are orthogonal, they are linearly independent.Thus, for every solution γi(x) to (.), the optimal
regularization parameter is the value which minimizes

∥σB(i)γi(x)vB(i) −ΦH∥F , (.)

where ∥ ⋅ ∥F denotes the Frobenius norm. We note that in practice one does not usually find a true optimal point, but
rather tests over a dense grid of regularization parameters to locate the best value.

.. L-Curve Criterion

The L-curve method uses a parametric plot of the regularization objective function ∣∣Rϕ̂H ∣∣ against the corresponding
residual objective function ∣∣Aϕ̂H−ϕB∣∣ for a wide range of regularization parameters (λ). For discrete ill-posed problems,
this curve, when plotted on a log-log scale, often has a characteristic L-shaped appearance with a corner separating the
vertical and horizontal components of the curve, as shown in > Fig. .. The regularization parameter increases as the
curve moves from the upper left to the lower right portions of the graph.The “corner” identifies a value of λ that provides
an ideal (in some sense) balance between the two components that are minimized in (.). Regularization parameters
that correspond to the upper left part of the curve produce results dominated by high regularization error and tend to be
overly responsive to the noise and error (under-regularized). Regularization parameters that correspond to the lower right
part of the curve produce results dominated by high residual error and tend to be overly insensitive to the measurements
(over-regularized). The point for which any change in regularization parameter causes a large increase in one of the two
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The L-curve is a log–log plot of the residual norm, ∥Aϕ̂H − ϕB∥, against the regularization norm, ∥Rϕ̂H∥. This plot is typically
of the form of an “L.”The corner of the “L” strikes a balance between the residual of the solution and the regularization norm.

termswith little decrease in the other is considered to be a good choice; this occurs at the corner.The corner of the L-curve
is also the point of maximum curvature, which provides the basis of a number of automatic methods that can detect this
point, either through careful search techniques or using interpolants such as splines.

.. CRESO Criterion

The Composite REsidual and Smoothing Operator (CRESO) criterion chooses the regularization parameter for which
the difference between the derivative of the residual term and the derivative of the smoothing term ismaximized [].The
CRESO regularization parameter is chosen to be the smallest value of λt that results in a local maximum of the function

C(λt) = ∥ϕH(x, λt)∥ + λt
d
dλt

∥ϕH(x, λt)∥, (.)

where ϕH(x, λt) are the potentials on the heart regularized by the parameter λt. The function C(λt) is the derivative of
the function B(λt), where

B(λt) = λt ∥ϕH(x, λt)∥ − ∥AϕH(x, λt) − ϕB(y, t)∥ (.)

Strictly, the CRESO function is defined only for a continuous regularization parameter and hence cannot be used for
the discrete TSVD approximation [].

.. Zero-Crossing Criterion

The zero-crossing criterion aims to find the regularization parameter by solving the function B(λt) =  in (.). If more
than one value of λt satisfies this condition, then the smallest value is chosen. Thus is essentially the minimum-product
criterion proposed by Lian et al. [] as another approach to locating the corner from the L-curve [].
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.. Generalized Cross Validation (GCV)

The generalized Cross Validation (GCV) method [], like the L-curve, estimates a regularization parameter as a result
of a trade off between minimization of the residual norm (data misfit) and the level of regularization. For this purpose
the GCV function is defined as follows:

G = ∣∣AϕH − ϕB∣∣
trace(I − AA

∮
λ ) , (.)

where I is the identity matrix andA
∮
λ is the regularized inversematrix for regularization parameter, λ.The numerator of

the GCV function represents the data misfit and the denominator the level of regularization. The minimum of the GCV
function for a range of regularization parameters determines the GCV regularization parameter; therefore, this method
chooses a regularization parameter that results in a minimummisfit while regularizing sufficiently. The denominator of
the GCV function can be shown to be related to the filter factors, for details see Hansen [].

. Validation and the Effect of Error

An essential component of any simulation approach is thorough validation of its results; in the case of a technique that
aims to provide diagnostic information, validation must also include a careful evaluation of the relationship between
error and uncertainty in the model and its ultimate diagnostic accuracy. Hence, it is necessary not only to show that
electrocardiographic inverse solutions can provide credible images of cardiac electrical activity but also to establish the
limits on the accuracy of the results and determine how errors in all components of the model effect the overall accu-
racy of the inverse solution. There are two basic approaches that are common to this type of validation, one based
on computing the inverse solutions from the results of computed forward solutions (simulation studies) and one
based on comparing measured results from experiments or clinical measurements with expectations from simulations
of the same conditions (experimental studies). We describe both approaches below and then discuss some of the still
unresolved questions about the effects of model components on accuracy.

.. Simulation Studies

The goal of simulation studies is to generate both source and remote data with a high degree of accuracy and then let the
inverse method(s) under examination use only the remote data and seek to predict the sources. Ideally, the method used
to generate the simulated test data should be independent of the inverse solution, i.e., use different geometric models
and mathematical formulations. Otherwise, the inverse solution is likely to be overly optimistic, since solutions to ill-
posed problems tend to magnify all error sources, including modeling error. This type of error is inevitable in practice
but in such a validation model will be suppressed. For example, a forward transfer coefficient matrix, A, used to generate
test data is not the ideal basis of an associated inverse solution because that inverse was specifically created to match
the effect of A on the sources. Validation may then indicate how various parameters affect the inverse solution, and
perhaps even how different inverse algorithms compare with each other, but not necessarily how well any particular
methodwill work at finding sources frommeasured remote potentials. One canmitigate the inherent bias of this approach
by adding known quantities of random noise to the forward-computed potentials; however, it is generally advisable to
maintain independence between the forward solutions used to generate simulated test data and the inverse solutions
under evaluation.

Another essential feature of a robust validation scheme is that it includes a wide range of test data. An inverse solution
that is very accurate with one type of data or in one specific case (e.g., for a particular geometric model) may perform
poorly for a different set of conditions. There is no known comprehensive approach to determining robustness; hence,
there is no substitute for testing over a wide range of parameter space.
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... Analytical Solutions

Themost straightforward form of simulation to use for validation is one that employs an analytical expression to generate
the test data, which then forms the input to a numerical (discrete) inverse solution. This tests all aspects of the inverse
solution, including the mathematical formulation and the numerical and computational implementation. Such solutions
also allow for a great deal of variation of at least some parameters so that it is possible to compute test data under a wide
range of conditions. Unfortunately, for electrocardiographic inverse problems there are relatively few geometries that
contain sufficient symmetry and simplicity that an analytical expression is possible.

Thebest-knownanalytically tractable validationmodels in electrocardiology are those based on concentric and eccen-
tric spheres proposed by Bayley and Berry [–] developed extensively by Rudy et al. [–] and still in use today
[–]. Rudy et al. used thesemodels not only for validating their numerical solution; by varying source types and loca-
tions and geometric model eccentricity, error, and conductivity, as well as regularization functionals used for the inverse
solutions, they developed several fundamental hypotheses about the effect of each of these factors on inverse solution
accuracy. One of these ideas that has subsequently been validated by physical models and human clinical studies is the
relative insensitivity of the inverse solution to variations in thorax conductivity. These studies did indicate, in contrast,
a strong sensitivity of the solution accuracy on knowledge of the true heart position; unaccounted shifts of only a few
centimeters could result in substantial errors in recovered epicardial potentials []. However, the intrinsic limitation of
analytical models based on simple geometries is their inability to capture the influence of realistic anatomical structures,
which are both complex and asymmetric. This, in turn, means that conclusions drawn from such studies cannot readily
be applied to physiologic situations.

Throne et al. also used the layered inhomogeneous eccentric spheres system to evaluate the effect of errors in geometry
and conductivity on solutions to the inverse problem of electrocardiology []. They compared the abilities of four
different numerical methods to solve the inverse problem, two of which used regularization, and found that, although
the regularized methods performed better in the presence of geometric errors, small errors in heart size and position
still had a significant effect on the resulting solution. Such results are evidence that analytical validation approaches, even
under highly simplified conditions, can reveal fundamental insights into the important aspects of the behavior of inverse
solutions.

... Numerical Solutions

An implicit assumption of most simulation-based validation schemes is that the inverse solution is inherently much less
accurate than the associated forward solution. This discrepancy comes from the ill-posed nature of the problem; one
consequence is that it may be acceptable to treat a numerically computed forward solution as being almost as accurate
as one calculated from an analytical solution, at least compared with the associated inverse solution. This observation
provides justification for the use of numerical forward solutions to generate test data for the associated inverse problem.
The motivation for such an approach is the much broader range of variation that is possible, compared with analytical
models, when the constraint of simplified geometry is removed. Thus numerical solutions have become the dominant
approach in simulation-based validation schemes.

In order to address the problem of testing an inverse solution using test data from the same forward solution, one
can use different simulation methods to create test data. For example, it is possible to use dipole sources to calculate
both epicardial and torso surface potentials directly based on a realistic geometry, which are then available to test an
explicit torso-to-epicardial-surface inverse solution [, ]. Because the two formulations are different, the dipole source
forward model does not match exactly the surface-to-surface model. This is one example of cross validation, in which
one compares the directly computed epicardial potentials against those inversely computed from the torso potentials.

Hren et al. proposed a valuable extension of this approach by means of a more realistic cross-validation approach,
in which the source was not a dipole, but a cellular automata model of cardiac propagation [–]. Cellular automata
models represent cardiac tissue as a regularmesh of “cells,” each representing a region of approximately .–mm and use
simplified cell-to-cell coupling and state transition rules to determine the activation sequence. Although not as detailed
as themonodomain and bidomainmodels that are based on descriptions of membrane kinetics, cellular automatamodels
have a long history in simulations of normal and abnormal cardiac activation [–] (> Sect. ..). In order to apply
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cellular automata models to the validation of electrocardiographic inverse solutions, Hren et al. developed a method by
which they assigned electrical source strength to the activation wavefront, and were thus able to compute epicardial and
torso potentials from the cellular automatamodel for realistic geometric models of the human torso [, ]. They used
this technique both to validate inverse solutions [] and to examine the spatial resolution of body surface mapping
[, ]. The major weaknesses of this form of validation is inherent to the underlying assumptions of the cellular
automata approach, i.e., the limited ability to mimic myocardial sources, especially for pathological conditions such as
ischemia or complex ion channel disorders.

Messnarz et al. have reported perhaps the most elaborate example of this approach by using a realistic, anisotropic,
finite element model of the heart as the basis for a cellular automata simulation of the activation sequence []. The
anatomical model also contained lungs and thorax and the simulation assumed unequal anisotropy ratios in the cardiac
intracellular and extracellular spaces. From the resulting activation time simulations, they assigned an action potential
shape and from these time signals then computed both heart surface and torso potentials.

Themost common contemporary approach to validation of inverse problems is to compute remote (e.g., torso surface)
potentials from known sources (e.g., epicardial potentials or activation sequences) and then add noise to the results before
computing the source using the inverse solution under evaluation. Most often, the scientific focus of these studies is to
determine the sensitivity of the inverse solution to variations in model parameters, some of which may be unaccounted
for in the inverse formulation. One example would be to study the sensitivity of epicardial potential reconstruction to
(unaccounted) shifts or errors in the heart location or to the number of body-surface measurement electrodes.

For example,Modre [] conducted investigations to determine the effect of varying both the number of torso resid-
uals in the activation inverse and the complexity of the torso model. In that study, the investigators varied the number of
body-surface electrodes from  to  to  and usedmodelswith and without lungs, and that included unaccounted alter-
ations in geometry. Little variation was seen with the electrode arrangements containing  and  electrodes, whereas
results were significantly poorer when using  electrodes and either correct or incorrect geometry.

In a study reminiscent of earlier reports from Rudy et al. using analytical solutions, Ramanathan and Rudy []
studied the effects of inhomogeneities in tissue conductivity on the reconstruction of epicardial potentials using zero-
order Tikhonov regularization. By solving the inverse problem with different torso configurations, they found that spatial
variations in conductivity had a minimal effect on the inverse solutions. The resulting assumption that a homogeneous
geometric model can perform adequately received further support when they added Gaussian signal noise and electrode
location error to the input data and found even less dependence on tissue conductivity.

Cheng et al. reported a comprehensive and systematic simulation-based validation studies [, ] that used a frame-
work established by Pullan et al. []. These studies compared both epicardial potential- and activation-based inverse
procedures, using different cardiac sources, with regularization parameters calculated according to the different meth-
ods described in > Sect. . under a variety of both Gaussian and correlated noise conditions. Their results illustrated
that the activation-based inverse method produced the most stable solutions in the presence of geometric uncertainty.
However, when no geometric error was present in the system (something not achievable in practice), the potential-based
approaches performed marginally better. As an example of another parameter important in implementing an inverse
solution, their studies also included a comparison of different methods of determining regularization parameters (see
> Sect. . for a discussion).

Using the optimal criterion already described for setting regularization levels, all of the potential-based methods in
the study by [] provided similar results. However, this method of selecting the regularization parameter is not usually
feasible. Of all the potential-based inverse methods considered in that study, the most favorable results come from using
the Greensite potential-based inverse method with the rank of each equation determined by the maximum curvature
of the singular values, and using Tikhonov with CRESO or L-curve regularization for each equation. This was the case
whether the solutions were compared with the original epicardial potential solutions or with the original activation times.

.. Experimental Validation

By far the oldest approaches to validating both forward and inverse solutions in electrocardiography have been based on
experiments with physical analogs of the torso and cardiac sources. For example, the studies by Burger and Van Milaan
[, ] employed a shell molded on a statue of a supine human into which they inserted a set of copper disks oriented
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along one of the body axes and adjustable from outside the tank bymeans of a rod.More modern variation of this scheme
employmore elaborate electrolytic tanks andmeasuring systems and some have used anesthetized, instrumented animals
to record both source and remote data simultaneously. We present here a few examples of the current state of the art and
refer to other sources for more detail (e.g., MacLeod and Brooks [] and Nash and Pullan []).

Spach and Barr carried out the earliest studies that included simultaneously recordings from dense arrays of torso and
heart electrodes from experimental chimpanzees [] and dogs [].The relative lack of spatiotemporal resolution and
the fact that these studies were published prior to the major theoretical developments in ECG inverse techniques have
resulted in a somewhat limited interpretation of the results. Neither of these data sets is currently available in electronic
form, and this further limits their use in contemporary validation studies. These landmark studies, did, however, allow
the first detailed qualitative comparison of heart and body-surface potentials and showed that spatial information is
maintained on the body surface. These findings also provided great motivation for the subsequent growth in the field of
electrocardiographic imaging.

Simultaneous recording of epicardial and body surface potentials in the closed chest of animals have been attempted
by at least two other research groups. At Oxford University, pigs were the animal of choice [], while Zhang et al.
[] used rabbits. The protocal of the Oxford experiments (shown in > Fig. .) involved placing multiple electrodes on
the heart and torso of the animal and simultaneously recording the potentials at all electrode locations during normal
and abnormal rhythms, as well as recording the geometrical locations of the recording sites []. To position the heart

a b

c d

⊡ Figure .

Panel (a) shows the torso tank of the Cardiovascular and Research Training Institute, University of Utah, used to collect simul-

taneous epicardial and body surface electrocardiograms. In panel (b) a perfused heart is suspended within the torso tank

which is filled with a saline solution. Panels (c) and (d) show the experimental setup at Oxford University. In panel (c) is the

vest of electrodes on the body surface and in (d) the sock of electrodes around the heart.
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electrodes, the pigs were thoracotomised and an epicardial electrode sock (containing  electrodes) was placed inside
the pericardium. Upon successful placement of the sock (as verified by successful recordings from the electrodes) the
chest was reclosed, leaving in place a suction line to drain any excess air and fluid to re-establish intrathoracic pressure.
A body surface suit, consisting of  unipolar electrodes was then placed around the pig, and simultaneous recordings
commenced. A variety of abnormal beats were initiated, either by pacing down any of the epicardial electrodes, via the
injection of various drugs, or by the closing and opening of ligatures around the left anterior descending coronary artery.
Geometrical information was obtained using a mechanical digitiser.These data have proved useful for a variety of studies
(e.g., [, , ]), but unfortunately the lack of a complete accurate geometrical data set has limited the use of these
data for quantitative inverse validation work.

In the recent work of Zhang et al. [] body surface potential mapswere used together with their previously described
inverse procedure [] to reconstruct the cardiac activation sequence in rabbits. To validate these results, experimental
studies were performed on rabbits. First, the animals were subjected to an ultrafast CT scan to obtain the necessary
geometrical data.Three-dimensional intracardiac recordings (up to  intramural sites) using specially designed plunge
needle electrodes in the (eventually) closed-chested rabbit were made.These data are the first of their kind ever reported
in the literature. Estimated activation times were found to be in good agreement with those measured experimentally
during left and right ventricular pacing.

In a parallel development over the past  years, Taccardi and his colleagues have developed a series of realistically
shaped electrolytic tanks and the experimental techniques to suspend isolated, instrumented animal hearts into these
tanks. The first studies used a cylindrical tank and a frog heart to study the shape of the bioelectric field from a beating
heart [] and then an isolated, perfused, dog heart in which they occluded a coronary artery to study the effects of injury
current []. The first studies that generated quantitative validation data for inverse solutions were from Colli-Franzone
and Taccardi et al. using the first of a series of human-shaped torso tanks with hearts suspended in an instrumented
cage [, ]. Data from these experiments have been the subject of subsequent validation studies [, –] that
have greatly advanced the field of electrocardiographic imaging. Subsequent generations of the torso-tank model (as
shown in > Fig. .) have continued to provide insights and support the advancement of the field through improved
instrumentation and a wider variety of interventions and experiments. Data from these preparations have validated not
only inverse solutions [, , ] but also novel interpolation [, ] and estimation techniques [, ]. They
have also supported the study of qualitative and quantitative features of electrocardiology, such as myocardial ischemia
[, ] and repolarization abnormalities [, ].

This experimental model is very well suited to quantitative analysis, because it provides relatively tight control of the
size, shape, and orientations of the heart within a known torso geometry, togetherwith locations of the concurrent epicar-
dial and tank surface potential recordings.Theweaknesses of this preparation includes the typically homogeneous volume
and the unphysiological condition of the heart perfused by retrograde flow through the aorta. For example, the isolated
heart does not perform mechanical work and hence presumably responds somewhat differently to stresses that lead to
contraction failure, such as ischemia or infarction. Similarly, the autonomic nervous system is absent in this preparation,
making it difficult to study, for example, the role of sympathetic stimulation on the genesis and maintenance of arrhyth-
mias. Finally, although it would, in principle, be possible to study human hearts in such a preparation (asDurrer et al. []
did for their landmark study published in ), the lack of availability of human hearts has precluded such studies.

.. Clinical Validation

... Inverse Solutions Computed from Body Surface Potentials

The target application of electrocardiographic imaging is, of course, diagnostics and monitoring in humans, so that ulti-
mately, clinical validation is essential. For any inverse algorithm to be accepted as a standard procedure when diagnosing
a patient with a cardiac condition, itsmerit must be justified in themind of the clinician. It is necessary to prove beyond all
reasonable doubt that the inverse results are accurate and robustly reproducible. Because direct, controlled experiments
are often ethically unacceptable in humans, investigators have found numerous ways to carry out studies in humans both
to validate inverse solutions and to determine their parameter sensitivity. Such approaches are often based on indirect
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evidence or make use of information available through invasive procedures or other imagingmodalities that are clinically
justified.

An excellent early example of a clinical validation strategy is the series of studies that Huiskamp et al. performed to
evaluate the role of torso geometry on inversely computed activation times [, ]. As an absolute indicator of accuracy,
they compared their solutions with the human activation data available from the classic experiments of Durrer et al. []
under the assumption that key features of the order of activation would be preserved across individual subjects. To deter-
mine the role of error in the geometric model, they compared solutions using a standard realistic torso geometry with
those from the actual geometry of the subjects and even exchanged geometric models among the subjects while keeping
the same body-surface data. The results of these tests suggested that a fixed standard torso model gave unreliable results
when used to solve the inverse problem; thus, it was necessary to create a specific model for each subject incorporating
at least an accurate torso shape and heart orientation and position with respect to the ECG lead positions. Johnston et al.
reported similar findings from a comparable study using  realistic torsos with varying sizes and positions of the
heart [].

Although clinical validations seldom offer complete source data, there are a number of investigators who have used
indirect methods or methods based on other modalities to identify features that can become the basis for the validation
of an electrocardiographic inverse solution. One example from MacLeod et al. [] used fluoroscopic data from patients
undergoing coronary angioplasty (PTCA) to identify the region likely to be at risk from acute ischemia during the angio-
plasty balloon inflation.They then compared the locations of these regionswith those predicted from the inverse solutions
on the basis of elevated ST-segment potentials, a typical marker of ischemia.

A clinical modality that provides very useful validation information is catheter-based mapping of endocardial acti-
vation by means of one of several available systems [–]. These systems allow for electro-anatomical mapping of
the heart, often through fusion of measurements from many individual beats and for at least the endocardium, one can
compare their results with those from almost simultaneous body surface recordings and activation time based inverse
solutions. Tilg and his colleagues have carried out one of the most quantitative clinical ECG inverse validation studies to
date using this approach [, , ]. They created patient specific geometric models based on MR images from each
case and then localized an inverse-computed focal site of activation that they compared directly with catheter-basedmea-
surements from the patients. Localization of initial activation sites showed good agreementwith datameasured using the
catheter basedCARTO system for paced hearts, for patients withWolff–Parkinson–White syndrome, and in patients with
atrial arrhythmias. These are some of the first clinical ECG imaging studies to validate the ECG inverse techniques using
concurrent in vivo cardiac and body surface ECGs from humans.

An example of the type of results obtained using such data is shown in > Fig. .. The torso model constructed from
one particular set of MR images in shown in panel (a) of that figure. The model contains surfaces representing the skin,
lungs, epicardium, and left and right endocardial boundaries. Using electrocardiograms recorded at the  sites shown
on the torso model, an activation time-based inverse method was used to construct the image shown in panel (b). The
initial site of excitation is shown in red together with the site of the pacing tip of the catheter.

A recent breakthrough study by Ramanathan et al. [] used a much expanded form of this approach by evaluating
data from patients showing a range of clinical conditions, including right bundle branch block, left and right ventricular
pacing from known sites, and chronic atrial flutter.They based their inverse solution on patient-specific geometricmodels
from CT imaging, generating both epicardial potentials and activation and recovery times (extracted from the potential
time signals). Evaluation of their results was qualitative, as they were able to show in each case the presence of the abnor-
mality; for the case of single-site pacing they could compare known and predicted sites of earliest activation and found at
least qualitative agreement. Further work on validating the inverse results using human data from this group has recently
appeared [, ]. More directly than any previous studies, research from the Rudy lab provides strong evidence for the
clinical potential of inverse cardiac bioelectric imaging.

... Validation of Endocardial Solutions

Themost frequent forms of validation for the endocardial inverse solution are either to measure intracavitary and endo-
cardial potentials from animal preparations or to evaluate somewhat indirectly the accuracy of derived information in
human studies. Khoury et al. have reported several studies on validation of the endocardial inverse solution using animal
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⊡ Figure .

Results from clinical inverse solutions. Panel (a) shows the geometric torso model comprised of skin, lungs, epicardium and

left and right endocardial surfaces constructed from MRI images. The gold spheres represent the  body surface potential

recording sites. In panel (b) is an anterior view of the heart with inversely computed activation times displayed on the endo-

cardial surfaces. The purple sphere ( mm in diameter) indicates the site of pacing from the catheter tip. This correlates well

with the site of initial excitation (colored red) on the anterior left ventricular surface. The model and inverse result were com-

puted by the first two authors of this chapter using data supplied by Tilg and coworkers. Figure reproduced from Pullan et al.

[] with permission.

models with simultaneously recorded chamber and endocardial surface potentials. In their earlier approach [], they
used a multielectrode basket-catheter in which expanding the basket inside the heart provided direct contact with the
endocardium. However, the most challenging part of this approach was to obtain an accurate geometrical description of
the basket (or the endocardium) [, ]. In more recent studies [], they have reported using a recording electrode
catheter that navigates the endocardial surface while a low-current locator signal is emitted from the tip electrode to deter-
mine its position. To generate accurate endocardial data, they have also used intracardiac echocardiography. Jia et al. also
carried out validation studies from a spiral shaped endocardial probe introduced into the left ventricle of an isolated
canine heart, which they compared with measurements from transmural needles [].

The St Jude Medical Ensite catheter mapping system [] has also been the subject of many validation studies in
phantom, canine, and human experiments. As an example, Gornick et al. localized electrodes within an electrolytic tank,
compared computed with measured canine endocardial potentials, and marked predicted sites of endocardial pacing
all based on the Ensite technology []. Kadish et al. applied the same technology to mapping the right atrium in dogs,
again comparing computedwith directlymeasured endocardial potentials []. Clinical validation of endocardial inverse
solutions is challenging because of limited access to complete measured potentials and has often been more qualitative
in nature than animal studies. A study by Peters et al. is typical in which the authors documented reentrant endocardial
potential patterns characteristic of fascicular tachycardia in a patient known to have this condition []. Other studies
have validated the accuracy of the endocardial potential solutions according to the clinically relevant criteria of localiz-
ing sites of focal activity and treating them with catheter ablation []. One recent study applied the Ensite system for
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the first time to the determination of repolarization characteristics of the endocardium and compared computed results
with directly measured monophasic action potentials []. They concluded that computed endocardial potentials could
accurately determine activation recovery intervals in humans.

A recent study by Thiagalingam et al. [] has provided unique quantitative information about the accuracy of the
Ensite system and suggested some limitations on its ability to localize myocardial activity. Their results come from exten-
sive comparison of over , electrograms computed using the Ensite system andmeasured from sheep hearts in which
they located endocardial, midmyocardial, and epicardial myocardial needle electrodes. They found good accuracy of
reconstruction of electrograms for sites located within  mm of the Ensite catheter but a sharp reduction in accuracy
beyond this distance.They also suggested that computed potentials represent a summation of transmural activity, i.e., not
simply endocardial or subendocardial activity. Ultimately, the fact that this system has found widespread – though not
universal – acceptance in clinical practice, the only device based on an electrocardiographic inverse solution to date, is
perhaps the most compelling form of validation.

. Current Status and Futures Direction

The solution to the electrocardiographic inverse problems is motivated largely by the potential for clinical applications,
specifically for methods that can determine the state of the heart from painless, noninvasive, ideally cheap, external mea-
surements.Thus, to evaluate the present state of the art, there are a set of questions onemust address. First, is there actually
a clinical need for such a system?What are the shortcomings of other imagingmodalities andwhat additional information
might we expect to gain from electrocardiographic inverse imaging? Second, how close is the field to addressing some of
the needs?We have discussed the approaches to validation of inverse problems, and hence, how good are the best systems?
Finally, what are the most important remaining hurdles that prohibit successful deployment of inverse technologies and
what must occur to overcome them? And is the result (a limited resolution image of the electrical activity of the heart)
worth all the extra work compared with a standard -lead ECG?

The basis for clinical need lies primarily in the fact the inverse electrocardiographic imaging is a functional modality.
That is, it generates not anatomical images but images of the spatial distribution of electrical information, clearly very
relevant and valuable in the evaluation of the electrophysiological state of the heart.The standard ECG is also a functional
measurement, but it lacks the spatial coverage and resolution to be considered an imaging modality. However, although
many studies have described the additional information that body surface potential mapping provides [–] (see also
> Chaps.  and >  (Volume III)), there are few such systems in clinical use today because there has not yet been
enough value in that additional information to warrant the additional expense of carrying out the measurements. One
reason why physicians are willing to forego this additional source of information is that other modalities, most notably
echocardiography, provide complementary functional images of the beating heart – in real time and at a reasonable
expense. Another reason to avoid this additional complexity is that the standard ECG already provides a cheap, painless,
real-time way to monitor at least some aspects of cardiac activity.

The prime clinical application of electrocardiographic mapping is likely to lie in diseases that are essentially electrical
in nature and that may not have an anatomical, mechanical, or biochemical counterpart, at least not one that is easily
monitored in real time. Moreover, the motivation for applying mapping techniques, i.e., employing enough electrodes
to gather spatial as well as temporal information, is strongest in diseases that reflect spatial inhomogeneity or in which
distributions over the heart are meaningful. These have, not coincidently, also been the areas of primary interest and
success in inverse electrocardiography.

The most common and potentially useful target application domain for inverse electrocardiography has been the
study of cardiac arrhythmias, currently carried out by means of multiple catheter-based electrodes introduced into the
heart chambers. As already noted, the most successful application of this approach has been by means of the endocardial
surface inverse problem [] and through the use of the Ensite system []. Detection of arrhythmias has also been the
application in which several contemporary inverse solutions based on body-surface potentials have also shown promising
success [–, ]. There are also examples of using inverse solutions to guide interventions, for example, catheter
ablation or drug therapy [, ]. In ablation procedures, noninvasive determination of the arrhythmogenic focus from
body surface ECG recordings would certainly be advantageous; however, achieving this goal may be very challenging
in situations of deeply placed focus, e.g., within the ventricular septum. Another potential application is to localize and
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document electrophysiological changes that arise during cardiac stress testswithmore precision than is currently available
with the -lead ECG.

And thus, one comes to the second question of how effective current inverse solution technology has become. As we
have already described, there are a number of recent reports that suggest promising accuracy in the electrocardiographic
inverse problem. The success of the Ensite system [] and that of Khoury et al. [] in the endocardial inverse are
the most advanced, perhaps because of the inherently better conditions of this inverse problem formulation. The notable
success of Rudy and coworkers [] and Tilg and coworkers [, , ] also indicate that with enough attention to the
details of the geometric model and appropriate application of constraints, it is possible to generate clinically relevantmaps
of heart surface activation and epicardial potentials. However, it is clear that quantitative clinical validation of inverse ECG
methods remains an elusive challenge [].

This discussion of requirements for an accurate inverse solution leads naturally to the hurdles before this imaging
approach can become a useful and ubiquitous technique. The first step in an inverse solution is to create the associated
forward solution; many aspects of computing the transfer matrices or the predictive function for the forward problem
are very straightforward. However, a substantial and only partially resolved component of this task is creating an accu-
rate, well-structured geometric model. Although modern imaging based on computed tomography or MRI provides
excellent raw data for making models, the task of determining boundaries between tissues (segmentation) and creating
a computational mesh from these data still involves considerable human guidance and hence time and expertise. For a
recent exposition of one of the most current approaches see Pfeifer et al. []. Open questions related to this phase of
the problem include the relationship between simulation accuracy and the level of model resolution, the set of included
inhomogeneous regions, and the level of geometric fidelity, especially the size, shape, and the location of the heart. Most
inverse solutions also assume a static geometry, even though the contraction of the heart will affect at least the repolariza-
tion phase of the cardiac electric cycle; at present, it is not clear how large the effect of this discrepancy might be nor how
to deal with it in practical terms. One technology that may, at least partially, address this concern is electrical impedance
tomography (EIT), which may have the potential to allow direct measurement of the actual conductivity profile, in the
same sessions as the electrical mapping, and with relatively good temporal resolution [, ].

There are several other unresolved practical hurdles to a practical electrocardiographic inverse solution that deserve
mention. One open question that is related to the body surface mapping, which is the input of many inverse solutions, is
the determination of how many electrodes are required and where they might best be located. A related question is how
to resolve the often-dramatic difference between the number of measurement electrodes and the number of nodes on the
surface of the geometric model; is it best to interpolate the potential or remove the associated rows or columns from the
forward or inverse solutions []? It is also necessary to determine where the electrodes lie in space relative to the nodes
of the geometric model.

An additional set of open questions involves the choice of the problem formulation and the method of regularization.
Some experimental studies suggest that the pattern of cardiac excitation is a more stable parameter than the epicardial
potentials in the face of variations of geometric factors or torso conductivities [, ], implying that activation-based
imaging may be more stable than potential-based imaging. (A relatively recent addition to this set of questions is the
possibility of direct imaging of model TMPs [, ]). At least some modeling studies have confirmed this suggestion
[, ]. However, fiducial time formulations of the problem have their own limitations. Implicit in fiducial formulations
are assumptions about the electrical anisotropy of the heart; the influence of any weaknesses in these assumptions is
still unknown. Also, although the same approaches can predict both activation and recovery times, they cannot at this
stage deal appropriately with re-entrant phenomena. They will also fail in the case of myocardial infarction unless the
location and the extent of the infarcted region are known a priori []. More generally, fiducial time approaches will
be unsatisfactory for any pathology or condition that alters potentials without a concomitant change in the timing of
fiducials, most notably alterations in ST-segment potentials that are the well-known hallmarks of acute ischemia. The
two approaches also differ in their computational complexity; however, with the constant improvements in performance,
the additional computing time required for fiducial-based approaches is of ever diminishing importance [].

Perhaps the most active area of research and controversy in electrocardiographic inverse problems lies in the
approaches and tuning of regularization. As we have already discussed, there are a substantial number of different
approaches, each of which performs better or worse under different conditions. Moreover, within each approach, there
are different ways to determine optimal regularization parameters. The resulting complexity and confusion provide a
daunting hurdle to a practical clinical implementation of any of these approaches.
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Will electrocardiographic inverse technology eventually take an equal place among the imaging modalities available
for diagnosing and treating cardiac abnormalities? As we have discussed, there is clearly a need for imaging the electrical
activity of the heart for which there is simply no other direct measurementmodality; functional diseases that affect only
or primarily cardiac electrophysiology will appear only indirectly in any images that are not electrical (or magnetic) in
origin. Other compelling advantages of electrical vs. other forms of imaging include the reduced cost of a system and the
relatively small size of the equipment, which enable long-term monitoring of patients and thus capture dynamic aspects
of their disease. Compared with ultrasound, the technical skill required to acquire data is also minimal. There are no
size constraints or problems with existing implantible devices such as those that arise with MRI. Measuring body-surface
potentials has absolutely no risk and includes virtually no discomfort to the subject so that, unlike with, for example, CT,
serial scanning and even routine screening are very feasible. Recent results suggest that with enough care and attention to
detail, it is already possible to resolvemany features of normal and abnormal cardiac activity; one type of inverse solution is
already implemented in a clinical device and is inwidespread use.Thus themajor problem yet to be resolved is creating the
necessary tools (some of which require additional research) in order to achieve the required efficiency and ease of use for
clinical practice.There is some irony also in the fact that improvements in anatomical imaging of heart will also enhance
the usability of electrocardiographic imaging, nominally a competing – butmore sensibly a complementary – technology.

In summary, although there are still several hurdles to jump before quantitative noninvasive electrical imaging of
the heart becomes a routine tool in cardiovascular research or clinical practice, the benefits of the technology remain
extremely compelling and its successful implementation is within reach.
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. Introduction

The bioelectric sources arising during the heart’s electrical excitation process produce a flow of electric current in the
surrounding tissues. It is therefore possible to detect, with a pair of electrodes external to the heart, time-varying potential
differences known as electrocardiograms. The pair of electrodes constitutes an electrocardiographic lead in its simplest
form.

Lead theory deals with the relationship between cardiac electric sources and the potential differences they generate in
electrocardiographic leads. Two components can be considered separately in studying this relationship: the active cardiac
electric sources (>Chaps.  and> ), which are distributed in and restricted to the heart region, and the passive aggregate
of electrically conductive extracardiac tissues of the body (the volume conductor), which provides an electric load for
cardiac sources and makes the external measurement of cardiac electric activity possible. Lead theory provides a method
for visualizing the relationship between cardiac sources and voltages in electrocardiographic leads.This relationship can
be studied by performing specific solutions to the volume conductor problem, which consists of evaluating an electric
field produced in the bounded volume conductor by a given electric source (> Chaps.  and > ).

.. Classical Theory of Electrocardiographic Leads

Classical lead theory – introduced by Einthoven and coworkers and described in every textbook of electrocardiography –
assumes that the human body is part of an infinite, homogeneous conductor in which the heart’s electric sources are
represented by a single, time-varying current dipole (depicted as a two-dimensional heart vector) at a fixed location.
Einthoven’s leads (designated lead I, lead II, and lead III) use electrodes at three extremities (> Chap. ). Since such
electrodes are relatively remote from the cardiac source, Einthoven felt he could define the relationship between the
heart vector and the electrocardiographic potentials observed in these leads in very simple terms: he postulated that the
potentials at the three extremities as generated by the heart vector were the same as those generated at the vertices of
an equilateral triangle in an infinite, homogeneous, two-dimensional conductor with the dipole source located at the
triangle’s centroid.

The Wilson central terminal with unipolar limb leads, and augmented leads, were later readily incorporated into
Einthoven’s theory. However, for interpreting potentials in unipolar precordial leads, a more general solid-angle theory
(> Chaps. , >  and > ) was introduced into electrocardiography by Wilson and coworkers. This theory introduces a
double-layer source instead of a single, fixed-location dipole.

.. Volume Conductor Theory of Electrocardiographic Leads

A more appropriate lead theory, often referred to as the volume-conductor theory, evolved in the s and s. First,
Burger and vanMilaan took into consideration the fact that the human body is a three-dimensional, bounded, irregularly
shaped and inhomogeneous volume conductor. Second, McFee and Johnston, and independently Schmitt, considered
the distributed character of cardiac sources. Although Burger’s theory is quite general with regard to volume-conductor
characteristics, it rests on the fixed-dipole hypothesis; that is, it assumes that at a given instant the potentials anywhere
on the body surface can be derived from the projection of a heart vector in D space (thought to account for all cardiac
sources) into an appropriate spatial lead vector (characterizing lead properties under the assumption that the location of
the heart vector is fixed).

The fixed-dipole hypothesis is no longer acceptable, as body-surface potential mapping studies have established
(>Chap. ) that the electrocardiographic body-surface potential distributions exhibit features that cannot be accounted
for by a single, fixed-location dipole source. McFee and Johnston’s lead theory, by taking into account the distributed
nature of cardiac electric sources, overcomes the limitations of the fixed-dipole hypothesis; it generalizes the lead vector
into the lead-field concept and defines the source-lead relationship for every element of the distributed cardiac source.
Schmitt coined the appropriate term “transfer impedance” for the vector field representing the lead field.

The aim of this chapter is to provide an elementary introduction to modern lead theory. The cornerstones of this
theory are the superposition and reciprocity theorems ofHelmholz, uponwhich rest, respectively, the lead-vector concept
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of Burger and van Milaan and the lead-field concept of McFee and Johnston. The classical concepts of Einthoven and
Wilson fit into this lead theory as a special case.

.. Bibliographic Notes

Theequilateral triangle diagram for interpreting limb-lead electrocardiograms was introduced by Einthoven and cowork-
ers [, ].This diagram is described in every text of electrocardiography (>Chap. ), as are the conventions of theWilson
central terminal with the unipolar limb leads [], augmented leads [], and unipolar precordial leads [–]. Solid-angle
theory was introduced into electrocardiography byWilson et al. []; this theory is described in texts, such as Plonsey [],
Plonsey and Barr [], Malmivuo and Plonsey [], and in articles []. Burger and van Milaan [–] took into consid-
eration the fact that the human body is a three-dimensional, inhomogeneous volume conductor. McFee and Johnston
[–], and Schmitt [], considered the distributed character of cardiac sources. Reviews of lead theory have been writ-
ten by Burger [], Frank [], McFee and Johnston [], Schmitt [], Schaefer and Haas [], Geselowitz and Schmitt
[], McFee and Baule [], Geselowitz [], and Malmivuo and Plonsey [].

. Prerequisites

The assumptions that underlie electrocardiographic lead theory (as presented in this chapter) are not very restrictive;
they allow the theory to be formulated for distributed cardiac sources, for a body of irregular shape and inhomogeneous
composition, and for any conceivable electrocardiographic lead. The lead-vector concept requires that only one dipolar
source be considered at a time; however, this restriction can be relaxed when the lead vector is interpretedmore generally
as a local value of the lead field.

.. Assumptions Concerning Cardiac Bioelectric Sources

Bioelectric sources arising during cardiac activation and repolarization are distributed throughout the heart and are
proportional everywhere to the spatial gradient of the transmembrane potential ((.) and (.)). Such sources can be
described as a volume distribution of impressed current density J⃗ i (current dipole moment per unit volume, i.e., current
per unit area), and J⃗ idv (current dipole moment) may be thought of as an elemental current dipole in a small region of
the heart.

Multiple Dipoles

A rigorous but impractical description of cardiac electric sources by a continuous distribution of impressed current den-
sity J⃗ i can be approximated to any desired degree of accuracy by a finite number of appropriately placed current dipoles;
such a source is called a multiple-dipole source. Constituent dipoles of the multiple-dipole source can be obtained by
dividing the myocardium into subregions and assigning a local, lumped current dipole to the centroid of each region, i.e.,

p⃗k = ∫
ΔVk

J⃗ i dv, (.)

where the integration is over the volume ΔVk of the kth region. The dimension of the vector quantity p⃗k is current times
length; thus p⃗k can be approximated by a current dipole (> Sect. ...).
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Heart Vector

The region for which a lumped current dipole is determined can be chosen arbitrarily; as a special case, it can encompass
an entire heart. A dipole so obtained is referred to as a heart vector H⃗. Thus

H⃗ = ∫
VH

J⃗ i dv, (.)

where the integration is over the entire heart volumeVH.Theheart vector thus represents the vectorial sumof all elemental
current dipoles and is usually placed at the centroid of the heart region. (The position of H⃗ can be chosen rigorously so
that it satisfies certain criteria of optimality, e.g., minimal content of the quadrupolar component [].)

The concept of the heart vector can be developed from the analysis of the electric field produced in an infinite homo-
geneous medium at a sufficient distance from the cluster of dipolar sources. In the immediate vicinity of such a cluster,
a complete specification of all constituent dipoles, consisting of the location and moment p⃗k for each, is necessary to
determine the field potential accurately. However, at a large distance from the source, the field potential converges to that
produced by a single equivalent dipole located at the centroid of the cluster. In physics, this equivalent dipole is known
as the dipole moment of the cluster.

Potential Field of a Single Dipole

As shown in > Sect. ... (.), the electric field Φ(r⃗′) at field point r⃗′, produced by a single current dipole with
moment p⃗ and location r⃗ in an infinite homogeneous medium of conductivity σ , is

Φ(r⃗′) = 
πσ

p⃗(r⃗) ⋅ R⃗
R + c (.)

R is the length of the vector R⃗ = r⃗′− r⃗ pointing from dipole source location to field point, and c is the arbitrary integration
constant. By defining the potential at infinity as zero, we have c = .

An equivalent variant of (.) is

Φ(r⃗′) = 
πσ

p cos θ
R + c, (.)

with p the magnitude (strength) of the dipole vector and θ the angle beween vectors p⃗ and R⃗ (.).

Potential Field of a Double Layer

A dipolar double layer is an arbitrary surface with which are associated sources of electric current on one (positive)
side and sinks of current on the other (negative) side; it is an excellent approximation of electric primary sources at the
activation wave front in the heart (> Chap. ). A double layer can be thought of as a set of dipoles, each representing an
element (patch) of double-layer surface (> Chap. ). For field points at a large distance from a double layer the potential
field can be approximated by field generated by the dipole that is the vectorial sumof these elemental dipoles representing
the source strength of the individual patches.

.. Assumptions Concerning the Human Torso

Thevolume-conductor problem in electrocardiology involves the determination of an extracardiac electric field produced
in the body and on its surface by the distributed and time-varying electric sources of the heart. To solve this problem it is
necessary to apply appropriately electromagnetic theory. The problem has two important features that make it amenable
to solution: it is quasistatic and linear.
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The term “quasistatic” implies that the extracardiac electric field throughout the body is at every instant in equilibrium
with the sources in the heart, and thus, for a given distribution of sources at a given instant a corresponding extracardiac
field can be determined without any regard to the source distribution at previous instants.

Another important feature of the volume-conductor problem in electrocardiology is that, at the low current densi-
ties that are involved, the body can be considered to be a linear physical system. Capacitive and inductive effects can
be neglected, and thus, the term linearity refers to the resistive properties (> Sect. .). Consequently, as discussed in
> Sect. .., the relationship between heart-produced current flow and the electric field can be expressed by a vector
form of Ohm’s law: J⃗ = σE⃗, where J⃗ is a vector of current density, E⃗ is a vector of electric field intensity and σ , is the
conductivity of the extracardiac medium. Associated with the electric field is the electric potential Φ, a scalar function
defined from the expression E⃗ = −∇Φ. Since Φ is defined indirectly, i.e., through its gradient (> Sect. .), the poten-
tial field is always specified from its sources up to an arbitrary constant. However, by considering the difference of the
potential between any two points in space, this common constant drops out of the equation and the resulting potential
difference has a unique interpretation: it is a scalar quantity defined as the work required to move a unit positive charge
from one of the field points to the other (> Sect. ..). When denoting the two field points as A and B, we have

VAB = ΦA −ΦB = −∫ A

B
E⃗ ⋅ d⃗l (.)

In the following > Sect. . the notation Φ is used for the potential field, andV denotes potential diferences between
two field points and/or two artificially constructed terminals.

Helmholtz stated the three fundamental principles that govern linear physical systems:

. The principle of superposition
. The principle of reciprocity
. The principle of the equivalent double layer

All three principles have a fundamental importance for the theoretical basis of electrocardiography; the first two constitute
a foundation of lead theory. The principle of superposition states that an electric field arising from several sources is the
sum of the fields that would be present for each source acting separately. Burger and van Milaan made this principle the
basis of the lead-vector concept (> Sect. .).The reciprocity theoremwas applied to electrocardiography byMcFee and
Johnston, who introduced the lead-field concept (> Sect. .).

Finally, a fewwords about another prerequisite of the electrocardiographic lead theory – Kirchhoff ’s laws. In electrical
network theory, a current and voltage are associated with each branch of the network. Since energy is neither stored
nor dissipated in any junction of the network, the electric current must obey a local conservation law. This is expressed
by Kirchhoff ’s current law, which states that the total current leaving any junction must equal the current entering the
junction. Since energy is conserved, a series of elements in a closed-loop has a single flow of current, and hence, the sum
of voltage differences around the loop equals zero because the potential must be unique at each node of the network; this
is Kirchhoff ’s voltage law.

.. Definition of Electrocardiographic Lead

Originally, the term “electrocardiographic lead” referred strictly to the configuration (location on the thorax) of two elec-
trodes attached directly to the body for the purposes of recording electrocardiographic signal.This notion had to be later
extended to accommodate other recording practices in electrocardiography that produced potential differences between
two terminals as weighted sums (linear combinations) of the potentials at multiple electrode sites. The weighting of the
surface potentials at the electrode sites was originally performed by using resistive networks (> Fig. .). Modern cir-
cuitry with operational amplifiers allows the addition/subtraction of voltages from asmany recording sites as are deemed
necessary. Therefore, the following definition will be adopted:
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Cardiac sources in the abstracted torso and an electrocardiographic lead. A good approximation of the human torso is a

bounded, linear, resistive, domainwise homogeneous and isotropic volume conductor, with electric sources in the heart

region represented by a volume distribution of “impressed” current density J⃗i, which can be in turn approximated to any

desired degree of accuracy by a finite number of elemental current dipoles distributed throughout the heart region. Real

constants g, g, g, …, gn denote conductivities of different regions. The electrocardiogram is a time-dependent voltage

between two terminals A and B of an electrocardiographic lead; each terminal can be connected either to a single electrode

or, viaweighting resistors, to several electrodes. VariablesV toVn arepotentials at theelectrodesites;VA is apotential at termi-

nal A;G toGn are conductances of weighting resistors R to Rn (Gi = /Ri); the lead voltage can be considered an “open-circuit

voltage”because the input impedance of modern ECG amplifiers is very high.

The electrocardiographic lead is a pair of terminals with designated polarity, each connected either directly or via a pas-
sive/active network to recording electrodes sampling the cardiac potential field on the thorax; the observed potential difference
between the two terminals is called the lead voltage.

A lead specification consists of electrode-placement and polarity conventions, and of the diagram of the network;
this diagram can be translated into numerical weights for the potentials at all constituent electrodes.The term “composite
lead” is sometimes used in this chapter for those leads that include passive/active networks weighting the potentials at one
or both lead terminals (> Fig. .); the word “composite” emphasizes that the lead is made up of a number of constituent
voltages. A well-known composite terminal isWilson central terminal (WCT), which is formed by taking the mean of the
potentials at left arm, right arm, and left foot. WCT was proposed as “indifferent” lead terminal, which approximates for
arbitrary cardiac sources the potential that would exist at large distance from these sources (see, however, > Sect. ..).

Note that, somewhat confusingly, the term “lead” is frequently used as a shorthand for time-varying “lead voltage”
recorded by means of the physical lead arrangement. A few additional comments on lead/electrode nomenclature are
needed:

. The term “unipolar lead” is a misnomer: measuring potential differences always requires two terminals.
. The term “bipolar lead” refers to the situation where measured potential differences are derived directly from two

electrodes serving as the lead terminals.
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. The term “sensing electrode” for one of the terminals of a bipolar lead only makes sense if the other electrode/terminal
can be considered as “indifferent” (see > Sect. ..).

.. Bibliographic Notes

Any text on electromagnetic theory (e.g., [, ]) will cover the material on the field of the dipole and the double layer,
as well as on the dipole moment of a cluster of sources. Courant and Hilbert [] deal with the derivation of basic theo-
rems concerning potential of the dipole and double stratum/layer in two and three dimensions (see also Guillemin []).
Plonsey [] and Geselowitz and Schmitt [] justify the quasistatic assumption. Plonsey and Heppner [] document the
absence of capacitive and inductive effects. In , Hermann von Helmholtz [] was the first to realize that the cor-
rect interpretation of bioelectric measurements requires an understanding of the electric field in a volume conductor; he
stated the three fundamental principles that govern linear physical systems. Geselowitz and Schmitt [] and Geselowitz
[] cover Helmholtz’ theorems, including derivations. Oster et al. [] show the fundamental significance of Kirchhoff ’s
laws in biologica systems. One of many texts dealing with electric circuit theory is Desoer and Kuh [].

The experimental evidence needed to support the assumptions stated in this section was gathered over a long period.
The first tissue measurements made specifically with electrocardiographic effects in mind were carried out by Kaufman
and Johnston []; they showed that substantial differences in resistivity existed between different tissues of the body.
Schwan and Kay [] showed that the phase shift can be ignored for the electrocardiographic frequencies. Accurate resis-
tivity measurements were made by Burger and van Dongen [], Rush et al. [] and others. Studies of tissue resistivity
have been reviewed by Geddes and Baker [].

. Lead Vector

Provided the assumptions stated in > Sect. . are satisfied, the relationship between dipolar sources and lead voltages
is conceptually very simple.This was first shown by Burger and van Milaan.

.. Definition

A current dipole with moment p⃗ can be resolved into three orthogonal components

p⃗ = e⃗xpx + e⃗ypy + e⃗zpz , (.)

where px, py , and pz are themagnitudes of the components and e⃗x, e⃗y, and e⃗z are unit vectors along the axes of the Cartesian
coordinate system (> Sect. ..). The vector p⃗ represents the lumped cardiac electric sources of a chosen cardiac region
(.); when an entire heart region is chosen, p⃗ becomes the heart vector H⃗ (.). In electrocardiography, it is customary
to choose a right-handed coordinate system with x, y, and z axes as shown in > Fig. .; the x axis is directed from the
right to the left of the torso, the y axis from head to feet, and the z axis from front to back.

If the dipole is embedded in an arbitrary volume conductor, bounded or unbounded, the amount that each component
of vector p⃗ contributes to any lead voltage V is directly proportional (as a consequence of the linearity assumption) to
that component’s magnitude, and all three contributions can be added by virtue of the superposition theorem, i.e.,

V = cxpx + cypy + czpz, (.)

where cx , cy and cz are scalar constants. This is Burger’s equation, a cornerstone of lead theory.
Based on (.), Burger’’s equation can be interpreted as the scalar product of two vectors

V = c⃗ ⋅ p⃗, (.)



  Lead Theory

where c⃗ = e⃗xcx + e⃗ycy + e⃗zcz is a vector that specifies the relationship between the dipolar source at a given location r⃗ and
the voltage V in a given lead.The vector c⃗ is called the lead vector of a given electrocardiographic lead. It depends on the
location r⃗ of the source, the locations of lead electrodes, and – for a bounded volume conductor – on the shape of the
torso and the inhomogeneities of the electric conductivities of the torso as a volume conductor.

The units of the lead vector are ohms per meter, since the units of p⃗ are ampere × meter and voltage V is measured
in volts. If a volume conductor’s shape and electric properties do not change, the components of the lead vector will stay
constant; since the medium is assumed to be resistive, these constants are real numbers.

Although the relationship between cardiac sources and lead voltages as defined by Burger’s equation (.) is concep-
tually simple, the scalar coefficients cx , cy , and cz are not easy to determine except in very simplified cases. To estimate lead
vectors of the limb leads, Burger constructed a body-shaped tank, filled it with an electrolyte, and inserted a cork “spine”
and sand-bag “lungs.” His results indicated that the classical lead theory, embodied in the Einthoven triangle diagram,
required revision.

.. Scalar Product and its Geometrical Interpretation

The scalar product (inner product, dot product) of two vectors c⃗ and p⃗ is a scalar quantity

c⃗ ⋅ p⃗ = cp cos θ,

where θ is the angle between the vectors when they are placedwith a commonorigin (>Sect. ..). As seen in>Fig. .,
the scalar product has a simple geometrical interpretation: it is the length of one vector multiplied by the length of the
projection of the other onto it. Thus, from Burger’s equation (.), the contribution of a current dipole p⃗ to the voltage
V in any particular lead equals the length of the projection of p⃗ on the appropriate lead vector c⃗ times the length of c⃗. If
p⃗ is orthogonal to c⃗, p⃗ ⋅ c⃗ = ; if p⃗ is parallel/antiparallel to c⃗, p⃗ ⋅ c⃗ = ± p c.

The scalar product is commutative and distributive:

p⃗ ⋅ c⃗ = c⃗ ⋅ p⃗,
and (c⃗ + c⃗) ⋅ p⃗ = c⃗ ⋅ p⃗ + c⃗ ⋅ p⃗

These as well as other basic properties of the scalar product are discussed in > Chap. .
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⊡ Figure .

Lead-vector projection. According toBurger’s equation (.), a current dipole p⃗ produces thevoltageV = p⃗ ⋅ c⃗ in anelectrocar-
diographic lead, where c⃗ is a lead vector characterizing the lead. This scalar product of two vectors has a simple geometrical

interpretation: it is the length of the projection of p⃗ on the lead vector c⃗multiplied by the lead vector’s length ∣⃗c∣.
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.. Lead Vectors and Limb Leads

We consider first the lead vectors associated with the limb leads. There are six limb leads in the set of  standard leads;
these limb leads are derived from only three independent extremity potentials, and thus only two independent potential
differences can be obtained. Even though some limb leads are redundant, they were adopted in the set of  standard leads
to facilitate the visual interpretation of electrocardiograms.

According to Burger’s equation (.), any current dipole p⃗ embedded in any volume conductor of arbitrary shape
and extent will produce the following three potential differences at the limb-electrode sites against any arbitrary reference.

VR = c⃗R ⋅ p⃗, (.)
VL = c⃗L ⋅ p⃗, (.)
VF = c⃗F ⋅ p⃗, (.)

where c⃗ denotes a lead vector and the subscripts R, L, and F refer to the right arm, left arm, and the left leg respectively.
In the human torso, which is irregularly shaped, the lead vectors c⃗R, c⃗L, and c⃗F are independent and thus the sum of
VR +VL +VF will not necessarily be zero. (However, if WCT is the reference used then VR + VL + VF = .)

.. Bipolar Limb Leads

Einthoven introduced bipolar limb leads denoted I, II, and III that yield potential differences VI , VII , and VIII between
three limbs:

VI = VL − VR, (.)
VII = VF − VR, (.)
VIII = VF − VL, (.)

Expressed in terms of Burger’s equation (.), and using (.)–(.)

VI = c⃗I ⋅ p⃗ = c⃗L ⋅ p⃗ − c⃗R ⋅ p⃗, (.)
VII = c⃗II ⋅ p⃗ = c⃗F ⋅ p⃗ − c⃗R ⋅ p⃗, (.)
VIII = c⃗III ⋅ p⃗ = c⃗F ⋅ p⃗ − c⃗L ⋅ p⃗ (.)

Since scalar multiplication is distributive, the lead vectors of bipolar limb leads can be defined in terms of lead vectors
for unipolar limb leads:

c⃗I = c⃗L − c⃗R, (.)
c⃗II = c⃗F − c⃗R, (.)
c⃗III = c⃗F − c⃗L (.)

.. Burger Triangle

From the definitions of the bipolar limb-lead voltages (and their designated polarity) it follows that

VI + VIII = VII, (.)

that is, the sum of the lead voltages if leads I and III at any time instant equals the lead voltage of lead II. In electrocardio-
graphy this property is known as Einthoven’s law; it is a specific application of Kirchhoff ’s voltage law for a closed circuit.
By substituting the expressions shown in the previous subsection it is found that

c⃗I + c⃗III = c⃗II (.)
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Burger triangle: frontal plane projection. Lead vectors of bipolar limb leads I, II and III satisfy the constraint c⃗I + c⃗III = c⃗II , and

thus they form a triangle (the Burger triangle), which does not necessarily lie in the frontal plane. Lead vectors c⃗R − c⃗T, c⃗L − c⃗T,
c⃗F−c⃗T of unipolar extremity leadsoriginate at themedianpoint of this triangle, as canbe seen from thedefinitionof theWilson

central terminal (> Sect. ..). Lead vectors c⃗aVR, c⃗aVL and c⃗aVF of augmented leads start, respectively, at the midpoints of

c⃗III , c⃗II and c⃗I , and terminate at the opposite vertex of the Burger triangle; therefore, these lead vectors are concurrent at the

median point and are / of the length of the lead vectors of the corresponding unipolar extremity leads. A heart vector H⃗
can be placed at the median point, and, in accordance with Burger’s equation, its projection on the appropriate lead vector

multiplied by that lead vector’s length defines the lead voltage. The points R, L, F depicted here are denoted R′, L′, F′ in image

space (> Fig. .).

This shows that Einthoven’s law for the bipolar limb lead potentials has a similar formulation in the corresponding
lead vectors. It holds true for an arbitrary cardiac source in any volume conductor that satisfies the linearity assumption.
In > Fig. . the lead vectors of leads I, II, and II are depicted as the edges of a scalene triangle: Burger’s triangle. This
geometrical interpretation is justified by (.). The triangle does not necessarily lie in the frontal plane. In the next
subsection it is shown that the Einthoven equilateral triangle is a special case of Burger’s scalene triangle.

.. Einthoven’s Triangle

In contrast to Burger’s triangle, classical Einthoven’s triangle diagram is based on a much more simplified representation
of cardiac sources and of extracardiac volume conductor.

. Three field points R, L, and F, corresponding to right arm, left arm, and left leg are located in the frontal plane; they
are the vertices of an equilateral triangle (> Fig. .).

. The position of the source dipole p⃗ is at the centroid of the triangle and its direction is confined to the triangle’s plane.
. The volume conductor involved may be considered to be either two- or three-dimensional; it may be taken to be of

infinite extent, or bounded by a circle (D space) or a sphere (D space).
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Einthoven triangle in terms of lead vectors. The lead vectors implicitly assumed by Einthoven for limb leads I, II and III lie in

the frontal plane and are of equal length, thus forming an equilateral triangle. The projection of the heart vector H⃗ on sides I,

II and III of the Einthoven triangle is equivalent to the scaled scalar product of the heart vector H⃗ with lead vectors c⃗I, c⃗II and

c⃗III, respectively; this is Burger’s equation.

For all volume conductor configurations already mentioned the potentials at field points R, L, and F can be shown
to be

Φ = α e⃗ ⋅ p⃗ + c, (.)

where e⃗ represents the unit vector directed from the dipole location to the respective field point (R, L, or F). The factor
α is a proportionality constant depending on the particular volume conductor configuration. For a bounded sphere with
unit radius its value is /(πσ) (.). The constant C specifies the potential at an arbitrary common reference. It drops
out of the equation when considering lead voltages, since the term is common for both terminals of any lead considered.

By choosing the WCT as the common reference, for which VR + VL + VF = , we find for any of the lead potentials
VR, VL, and VF,

V(e⃗) = α e⃗ ⋅ p⃗ (.)

A comparison of (.) with Burger’s equation (.) identifies the vectors α e⃗ as lead vectors. Thus, after normal-
ization by taking α = , the radius vectors of R, L, and F are the lead vectors c⃗R, c⃗L, and c⃗F respectively. Because of the
symmetry of the assumed source-volume conductor configuration we have c⃗R + c⃗L + c⃗F = , which now – in contrast to
the more general situation of Burger’s triangle – is as in VR + VL + VF = . Recall that the latter property always holds
true when using Wilson’s central terminal.
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.. Composite Leads with Passive Networks

We now consider a lead terminal, e.g., terminal A in > Fig. ., joining n electrodes via conductances G, G, . . . ,Gn .
In the past, networks of resistors in electrocardiographic leads had to be designed so that their resistances, Ri = /Gi,
were larger than the impedance of the skin-electrode interface, yet smaller than the input impedance of an amplifier; this
problem is now largely irrelevant with the use of operational amplifiers in the lead networks.

Let VA designate a potential difference against an arbitrary reference at junction A and V, V, . . . ,Vn the potential
differences (against the same reference) at the electrode sites connected to terminal A. According to Kirchhoff ’s current
law, (VA −V)G + . . . + (VA −Vn)Gn = , (.)

and a potential at terminal A under open-circuit conditions is

VA = ΣGiVi

ΣGi
(.)

From (.) and from Burger’s equation (.), the potential difference VA at terminal A is

VA = ΣGic⃗i ⋅ p⃗
ΣGi

, (.)

and therefore, because the scalar product is distributive, the following lead vector can be associated with terminal A:

c⃗A = ΣGic⃗i
ΣGi

(.)

This means that the lead vector c⃗A is a linear combination of lead vectors corresponding to all constituent electrode sites.
TheWilson central terminal is defined as the junction of three equal resistors connected to the electrodes with poten-

tial differences VR, VL, and VF at the three limbs. It follows from ((.)–(.), (.), and (.)) that the potential
VT at the Wilson central terminal (relative to the arbitrary common reference) is

VT = VR + VL + VF


, (.)

and
c⃗T = c⃗R + c⃗L + c⃗F


, (.)

Since the final points of lead vectors c⃗R, c⃗L, and c⃗F may be viewed as lying at the vertices of the Burger triangle, it follows
from (.) that the final point of lead vector c⃗T is at the median point of the Burger triangle (> Fig. .). The potential
of the Wilson central terminal can be zero for an arbitrary source only if the vectorial sum of the three lead vectors c⃗R,
c⃗L, and c⃗F (based on the arbitrary common reference) is zero. Since these vectors are independent, this is not necessarily
the case.

By using (.), it can be seen that for potentials recorded against an arbitrary reference we have

VR −VT = VR −VL −VF


, (.)

VL −VT = VL − VR −VF


, (.)

and
VF − VT = VF − VL − VR


(.)

In this application, the lead vectors to be used are c⃗R, c⃗L, c⃗F, and c⃗T, also with respect to the arbitrary common reference.
Note from (.), (.), (.), and (.) that the sum of such unipolar limb-lead voltages is zero as is the sum of
corresponding lead vectors. If the arbitrary common reference is in fact WCT, the term VT in the three equations is zero.
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The set of three limb leads, known as augmented unipolar limb leads (designated aVR, aVL, and aVF) produces %
higher voltages than unipolar limb leads. Each augmented lead is defined by two terminals; the positive terminal is at one
of the three limbs (left arm, right arm, left leg) and the negative terminal is at the junction of two equal resistors connected
to the remaining two limbs. Consider the lead vectors associated with these leads. It follows from (.) that when lead
terminal A is connected via resistors to just two constituent electrode sites, the final point A of the terminal’s lead vector
c⃗A lies on the line joining the final points of lead vectors corresponding to the constituent electrode sites, dividing this
line into segments whose lengths are in the same ratio as the resistances between A and the electrodes; for augmented
leads these resistances are equal, and therefore their corresponding segments are of equal length. This lead arrangement
produces the following voltages:

VaVR = VR − VL − VF


= (VR − VT)


, (.)

VaVL = VL − VR −VF


= (VL − VT)


(.)

and
VaVF = VF − VL − VR


= (VF − VT)


, (.)

Since these are merely scaled up versions of the extemity lead potentials their lead vectors are similarly scaled and
VaVR + VaVL + VaVF =  as well as c⃗aVR + c⃗aVL + c⃗aVF = .

.. Composite Leads with Active Networks

The specification of the potential at a terminal of a composite lead depicted in > Fig. ., given by the (.), involves
a weighted sum of the potentials at the electrodes connected to the terminal by means of conductances. The individual
values of these conductances are positive, and as a consequence, all weightsGi/ΣGi are nonnegative and not greater than
one.

The application of active networks with operational amplifiers permits the construction of arbitraty weights,
with unsrestricted sign and magnitude. As an example, consider the following summation/subtraction of voltages of
Einthoven’s bipolar limb leads that produces three new voltages VSR, VSL , and VSF:

VSR = VI + VII, (.)
VSL = VI − VIII, (.)

and
VSF = VII + VIII, (.)

These voltages can be again expressed in the form of Burger’s equation (.), and because the scalar multiplication is
distributive, the lead vectors of the leads SR, SL, and SF (which are created by summation of bipolar limb leads and
therefore may be called “sigma leads” []) can be defined in terms of lead vectors for unipolar limb leads:

− c⃗SR = c⃗R − c⃗L − c⃗F = (c⃗R − c⃗T), (.)
c⃗SL = c⃗L − c⃗R − c⃗F = (c⃗L − c⃗T), (.)

and
c⃗SF = c⃗F − c⃗L − c⃗R = (c⃗F − c⃗T) (.)

For this particular lead system, it follows from (.) to (.) that its lead vectors are collinear with the respective lead
vectors of unipolar extremity leads and augmented leads; their magnitude is three times as large as the magnitude of lead
vectors of unipolar extremity leads and twice as large as the magnitude of the lead vectors of augmented leads, as can be
seen from the Burger triangle (> Fig. .).
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.. Bibliographic Notes

The reader will find most of the references pertinent to this section in > Sect. ... The article by Schaefer and Haas
in the Handbook of Physiology [] reviews the properties of the electrocardiogram and gives an account of elementary
electrocardiographic theory.Geselowitz and Schmitt [], Plonsey [], andPlonsey andBarr [] provide a comprehensive
review of modern electrocardiographic theory, including the derivation of formulae for lead vectors of composite leads.
The text by Malmivuo and Plonsey [] is richly illustrated and is accessible via Internet.

. Image Surface

The Einthoven triangle and the Burger triangle provide heart-vector projection diagrams for interpreting voltages in
the leads that use extremities for electrode sites. This geometric approach can be generalized so that it applies to any
electrocardiographic lead. This section will introduce an experimental method of lead-vector construction applicable
in an arbitrarily shaped linear volume conductor, and develop a notion of the three-dimensional image surface as a set
of lead vectors for all possible body-surface leads. With no loss in generality, the method will be first illustrated in the
two-dimensional case, where the image contour will assume the place of the image surface.

.. Image Surface of Bounded Two-Dimensional Conductor

Imagine a conductive sheet with a body-shaped boundary (> Fig. .) and at point Q, somewhere in the “heart region”
on this sheet, a dipolar source with moment p⃗.

The potential difference between any point k on the boundary and an arbitrarily selected point of reference potential
(e.g., point  on the boundary) is related to the dipole p⃗ through Burger’s equation (.):

Vk = ckxpx + ckypy (.)

If the source dipole p⃗ becomes a unit dipole oriented along the x axis, then px = , py = , and (.) becomes

Vk = ckx (.)

Similarly, if p⃗ is oriented along the y axis, Vk = cky . Having determined ckx and cky from voltage responses to unit
dipoles oriented along the x and y axes, it is possible to construct the lead vector c⃗ = e⃗xckx + e⃗ycky (as defined by
(.)). For this, a system of coordinates can be assumed where the potential at the reference point maps into the ori-
gin (> Fig. .). The same procedure can be repeated for as many points on the boundary as necessary; when the
final points of the resulting lead vectors are connected, a contour is formed that will be termed the image contour
(> Fig. .).

Several investigators who attempted to estimate the properties of electrocardiographic leads under realistic bound-
ary conditions constructed two-dimensional scaled models of the torso from semiconducting (Teledeltos) paper. Grayzel
and Lizzi determined image contours for both homogeneous and inhomogeneous two-dimensional torso models, and
for several dipole-source locations. They cut torso forms from Teledeltos paper and simulated conductivity inho-
mogeneities caused by lungs and intracavitary blood masses by punching holes or painting silver disks to decrease
or increase the conductivity. Unit dipoles along the x and y axes were approximated by a pair of closely spaced
pinpoint probes, one of which fed current and the other of which withdrew current, and the voltage Vk at bound-
ary points was measured with respect to the model’s right “leg.” Image contours obtained by means of a numerical
replica of Grayzel and Lizzi’s torso (> Fig. .) closely resemble those obtained using the Teledeltos paper model
(> Fig. .). The computational method was analogous to that introduced by Barnard et al. [] for the three-
dimensional inhomogeneous torso; the differences were only in the formulae for the field potential of a dipole and a
dipolar double layer (> Sect. ..). The image contours are shown, with inscribed Burger triangle, for four selected
locations of the dipole source and three different compositions of the torso. Even a casual examination of these
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Two-dimensional image contour construction. For a conductive sheet with an arbitrary boundary and a dipolar source p⃗, the

potential difference between anypoint k on the boundary and an arbitrarily selected point of reference potential (e.g. point 

on theboundary) is related to the dipole p⃗ through Burger’s equationVk = ckxpx +ckypy . If the unit dipole is oriented along the

x axis, Vk = ckx . Similarly, by setting px =  and py = , it is possible to obtain a value of cky . With both components determined,

the lead vector can be constructed; for this a system of coordinates is assumed where potential at the reference point maps

into the origin. This procedure can be repeated for as many points on the boundary as necessary; when the terminal points

of their lead vectors are connected, a contour (termed the “image contour”) is formed.

image contours reveals a striking effect of dipole-source location and boundaries. This two-dimensional modeling
gives valuable insight into lead-vector determination in the arbitrarily shaped inhomogeneous conductor; however,
it is not quite sufficient for assessing the effect of torso shape and inhomogeneities in the real, three-dimensional
setting.

.. Image Surface of Bounded Volume Conductor

To extend the method of lead-vector determination into three dimensions, let us consider an experimental study per-
formed by Frank, in which the torso-shaped electrolytic tank was used as a substitute for the human torso and the bipolar
electrodes located in the model’s heart region provided “dipolar” current sources. Frank’s method of lead-vector determi-
nation was in principle identical to that already described for the two-dimensional case. Frank determined, for an array
of pick-up electrodes on the surface of the torso model, the three components of the lead vector c⃗ by energizing, in turn,
bipoles oriented along the x, y, and z axes and measuring for each bipole potential differences between torso-surface
electrodes and a reference terminal.
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Two-dimensional numerical replica of an inhomogeneous model of a torso constructed from conductive Teledeltos paper

by Grayzel and Lizzi []. The “lungs” were assigned conductivity gL = ., “blood masses” had conductivity gB = . (in

accordance with Grayzel and Lizzi), and the rest of “body tissues”had conductivity g = .. Unit dipoles along the x and y axes

were approximated by bipoles. These sources were placed at dipole-source locationsmarked by numbers.

By using this experimental technique (or its numerical alternative), the Burger triangle diagram can be extended as
follows. Consider the three-dimensional torsomodel with three electrodes R, L, and F attached to it at the two “arms” and
the left “leg”; in addition, let there be an electrode B attached, for instance, on the back. Thus, beside Einthoven’s bipolar
limb leads I, II, and III, three new leads can be formed, each obtained by pairing one limb electrode with B; these leads
will each be characterized by a lead vector originating at some common image point B′ (determined by Frank’s method)
and terminating on one of the vertices of the Burger triangle (> Fig. .). The six lead vectors connecting image points
R′, L′, F′, and B′ will form a tetrahedron the four faces of which will be lead triangles; it is called the Wilson tetrahedron
(> Sect. ..). In the Wilson tetrahedron as in the Burger triangle, the potential difference in a lead is determined by
multiplying the length of the appropriate lead vector, which forms one of the six connecting sides, by the projection of
the dipole-source vector on that side.

TheWilson tetrahedron is a three-dimensional counterpart of the limb-lead triangle. Using the tetrahedron, from any
three independent lead voltages that exist between four electrode sites, it is possible to determine all the three components
of an arbitrary spatial dipole source (the Einthoven triangle and the Burger triangle, by contrast, permit determination
of only two components of a planar dipole source, since only two independent voltages are provided by the set of three
electrodes).

Note that in the Wilson tetrahedron, the real space, in which the relationship between points R, L, F, and B is given
by vectors of directed distance r⃗, is replaced by the space in which the relationship between image points R′, L′, F′, and
B′ (that correspond to real points R, L, F and B) is given by lead vectors c⃗.
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⊡ Figure .

Image contours of the two-dimensional torso with inscribed Burger triangle for the torso model shown in Fig. ., for four

different locations of the source dipole (columns) and three different configurations (rows): the homogeneous model (top);

the inhomogeneous model with lungs (middle) and the inhomogeneous model with lungs and intracavitary blood masses

(bottom). Boundary points are marked in accordance with > Fig. ..

It is possible to continue this generalization of Burger triangle by considering the fifth, sixth, . . . , nth electrode sites
on the surface of Frank’s torso model (these sites should preferably form a regular grid that completely covers the torso
surface) and determining the lead vector for each. The final points of these lead vectors (image points) define the image
surface in the image space (> Fig. .). For every point P in the real space there is a point P′ in the image space whose
vector from the origin (the origin of the image space corresponds to the reference terminal in the real space) is a lead
vector of an electrocardiographic lead formed by an electrode at P and the reference terminal. The same image space
is applicable to any dipole at the same dipole-source location Q for which this image space was derived; this follows
from the principle of superposition. The lead vector associated with any pair of points on the body may be found by
connecting corresponding points on the image surface; this is how the Burger triangle and the Wilson tetrahedron are
constructed (> Fig. .). Image points corresponding to the lead terminals with passive networks are all enclosed by the
image surface; conversely, image points of the lead terminals with active networks and image points of measurement sites
that are inside the torso are all outside the image surface.

Numericalmodels of the human torso currently provide themost convenientmethod for determining image surfaces;
such models can be three-dimensional, realistically shaped, and inhomogeneous. Consider the features of the computed
image surface for the dipole-source location Q at the centroid of the heart region; the image surface is displayed in pro-
jections into three principal planes in > Fig. .. This image surface can be compared with Frank’s image surface which
was drawn from data obtained in the electrolytic tank. Care was taken to make the dipole-source location Q similar to
that of Frank; also, the coordinate system and labeling of grid- points are compatible.
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⊡ Figure .

Wilson tetrahedron: frontal plane projection. The figure illustrates the construction of an image surface, where R′ , L′, F′ andB′

are image points corresponding to R, L, F, B, respectively. In addition to limb leads three new leads canbe obtained by pairing

each of the three limb electrodes R, L and F with a fourth electrode B, attached, for instance, on the back. (B is placed in the

left midscapular region [].) These leads are each characterized by a lead vector originating at B′ and terminating on one of

the vertices of the Burger triangle R′, L′, F′. The six lead vectors connecting points R′, L′, F′ and B′ form a tetrahedron inwhich,

as in the Burger triangle, the potential difference in a lead is determined by multiplying the length of the appropriate lead

vector by the projection of the source-dipole vector on that lead vector. If the reference point is fixed while point B is allowed

to sweep over the entire surface of the torso, then the final points of all corresponding lead vectors will sweep out a surface

in the three-dimensional image space.

Protruding parts of the torso, such as the neck and shoulders, map into areas the relative size of which is diminished
on the image surface because the potential gradient in these remote areas is small. In short, the protruding parts of
the body “shrink” in the image space. This justifies the use of the human torso (i.e., a body without extremities and
head) as a volume-conductor model of the human body. Conversely, the image surface bulges where the torso-surface
points P are proximal to the dipole-source location Q. For the source location Q used to compute the image surface
in > Fig. ., any area on the left anterior chest maps into an area the relative size of which is increased on the image
surface. In short, the regions proximal to the source location are “blown up” in the image space.The parallels on the image
surface (corresponding to the transverse sections of the torso surface) do not lie in parallel planes; they form spatial
loops. Similarly, meridians on the image surface (corresponding to the sections of the torso surface with equiangular
planes through the cranio-caudal axis of the torso) do not lie in planes; the spacing between them is magnified for points
proximal to the source location Q and diminished for points remote from it.

The image surfaces for the same outer surface of the torso and the same dipole-source location, but with the torso’s
internal composition altered by conductivity inhomogeneities, change their shape as is evident in > Fig. ., which
depicts an image surface of the homogeneous torso side-by-side with image surfaces of the torso with inhomogeneities.

For this particular (septal) dipole-source location, the lungs increase the y and z components of many lead vectors
and attenuate their x component, while intracavitary blood masses tend to counteract the effect of the lungs. Changes of
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⊡ Figure .

Image surface of a homogeneous torso with a coordinate system and a grid. The grid is established by body-surface points at

the intersection between transverse planes and equiangular half-planes. The x axis runs from the right to left of the torso, the

y axis from head to foot, and the z axis from front to back. The xy plane is the frontal plane, the yz plane is the sagittal plane

and the xz plane is the transverse plane. The image surface was computed for the dipole-source location at the centroid of

the heart region (level , . cm from the sagittal plane and − cm from the frontal plane). Computed lead vectors for all grid

points are displayed as three projections of the image surface. Image points corresponding to levels – on the torso surface

form parallels; image points corresponding to torso-surface points in the angular half-planes form meridians. (Horáček and

Ritsema van Eck []. © Presses Académiques Européennes, Brussels. Reproduced with permission.)
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Frontal view
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Tranverse view
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⊡ Figure .

The effect of torso inhomogeneities is seen in three image surfaces computed for the dipole-source locationat the centroid of

the heart region. Theprojections of the image surface in the first column correspond to the homogeneous torso (conductivity

g = ; this image surface is identical to the one in > Fig. . except only  of  meridians are plotted); the second column

shows an image surface of the torso with lungs of low conductivity (gL = .); the third column shows an image surface of

the torso with lungs and highly conductive intracavitary blood masses (gB = .). (Horáček []. © Karger, Basel. Reproduced

with permission.)

shape in the image surface owing to intracavitary bloodmasses can be attributed to the Brody effect (> Sect. ...): the x
component of an arbitrarily oriented dipole is enhanced, because it is approximately normal to the surfaces of both intra-
ventricular bloodmasses, while the y and z components are attenuatedbecause they are approximately tangential to these
surfaces. The effect of the lungs on lead vectors for the same dipole-source location can be described as a “channelling”
effect: the z and y components of lead vectors are increased because the dipoles oriented in the z and y directions are
approximately tangential to the surface of the poorly conducting lungs. Shifting the dipole-source location considerably
changes the resultant image surfaces.

.. Image-Surface Definitions

The relationship between an arbitrary dipole source at a fixed location Q and electric potentials on the surface of the torso
the shape and composition of which are specified can be displayed by means of the image surface; this geometric concept
was introduced by Burger and van Milaan.
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The concept of the image space and of the image surface can be formalized as follows. Consider a certain bounded
linear volume conductor in which one internal point, to be called Q, is designated as a dipole-source location; let the
field point P (at a finite distance from Q) be either inside the volume conductor, or on its outer boundary or at the node
of a resistor network that extends beyond this boundary. For this volume conductor with the designated Q there is a
corresponding image space with the following properties.

. Every field point P can be mapped into the image space so that there is a unique corresponding image point P′; this
mapping defines the electric potential produced at P by a fixed-location dipole of arbitrary moment embedded in the
volume conductor.

. The origin of the image space corresponds to the arbitrary reference point; with a different choice of reference, all
points of the image space undergo translation, but their mutual relationship remains unaffected. The ideal reference
is a zero potential at a terminal infinitely remote from Q (or at source dipole’s midpoint).

. In the image space, the vector pointing from one image point B′ to another image point A′ is a lead vector of the lead
the positive terminal of which is A and negative (reference) terminal is B. Thus, the Burger triangle, for instance, is
constructed in the image space by connecting points R′, L′, and F′.

. The set of points on the outer boundary of the volume conductor maps into the image surface.
. The set of points that is inside the volume conductor maps into image points that are outside the image surface.
. The nodes of the resistor network connected at discrete points to the outer surface of the volume-conductor map into

image points inside the image surface; the latter image points are defined by their lead vectors as in (.).

The properties of any conceivable lead can be assessed from the image surface. It should be reiterated, however, that
each image surface pertains only to one particular torso and one particular dipole-source location.

.. Bibliographic Notes

Analytical calculations have been performed with various mathematical models. Wilson and Bayley [], Frank [],
and Geselowitz and Ishiwatari [] studied the effect of the eccentric location of the heart in the torso by analyzing the
case of a dipole in a sphere. Okada [, ] and more recently Cornelis and Nyssen [] have extended this analysis to a
cylinder. Plonsey [] used themethod of images to show the effect of the planar insulating boundary near sources. Brody
[] studied the effect of highly conductive intraventricular blood masses and concluded that blood masses emphasize
the radial component of source dipoles in the heart (perpendicular to the ventricular wall) and attenuate the tangential
component. Mathematical studies of Bayley et al. [] on the field of a double layer in a system of nested spheres (later
redone by Rudy and Plonsey []) have yielded the same results.

Wilson et al. [] suggested substituting a regular tetrahedron for the Einthoven triangle; Burger and vanMilaan []
thought of this tetrahedron as composed of lead vectors obtained in a realistic model of the torso.

An experimental approach to the investigation of the effect of the body shape and conductivity inhomogeneities on
lead vectors was employed in numerous studies. Two-dimensional models included fluid mappers used by McFee et al.
[], and Teledeltos mannequins used by Brody and Romans [], Grayzel and Lizzi [], and others. Electrolytic-tank
models were used by Burger and van Milaan [], Frank [], Schmitt [], Nagata [], Rush [] (the latter article
contains a review of experimental studies) and others. The idea of an image surface was conceived by Burger and van
Milaan []; the first experimental determination of the image surface was performed by Frank []. The concept of an
image surface was used to design the well-known Frank’s lead system [].

Numerical models of the torso were pioneered by Gelernter and Swihart [], Barr et al. [], and Barnard et al. [].
The mathematical methodology of dealing with general inhomogeneous volume conductors was outlined by Geselowitz
[]. An article by Swihart [] provides an overviewof numerical methods for solving the forward problem of electrocar-
diography (>Chap. ). Pilkington et al. [] compared themerits of the integral equation approach and the finite-element
approach to the solution of the volume-conductor problem. Many important papers on biophysical basis of electrocar-
diography were assembled in one volume by Pilkington and Plonsey []. Horáček [, ] used a numerical model
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of a three-dimensional, realistically shaped and inhomogeneous human torso to compute image surfaces for various
dipole-source locations, and performed as well the analogous computations in a two-dimensional model (> Figs. .
and > .).

. Lead Field

The simplicity of Burger’s lead-vector concept fades when allowance is made for dipolar sources that are distributed over
the entire heart region. Clearly, the size of the heart region relative to its distance from most ECG recording sites on the
torso is not negligible, and hence the typical lead vector L⃗ varies when the dipole-source location shifts; for each given
lead, there is a family of lead vectors that takes on a complete set of values L⃗ for various dipole-source locations. Each
such family should be viewed as a vector field L⃗(x, y, z), that is, a vector quantity the value of which depends on the
coordinates.With this concept in mind, Burger’s equation (.) can be interpretedmore generally; it can be rewritten as

V = L⃗(x, y, z) ⋅ p⃗ (.)

allowing a given local current-dipole source to act anywhere in the heart region. According to this interpretation of
Burger’s equation, the voltage that a local current dipole located at (x, y, z) produces in a lead is the scalar product
of the moment of the dipole p⃗ and the vector field L⃗ evaluated at (x, y, z). Using the superposition principle, the total
contribution of distributed cardiac sources to the lead voltage can be defined as

V = ∫ L⃗(x, y, z) ⋅ J⃗ i(x, y, z) dv, (.)

where J⃗ i(x, y, z) is a function defining a distributed impressed current density in the heart region in terms of the current
dipole moment per unit volume; the units of J⃗ i are Am/m, L⃗ is in Ωm−, and hence, the units of the volume integral are
volts. Equation (.) is the most general form of Burger’s definition of the relationship between cardiac electric sources
and the voltage in an electrocardiographic lead.

.. Lead-Field Derivation

McFee and Johnston provided a physical basis for this operational definition of the lead vector by invoking Helmholtz’s
reciprocity theorem as follows. Consider a torso-shaped linear volume conductor (> Fig. .) with two pairs of electrode
sites. The first pair, A and B, which can be located anywhere except in the heart region, can be thought of as the positive
terminal (A) and the negative terminal (B) of an electrocardiographic lead. The remaining pair, C and D, separated by a
small vector distance l⃗ directed from D to C, can be arbitrarily located within the heart region; this pair corresponds to
the site of the local cardiac electric source.

The reciprocity theorem asserts that the potential differenceVAB produced between open-circuited terminals A and B
by a current I injected at point C and removed at point D (the condition of normal energization depicted in> Fig. .a)
must equal the potential difference V′CD that would be found between points C and D if the same current were injected
at point A and removed at point B (the condition of reciprocal energization illustrated in > Fig. .b); this reciprocal
current is designated I′. In this case I′ = I, but in general, it does not have to be so, and the reciprocity theorem is
formulated as follows: VAB/I = V′CD/I′.

Consider more closely the conditions under reciprocal energization. A source of current I′ placed between terminals
A and B gives rise to an electric field in the volume conductor that can be characterized at every point by a vector of
electric field intensity E⃗′. By definition, the potential difference between points C and D is given by a line integral along
an arbitrary path from D to C (.):

V′CD = −∫ C

D
E⃗′ ⋅ d⃗l (.)
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Lead-field derivation from the reciprocity theorem. The potential difference VAB, produced between open-circuited terminals

of anelectrocardiographic leadbyacurrentbipole I⃗l in theheart region (part (a)), equals thepotential differenceV′CD produced

between the source and sink of the bipole C and D by a reciprocal current I′ = I injected into the lead (part (b)). The electric

field intensity in the heart region during the lead’s reciproca energization defines the lead field (part (c)).

For the small distance between C and D, the field can be considered constant so that the integral becomes simply

V′CD = −E⃗′ ⋅ l⃗, (.)

where l⃗ is the directed distance from D to C.
If the electric field intensity is normalized to a unit reciprocal current the scalar value I′ of which is equal to I, and

V′CD is replaced with VAB (applying the reciprocity theorem), then

VAB = −( E⃗′
I′
) ⋅ (I⃗l) (.)

This is the desired result; a comparison with the generalized Burger’s equation (.) clearly shows that the first factor
corresponds to the lead vector (measured in Ωm−) and the second factor is the current dipole moment (units Am).The
generalized lead vector can be designated as the lead field

L⃗(x, y, z) = E⃗′−I′ (.)

Note that the lead field has units Ωm−; this is a revision of the original definition by McFee and Johnston.

.. Lead-Field Definition

At any point in the heart region the lead field of a given electrocardiographic lead is defined as a vector field of electric
intensity produced by a source of unit current connected to the lead’s terminals in the reverse manner (i.e., with current
being injected at the negative terminal and removed at the positive terminal as shown in > Fig. .c). Since the electric
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⊡ Table .

Mean lead field with standard deviations as determined at , ventricular sites for selected electrocardiographic leads

Lead c̄x c̄y c̄z |c̄|

Homogeneous torso

I .±. −.±. .±. .±.
II .±. .±. −.±. .±.
III −.±. .±. −.±. .±.
aVR −.±. −.±. −.±. .±.
aVL .±. −.±. .±. .±.
aVF .±. .±. −.±. .±.
CT .±. −.±. .±. .±.
V −.±. −.±. −.±. .±.
V −.±. −.±. −.±. .±.
V .±. −.±. −.± . .±.
V .±. .±. −.±. .±.
V .±. .±. −.±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V R −.±. .±. −.±. .±.
V R −.±. .±. −.±. .±.
V R −.±. .±. −.±. .±.
X .±. −.±. −.±. .±.
Y .±. .±. .±. .±.
Z .±. .±. .±. .±.
Torso with lungs

I .±. −.±. −.±. .±.
II .±. .±. −.±. .±.
III −.±. .±. .±. .±.
aVR −.±. −.±. .±. .±.
aVL .±. −.±. −.±. .±.
aVF .±. .±. .±. .±.
WCT .±. −.±. .±. .±.
V −.±. −.±. −.±. .±.
V −.±. −.±. −.±. .±.
V .±. −.±. −.±. .±.
V .±. .±. −.±. .±.
V .±. .±. −.±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V −.±. .±. .±. .±.
VR −.±. −.±. −.±. .±.
VR −.±. .±. −.±. .±.
VR −.±. .±. −.±. .±.
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⊡ Table . (Continued)

Lead c̄x c̄y c̄z |c̄|

X .±. −.±. −.±. .±.
Y .±. .±. .±. .±.
Z .±. .±. .±. .±.
Torso with lungs and bloodmasses

I .±. −.±. .±. .±.
II .±. .±. .±. .±.
III −.±. .±. .±. .±.
aVR −.±. −.±. −.±. .±.
aVL .±. −.±. −.±. .±.
aVF .±. .±. .±. .±.
WCT .±. .±. .±. .±.
V −.±. −.±. −.±. .±.
V −.±. −.±. −.±. .±.
V .±. −.±. −.±. .±.
V .±. .±. −.±. .±.
V .±. .±. −.±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V .±. .±. .±. .±.
V R −.±. −.±. −.±. .±.
V R −.±. .±. −.±. .±.
V R −.±. .±. −.±. .±.
X .±. −.±. −.±. .±.
Y .±. .±. .±. .±.
Z .±. .±. .±. .±.

Values of the lead-field components c̄x , c̄y , and c̄z are in relative units, scaled by ∣c̄I∣; absolute units can be restored []

intensity vector of the reciprocal field E⃗′ is by definition the negative of the gradient of the scalar potential, the generalized
lead vector can be expressed as

L⃗(x, y, z) = ∇V′

I′
, (.)

and an alternative definition of the lead field can be put forward as follows. At any point in the heart region the lead field
of a given electrocardiographic lead is defined as a gradient of the potential distribution V′ produced by the source of
unit current connected to the terminals of the lead. (Note that the reciprocal current is injected “properly” at the positive
terminal and removed at the negative terminal.)

The lead field is an electric field per unit current, or impedance per unit distance (Ωm−), and hence, Schmitt
introduced this concept into electrocardiography as a vectorial transfer impedance Z⃗ = ∇Z

L⃗(x, y, z) = Z⃗(x, y, z) = ∇Z (.)

Any lead can be described in terms of its lead field or transfer impedance.The lead-field concept can be applied evenwhen
the lead terminals are connected to a number of electrodes via a network of resistors. This facilitates synthesis of leads
with desired properties; for example, ideal heart-vector leads have uniform lead fields, while lead fields of ideal unipolar
leads (with the reference electrode infinitely remote) radiate outwards in straight lines from the exploring electrode with
an intensity diminishing inversely with distance squared.
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.. Computed Lead-Field Values

Recently, Horáček et al. [] used a computer model of a realistic three-dimensional human torso containing lungs and
intracavitary blood masses of different conductivities to calculate the lead field for some commonly used electrocardio-
graphic leads. Their torso model is a modification of one described previously [], with the outer surface modified to
simplify the identification of commonly used ECG electrode sites on the model’s surface. Three orthogonal components
of the lead field were determined at , ventricular sites for  unipolar body-surface leads in the homogeneous torso,
in the torso with lungs, and in the torso with lungs and intracavitary blood masses. Mean lead-field values with stan-
dard deviations were calculated for commonly used ECG leads from these , vectors for all three configuration of
the torso (> Table .). The components of the lead field were calculated in absolute units for unit-dipole sources
in the torso of unit conductivity and then normalized by the length of lead vector for lead I and tabulated in relative
units.The lead field in absolute units of Ωm− for unit current dipoles in absolute units of A×m can be restored by multi-
plying the values listed in > Table . by an appropriate factor []. The mean lead-field vectors for leads I, II, and III
form a characteristic Burger’s triangle, with the length of the vectors for leads II and III exceeding that for lead I. The
Wilson central terminal has the shortest length of the mean lead-field vector, with only the z-component having a value
that is not negligible. The unipolar precordial leads V–V have the largest magnitude of the mean lead field. The lead
field for Frank’s orthogonal leads X, Y , and Z shows excellent orthogonality and reasonably uniform sensitivity for all
three leads.These findings are similar in all three configurations of the torso model; however, closer examination reveals
that both lungs and intracavitary blood masses exert a noticeable effect on the lead field in specific leads.

.. Bibliographic Notes

In the early s, several investigators perceived lead properties operationally. Lepeschkin [] characterized leads in
terms of “tubes of influence” and Brody and Romans [] performed model experiments aimed at finding lead proper-
ties through reciprocal energization; a hydrodynamic analogue of reciprocal energization was constructed by McFee et
al. []. Schmitt [] introduced the transfer impedance as a vector field characterizing lead properties and McFee and
Johnston [] were the proponents of the lead-field concept based on the reciprocity theorem. Interestingly, the reciprocity
theorem, which became a cornerstone of lead-field theory, can be applied to electrocardiography virtually without chang-
ing Helmholtz’s original wording which was as follows. (The quote is from the article by Helmholtz published in  [];
translation from German by Frank N. Wilson [].)

Every single element of an electromotive surface will produce a flow of the same quantity of electricity through the
galvanometer as would flow through that element itself if its electromotive force were impressed on the galvanome-
ter wire. If one adds the effects of all the electromotive surface elements, the effects of each of which are found in
the manner described, he will have the value of the total current through the galvanometer.

In present-day electrocardiography, galvanometers have been replaced by amplifiers that measure open-circuit volt-
age rather than short-circuit current. Further, cardiac electric sources are, to the best of our knowledge, near-ideal
current generators. Under such circumstances, the principle of superposition can be applied to sum both input cur-
rents and output voltages, and the reciprocity theorem can be restated for double-layer current sources and the lead
voltage.

Applications of the lead field to electrocardiography have been discussed in articles by Plonsey [], Schmitt [], and
others. See also texts by Plonsey [], Plonsey and Barr [], and Malmivuo and Plonsey [].

References

. Einthoven, W., The different forms of the human electrocardio-
gram and their signification. Lancet, ;: –. (Transla-
tion: Am. Heart J., ;: –).

. Einthoven, W., G. Fahr, and A. deWaart, Ueber die Richtung und
manifeste Groesse der Potentialschwankungen im menschlichen
Herzen und ueber den Einfluss der Herzlage auf die Form



Lead Theory  

des Electrokardiogramms. Pfluegers Arch. ges. Physiol., ;:
–. (Translation: Am. Heart J., ;: –).

. Wilson, F.N., F.D. Johnston, A.G. Macleod, and P.S. Barker, Elec-
trocardiograms that represent the potential variations of a single
electrode. Am. Heart J., ;: –.

. Goldberger E., A simple, indifferent, electrocardiographic elec-
trode of zero potential and a technique of obtaining aug-
mented, unipolar, extremity leads. Am. Heart J., ;: –
.

. Wolferth Ch.C. and F.C. Wood, The electrocardiographic diag-
nosis of coronary occlusion by the use of chest leads. Am. J. Med.
Sci., ;: –.

. Wilson F.N., F.D. Johnston, F.F. Rosenbaum, H. Erlanger, Ch.E.
Kossmann, H. Hecht, N. Cotrim, R. Menezes de Oliveira,
R. Scarsi, and P.S. Barker, The precordial electrocardiogram. Am.
Heart J., ;: –.

. Wilson, F.N., F.D. Johnston, F.F. Rosenbaum, and P.S. Barker, On
Einthoven’s triangle, the theory of unipolar electrocardiographic
leads, and the interpretation of the precordial electrocardio-
gram. Am. Heart J., ;: –.

. Wilson, F.N., A.G. Macleod, and P.S. Barker, The distribution of
the currents of action and of injury displayed by heart muscle and
other excitable tissues. Univ. Mich. Press, Ann Arbor, Mich., .

. Plonsey R., Bioelectric Phenomena. McGraw-Hill, New York,
.

. R. Plonsey and R.C. Barr, Bioelectricity: A Quantitative
Approach. Plenum Press, New York, .

. J. Malmivuo and R. Plonsey, Bioelectromagnetism: Prin-
ciples and Applications of Bioelectric and Biomagnetic
Fields. Oxford University Press, New York, . see
http://butler.cc.tut.fi/ malmivuo/bem/bembook//.htm.

. R.P. Holland and H. Brooks, TQ-ST segment mapping: Critical
review and analysis of current concepts. Am. J. Cardiol., ;:
–.

. Burger H.C. and J.B. van Milaan, Heart-vector and leads. Part I.
Br. Heart J., ;: –.

. Burger H.C. and J.B. van Milaan, Heart-vector and leads. Part II.
Br. Heart J., ;: .

. Burger H.C. and J.B. van Milaan, Heart-vector and leads: Part
III, Geometrical interpretation. Br. Heart J., ;: .

. McFee R. and F.D. Johnstone, Electrocardiographic leads: I.
Introduction. Circulation, ;: –.

. McFee R. and F.D. Johnston, Electrocardiographic leads. II.
Analysis. Circulation, ;: –.

. McFee R. and F.D. Johnston, Electrocardiographic leads. III.
Synthesis. Circulation, ;: –.

. Schmitt O.H., Lead vectors and transfer impedance. Ann. N.Y.
Acad. Sci., ;: –.

. Burger H.C., Heart and Vector: Physical Basis of Electrocardiog-
raphy. Philips Technical Library, Eindhoven, The Netherlands,
.

. Frank E., General theory of heart-vector projection. Circ. Res.,
;: –.

. Schaefer H. and H.G. Haas, Electrocardiography, in Handbook
of Physiology, vol. . Am. Physiol. Soc., Washington, DC, ,
pp. –. Vol. , Sect.  (Circulation).

. Geselowitz D.B. and O.H. Schmitt, Electrocardiography, in
Biological Engineering, H.P. Schwan, Editor. McGraw Hill,
New York, , pp. –.

. McFee R. and G.M. Baule, Research in electrocardiography and
magnetocardiography. Proc. IEEE, ;: –.

. Geselowitz D.B., Electric and magnetic field of the heart. Annu.
Rev. Biophys. Bioeng., ;: –.

. Arthur R.M. and D.B. Geselowitz, Effect of inhomogeneities
on the apparent location and magnitude of a cardiac cur-
rent dipole source. IEEE Trans. Biomed. Eng., ;BME-:
–.

. Purcell E.M., Electricity and Magnetism. McGraw-Hill,
New York, . Berkeley physics course – Volume .

. Panofsky W.K.H. and M. Phillips, Classical Electricity and Mag-
netism. Addison-Wesley, Reading, MA, .

. Courant R. and D. Hilbert, Methods of Mathematical Physics.
Wiley, New York, . Volume II.

. Guillemin E.A., Theory of Linear Physical Systems. Wiley,
New York, .

. Plonsey R. and Heppner D. Considerations of quasistationarity
in electrophysiological systems. Bull. Math. Biophys., ;:
–.

. von Helmholtz H.L.F., Ueber einige Gesetze der Verteilung elek-
trischer Stroeme in korperlischen Leitern mit Anwendung auf
die thierisch elektrischen Versuche. Pogg. Ann. Physiol. Chem.,
;: .

. Oster G.F., A.S. Perelson, and A. Katchalsky, Network thermody-
namics: dynamic modelling of biophysical systems. Quart. Rev.
Biophys., ;: –.

. Desoer Ch.A. and E.S. Kuh, Basic Circuit Theory. McGraw-Hill,
New York, .

. Kaufman W. and F.D. Johnston, The electrical conductivity
of the tissues near the heart and its bearing on the distri-
bution of the cardiac action currents. Am. Heart J., ;:
–.

. Schwan H.P. and C.F. Kay, Specific resistance of body tissues.
Circ. Res., ;: –.

. Burger H.C. and R. van Dongen, Specific electric resistance of
body tissues. Phys. Med. Biol., ;: –.

. Rush S., J.A. Abildskov, and R. McFee, Resistivity of body tissues
at low frequencies. Circ. Res., ;: –.

. Geddes L.A. and L.E. Baker, The specific resistance of biologi-
cal material: A compendium of data for the biomedical engineer
and physiologist. Med. Biol. Eng., ;: –.

. Rautaharju P.M., The inappropriateness of the commonly used
augmentation and lead-recording sequence for ECG analysis.
Pract. Cardiol., ;: –.

. Barnard A.C.L., I.M. Duck, M.S. Lynn, and W.P. Timlake, The
application of electromagnetic theory to electrocardiology. II.
numerical solution of the integral equations. Biophys. J., ;:
–.

. Wilson F.N. and R.H. Bayley, The electric field of an eccen-
tric dipole in a homogeneous spherical conducting medium.
Circulation ;: –.

. Frank E., Electric potential produced by two point current
sources in a homogeneous conducting sphere. J. Appl. Phys.,
;: –.

. Geselowitz D.B. and Ishiwatari H., A theoretical study of the
effect of the intracavitary blood mass on the dipolarity of an
equivalent heart generator, in Vectorcardiography, . North
Holland, Amsterdam, , pp. –.

. Okada R.H., Potentials produced by eccentric current dipole in
a finite length circular conducting cylinder. IRE Trans. Med.
Electron., PGME, ;: –.

. Okada R.H., The image surface of a circular cylinder. Am. Heart
J., ;: –.



  Lead Theory

. Cornelis J.P.H. and E.H.G. Nyssen, Potentials produced by arbi-
trary current sources in an infinite- and finite-length circular
conducting cylinder. IEEE Trans. Biomed. Eng., ;BME-:
–.

. Plonsey R., Current dipole images and reference potentials. IEEE
Trans. Bio-Med. Electron., ;BME-: –.

. Brody D.A., A theoretical analysis of intracavitary blood mass
influence on the heart-lead relationship. Circ. Res., ;: –
.

. Bayley R.H., J.M. Kalbfleisch, and P.M. Berry, Changes in the
body’s QRS surface potentials produced by alterations in certain
compartments of the nonhomogeneous conducting model. Am.
Heart J., ;: –.

. Rudy Y. and R. Plonsey, The eccentric spheres model as the
basis for a study of the role of geometry and inhomogeneities
in electrocardiography. IEEE Trans. Biomed. Eng., ;BME-:
–.

. Wilson F.N., F.D. Johnston, and C.E. Kossmann, The substitu-
tion of a tetrahedron for the Einthoven triangle. Am. Heart J.,
;: –.

. McFee R., R.M. Stow, and F.D. Johnston, Graphic representa-
tion of electrocardiographic leads by means of fluid mappers.
Circulation, ;: –.

. Brody D.A. and W.E. Romans, A model which demonstrates
the quantitative relationship between the electromotive forces
of the heart and the extremity leads. Am. Heart J., ;:
–.

. Grayzel J. and F. Lizzi, The combined influence of inhomo-
geneities and dipole location: bipolar ECG leads in the frontal
plane. Am. Heart J., ;: –.

. Frank E., Spread of current in volume conductors of finite extent.
Ann. N.Y. Acad. Sci., ;: –.

. Nagata Y., The influence of the inhomogeneities of electrical
conductivity within the torso on the electrocardiogram as eval-
uated from the view point of the transfer impedance vector. Jap.
Heart J., ;: –.

. Rush S., An inhomogeneous anisotropic model of the human
torso for electrocardiographic study. Med. Biol. Eng., ;:
–.

. Frank E., An accurate clinically practical system for spatial
vectorcardiography. Circulation, ;: –.

. Gelernter H.L. and J.C. Swihart, A mathematical-physical model
of the genesis of the electrocardiogram. Biophys. J., ;:
–.

. Barr R.C., T.C. Pilkington, J.P. Boineau, and M.S. Spach, Deter-
mining surface potentials from current dipoles, with application
to electrocardiography. IEEE Trans. Biomed. Eng., ;BME-:
–.

. Geselowitz D.B., On bioelectric potentials in an inhomogeneous
volume conductor. Biophys. J., ;: –.

. Swihart J.C., Numerical methods for solving the forward prob-
lem of electrocardiography, in The Theoretical Basis of Electro-
cardiology, chapter , C.V. Nelson and D.B. Geselowitz, Editors.
Clarendon Press, Oxford, , pp. –.

. Pilkington T.C., M.N. Morrow, and P.C. Stanley, A comparison
of finite element and integral equation formulations for the cal-
culation of electrocardiographic potentials. IEEE Trans. Biomed.
Eng., ;BME-: –.

. Pilkington T.C. and R. Plonsey, Engineering Contributions to
Biophysical Electrocardiography. Wiley, New York, .
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. Horáček B.M., Numerical model of an inhomogeneous human
torso. Adv. Cardiol., ;: –.
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. Introduction

The extensive theory behind the development of electrocardiographic leads has been dealt with in>Chap. . An under-
standing of some of the concepts embodied in that chapter will be helpful, though not essential, in following the material
presented in this chapter. There is no doubt that an experienced cardiologist can make an excellent interpretation of an
ECG without a full understanding of the theory of electrocardiographic lead systems, but on the other hand, such an
empirical approach to interpretation through pattern recognition could be enhanced with some understanding of lead
systems and the relationship between the various leads.

The aim of this chapter is to describe the lead systems commonly used in different areas of electrocardiography and,
wherever possible, to indicate comparisons between different types of leads. This can be of important clinical relevance.
For example, a bipolar chest lead consisting of one electrode in the V position and the other in the right infraclavicular
fossa is often used for exercise testing or ambulatory electrocardiography. However, it is quite wrong to assume that there
is a one-to-one correspondence between such a lead and the unipolar lead V. In other words, .mV of ST depression in
V does not correspond to the same amount of ST depression in the bipolar lead described. This point will be discussed
more extensively later in the chapter but has been used here as an illustration of the importance of understanding lead
systems and lead theory.

. The -Lead ECG

.. Bipolar Limb Leads

A bipolar lead measures the potential difference between two points-hence the term bipolar. The most commonly used
bipolar leads are the bipolar limb leads introduced by Einthoven []. > Figure . shows the circuitry associated with
recording these leads. It should be noted that the illustration is didactic and that modern electrocardiographs would
incorporate carefully designed electronic circuitry in order to derive these leads (see > Chap. ), but for the pur-
poses of understanding basic electrocardiography, the illustration is of importance. As explained from a more theoretical
standpoint in > Chap. , the three bipolar limb leads illustrated which are denoted I, II and III can be represented
mathematically as follows:

I = EL − ER

II = EF − ER

III = EF − EL

L R

Lead IILead I

RR

G

G
G

L

L L

F FF

Lead III

+

+ +

–
–

–

⊡ Figure .

A simplified illustration of the circuitry required to record the three standard limb leads I, II and III. Note the polarity of the

connections.
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L

F

R

IIIII

I

⊡ Figure .

The interrelationship of the standard limb leads as depicted by the Einthoven triangle in which the body is assumed to have

a triangular configuration from the point of view of its electrical characteristics.

whereEL, ER andEF denote the potential at the left and right arms and left leg, respectively. In otherwords, lead Imeasures
the potential difference between the left and right arms, and so on.

Simple combination of the above equations shows that, at any instant in the cardiac cycle, the following relation-
ship holds:

I + III = II

This is known as Einthoven’s law.
It is important to appreciate that with each of these leads is associated a certain direction corresponding to the lead

vector (see > Chap. ). > Figure . shows the directions associated with leads I, II and III based on the notion of the
thorax being a homogeneous conductor, which of course is not the case.The three directions form the Einthoven triangle.

The direction of the lead is of relevance in that, by convention, if the net movement of excitation within the heart is
similar to the lead direction, then a positive deflection will be recorded by that lead. Thus, if excitation moves from the
right towards the left, lead I would be expected to produce an upward deflection while lead III would produce a negative
deflection of lower amplitude based on the concepts illustrated in > Chap.  (> Fig. .).

It is also of relevance at this juncture to point out that although electrodes may be positioned on the body such that a
line joining them is perhaps parallel to lead I, that does not mean to say that they accurately measure the spread of exci-
tation in that direction. This anomaly arises from the inhomogeneities within the thorax. This problem was investigated
by Burger and van Milaan [] who subsequently modified the shape of the Einthoven triangle as shown in > Fig. ..
Nevertheless, the idealized shape of the Einthoven triangle as shown in > Fig. . continues to be used for teaching pur-
poses and for illustrating the approximate relationships between the directions associated with the standard limb leads I,
II and III.

... Limb Electrode Positions

Surprisingly, there is still a debate over the positioning of limb electrodes. For example, in a small study of British hospitals,
Turner [] found that % of technicians and nurses used the wrists and ankles for limb electrodes while % placed these
electrodes on the trunk. The  AHA recommendations [] stated that the arm electrodes could be on any part of the
arm below the shoulders while the left leg electrode should be below the inguinal fold anteriorly and the gluteal fold
posteriorly. The “right leg” electrode is required for technical reasons and can in fact be placed anywhere on the body.
For convenience, it is usually placed, as the name suggests, on the right leg!!

Later, in , the American College of Cardiology Task Force II which formed part of the th Bethesda Conference
on Optimal Electrocardiography recommended [] that the arm electrodes be placed on the wrists and the leg electrodes
on the ankles.
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Themost recent  recommendations for the standardization and interpretation of the ECG [] drew attention to
the  recommendations but also to the paper by Pahlm et al. [] pointing out that variation in the placement of the
arm electrodes can alter ECGmorphology and influence computer interpretations of the ECG. Kligfield and Macfarlane
showed independently [] and hence in pooled results that, paradoxically, the potential on the forearm of the left arm
was very slightly higher than on the left wrist. Historically, limb potentials were recorded at the wrists and ankles as is
evident from > Figure . while for many years, plate electrodes were attached to wrists and ankles using straps. This
author suggests that many of today’s normal limits of ECG measurements were obtained with electrodes limb electrodes
on the extremities, i.e., wrists and ankles, and that these positions should continue to be used.Certainly, in themonitoring
situation where cardiac rhythm is of concern, electrodes can be shifted to more proximal positions for convenience but
it should be appreciated that the ECG morphology will also change. Hence, if ST trending is the reason for monitoring,
it should be relative rather than absolute change versus any relevant criterion that is monitored.

.. Unipolar Limb Leads

A milestone in the development of electrocardiographic leads was the introduction in  of unipolar leads, which are
so called because they represent the potential variation at a single point. In order to derive such a lead, Wilson et al. []
introduced their “central terminal.” The circuitry associated with this terminal is shown in > Fig. . from which it can
be seen that potentials at the right and left arms and left leg are summed to form a single potential which, in practice,
is relatively constant throughout the cardiac cycle. If Ewct denotes the potential at the Wilson central terminal, then
Ewct = / (ER + EL + EF). The potential Ewct is often misnamed the “zero potential” but it should be understood that
this is incorrect. > Figure . shows how the central terminal is used in practice by being connected to one side of a
galvanometer with the other side being linked to an exploring electrode P, here shown on the chest. If the potential of the
exploring electrode is denoted by Ep, then the potential Vp measured by a unipolar lead is

Vp = Ep − Ewct= Ep − /(ER + EL + EF)
It is clear that ifEwct provides a relatively constant potential then the unipolar lead basically records the potential variation
at the exploring electrode P. The actual level of potential obtained from the central terminal becomes irrelevant since in
broad terms it will essentially influence only the baseline level of the unipolar lead. Because the baseline will be adjusted
either by the technician during recording or automatically by the currently available electronic techniques, the varying
baseline offset potential difference between the central terminal and the exploring electrode in various positions will be
unnoticed. The variation of the central terminal potential was investigated by Frank in  [].
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⊡ Figure .

The circuitry used to record a unipolar lead in which it can be seen that the potential difference between a single point on

the chest and the Wilson central terminal (WCT) is obtained. Note that the illustration is somewhat didactic in that modern

electrocardiographs would employ a different technique to achieve the same end.
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It should be noted that although a unipolar lead reflects the potential variation at a single point, it is technically a
bipolar lead as it measures a potential difference between two terminals, one of which has a relatively constant potential.

If the exploring electrode P is connected to the right arm, then a unipolar limb lead known as VR is obtained.
The equation for this lead is as follows:

VR = ER − Ewct

Similarly:

VL = EL − Ewct
VF = EF − Ewct

From the equations presented above, it follows that

VR +VL +VF = 

These unipolar limb leads are no longer used but have been replaced by the augmented unipolar limb leads
discussed below.

.. Augmented Unipolar Limb Leads

In , Goldberger [] modified theWilson central terminal in order to increase the voltages measured by the unipolar
limb leads. The circuitry for one of these leads is shown in > Fig. .. Consider the situation in the case of the unipolar
lead VR being modified with the removal of the right arm connection from the Wilson central terminal. In this case,
the new central terminal consists of the average of the potentials at the left arm and the left leg. Mathematically, if the
potential at the modified terminal is denoted EGT , then it follows that:

modified VR = ER − EGT= ER − / (EL + EF)= /ER − /(ER + EL + EF)= / {ER − / (ER + EL + EF)}= /VR

+ –
GTG

F

LR

⊡ Figure .

Circuitry used to derive the augmented unipolar limb lead aVR. GT denotes the Goldberger terminal for this particular lead.

Note that the right arm electrode, which is effectively the exploring electrode in this particular lead, is connected to the

positive terminal of the galvanometer. Again, the illustration is didactic.
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Themodified lead VR became known as an augmented lead because it increased the potential of VR by %, and hence
the lead was denoted aVR where “a” represented “augmented.” Similar considerations apply to the other augmented limb
leads denoted aVL and aVF. In summary,

aVL = EL − /(EF + ER)= /VL
aVF = EF − /(EL + ER)= /VF

From this it follows that
aVR + aVL + aVF = 

at any instant in the cardiac cycle.

.. Unipolar Chest Leads

With the use of the Wilson central terminal as shown in > Fig. ., it became possible to measure potentials at varying
points on the chest. A committee of the AmericanHeart Association [] selected six positions on the precordium in order
to standardize recordings. The positions of these electrodes, denoted V–V, are described in > Table . and are shown
in > Fig. .. V and V are at the level of the fourth intercostal space at the sternal borders, V is in the midclavicular
line one interspace lower, V is in the leftmid-axilla at the same horizontal level as V while V is intermediate to V and
V, and V is intermediate to V and V. These six unipolar chest leads are called V–V. The AHA recommendations
of  stated [] that V was to be placed at the junction of the left anterior axillary line and the level of V. The 
ACC th Bethesda Report [] gave a similar position. However, the  recommendations [] added that if the anterior
axillary line is ambiguous, then V should be placed midway between V and V.

The directions associated with these leads are shown in > Fig. .. In > Fig. .a the idealized lead directions are
shown while in> Fig. .b the theoretically derived directions associatedwith each lead based on a more realistic model
of the torso are indicated []. In each case, the vectors can be assumed to lie approximately in the transverse plane.

Some cliniciansmaywish to record leads an interspace higher or lower than those recommended.There are no specific
recommendations in terms of denoting such leads, but occasionally in the literature authors have used H to denote a lead

⊡ Table .

Lead nomenclature (after Sheffield et al. [])

Electrode Location of attachment

Right arm (R) Right wrist

Left arm (L) Left wrist

Left foot (F) Left ankle

Right foot (G) Right ankle

V Right sternal margin, fourth intercostal space

V Left sternal margin, fourth intercostal space

V Midway between V and V
V Left midclavicular line, fifth intercostal space

V Left anterior axillary line, V level

V Left midaxillary line, V and V level

V and Va Left posterior axillary line and left midscapular line, V level

Leadsa recorded on right side of thorax, such as VR Right midclavicular line, fifth intercostal space

aOptional leads
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v1 v2 v4 v6

⊡ Figure .

The six positions recommended for the exploring electrode in order to record unipolar chest leads (see> Table . for further

details). By convention, the leads and hence the positions, are denoted V–V.

⊡ Figure .

In (a), an idealized description of the directions associatedwith each of the six precordial leads (that is, the direction inwhich

the component of the resultant cardiac electrical force is measured) is shown. In (b), the lead directions of V to V as derived

from Frank’s image surface are shown. In this case, the origin of the axes represents the electrical centre of the heart with

respect to which the Wilson central terminal is displaced in electrical terms. All lead vectors are drawn from this terminal

(at the centroid of the triangle) to the points on the image surface corresponding to the positions of the electrodes on the

precordium. The loops  and  represent different levels of the surface of the thorax separated by two inches approximately

at the level of V and V, respectively. Note that leads V–V have different strengths indicated by the length of each lead

vector. (After Frank []. © Mosby, St Louis, Missouri. Reproduced with permission).
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recorded one interspace higher, e.g., VH would denote a lead recorded at the left sternal border in the third intercostal
space. Similarly, L is sometimes used to denote a lead recorded one interspace lower than that recommended.

.. Additional Chest Leads

In addition to the internationally accepted six precordial-lead positions, it is not uncommon for additional leads to be
recorded on the right side of the chest. For example, routinely in children and in adults with acute inferior myocardial
infarction, leads on the right side of the chest which reflect lead positions on the left side of the chest may be recorded.
These positions are shown schematically in>Fig. . a. For example, a lead in themidclavicular line at the fifth intercostal
space on the right side of the chest (i.e., a reflection of V) would be denoted VR.The lead intermediate between V and
VR is denotedVR. VR andVR are perhaps the twomost commonly used additional leads.However, on rare occasions
VR and VR may also be recorded.

V1

V5R V3R
V6R

a

⊡ Figure . a

Right-sided chest lead positions as used mainly in children and occasionally in the detection of right ventricular involvement

in myocardial infarction.

V5b V6 V7 V8 V9

⊡ Figure . b

Additional left sided chest leads V–V. See text for further discussion (Reproduced by kind permission of Ian Bolton, Essex

Cardiac Services, England).
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To assist in the diagnosis of acute ST elevationmyocardial infarction, additional leads are sometimes recorded on the
posterior chest. V, for example, records the potential at the left posterior axillary line [, ], V records the potential in
the left midscapular line [, ], while V records the potential at the left paravertebral border of the spine [], with all of
these electrode positions being at the level of lead V (> Fig. . b).

.. -Lead ECG Relationships

The combination of the bipolar limb leads I, II and III, the augmented unipolar limb leads aVR, aVL and aVF, and the six
unipolar precordial leads V–V is known as the -lead ECG. Almost all ECGs recorded worldwide make use of these
 leads.Additional precordial leadsmaybe recorded as described above, particularly in children, where the six precordial
leads are often selected as VR, V, V, V, V and V.

The limb leads in particular, both bipolar and unipolar, are closely related. In fact, if any two of the six limb leads are
recorded simultaneously, the other four can be derived from them. As an example, consider that leads I and II have been
recorded. Lead aVF could be calculated from them as follows:

aVF = EF − / (EL + ER)= / (EF − EL) + / (EF − ER)= /III + /II= / (II − I) + /II= II − /I
The other limb leads can be expressed in terms of leads I and II as follows:

III = II − I
aVR = −/ (I + II)
aVL = I − /II

If an alternative strategy had been adoptedwhereby leads I and aVFwere available, then it can be shown that the following
relationships hold:

II = aVF + / I
III = aVF − / I

aVR = −(/ I + / aVF)
aVL = / I − /aVF

Part of the importance in these relationships is that in computer-based electrocardiography, it is only necessary to record
or store two of the limb leads, since the remaining four can be calculated and displayed whenever desired. This has
important repercussions in terms of long-term storage on a database where a saving of % of data can be achieved by
using only the eight independent leads of the -lead ECG with the remainder being calculated whenever necessary. In
the author’s experience, this strategy sometimes creates considerable misunderstanding. The equations described above
are totally independent of body habitus. Although the Einthoven triangle is an idealized concept and the Burger triangle
represents perhaps a theoretically more exact description of the electrical equivalent of the body, the equations described
have been derived from a purely empirical standpoint and are thus independent of body size and internal structure.

The concept of a direction associated with a lead was introduced earlier and the Einthoven triangle (> Fig. .)
illustrated the directions for the bipolar limb leads.The augmented unipolar limb leads can also be incorporated into the
Einthoven triangle as shown in > Fig. .. For example, because the Goldberger terminal for aVF is half of the potential
at the right and left arms, it can be regarded as the midpoint on the line joining R and L. The direction associated with
aVF is therefore from this midpoint to F, that is, a vertical line in the triangle as shown in > Fig. ..
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⊡ Figure .

A diagram indicating the approximate directions and strengths associated with the six limb leads. Leads I, II and III have the

same strength while leads aVR, aVL and aVF have an equal but different lead strength according to the concept of the equi-

lateral Einthoven triangle; for example, the ratio of the strength of I to aVF is RL/MF. In practice, the six leads have different

lead strengths as discussed in the text.

aVR aVL

–aVR

aVF
III II

I

⊡ Figure .

The lead directions of the six limb leads presented in an alternative fashion which incorporates –aVR. This lead is sometimes

used in the alternative presentation of leads in the sequence of aVL to III in keeping with the clockwise sequence of the leads

shown in the illustration. The dotted lines represent the negatively directed axes.

Similar considerations apply to the directions associated with aVL and aVR, and these can be combined into a sin-
gle diagram showing all six lead directions (> Fig. .). Note that this diagram shows the approximate direction and
strengths associatedwith each of these leads.The concept of lead strength is discussed in >Chap. . It essentially reflects
the potential recorded by the lead when a source of unit strength is placed within the thorax and, as such, is used as a rel-
ative estimate of the lead capabilities. For example, if there is a potential source within the thorax such that VR measures
mV, then aVR would measure .mV. Theoretically, the relative strengths of aVF and lead I are given by the lengths of
the lines MF and RL as shown in > Fig. .. In practice, the actual ratio will be different in view of the shortcomings of
the equivalent (equilateral) triangle hypothesis (> Fig. .). Langner pointed out some time ago [] that if a particular
source of potential was aligned to produce a maximum potential of one unit in lead III, then the same potential source
would produce at most one half of that potential in lead I when similarly reoriented to produce a maximum. In turn, this
reflects the ratio of the lengths of the sides RL and FL of the Burger triangle (> Fig. .).

> Figure . also shows how the lead directions can be translated to another display known as the hexaxial reference
frame.This shows more clearly the relative directions of the different limb leads. It also supports the presentation of the
limb leads in a sequence aVL, I, -aVR, II, aVF, III, a practice which is universally adopted in most Scandinavian countries.
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This sequence is known as the Cabrera (panoramic) presentation [, ]. An illustration can be seen in>Fig. ..While
this is a logical sequence for displaying the leads, most cardiologists in other countries have been taught to view the leads
in the more conventional sequence I, II, III, aVR, aVL, aVF and an adjustment to the alternative form of display would
be likely to prove most difficult. Nevertheless, with the flexibility of microprocessor-based technology incorporated into
currently available electrocardiographs, such alternative displays are easily obtainable at the touch of a button.

. Other Bipolar Leads

.. Bipolar Chest Leads

Another form of lead which is rarely used nowadays is the bipolar chest lead formed by placing one electrode on one of
the limbs with the other on any of the precordial positions shown in > Fig. .. If the right arm is used, then a bipolar
chest lead derived with the other electrode in the V position would be denoted as CR. Similarly, if the limb electrode
were on the left leg and the other electrode were applied in the V position, the resulting lead would be denoted CF.

Of more interest are bipolar chest leads used for exercise testing or ambulatorymonitoring. Most commonly, the pos-
itive electrode is placed in the V position and the negative electrode is placed at a variety of sites as shown in> Fig. ..
Those commonly used include the manubrium (giving lead CM) or the right infraclavicular fossa (giving lead CS).
> Table . lists the electrode positions, with additional comments on their use in exercise testing.

Asmentioned in the introduction, there is, in the author’s opinion, considerable misunderstandingover the difference
between the unipolar lead V and a bipolar chest lead such as CM. The idea of lead strength and direction has now
been introduced, and in order to explain the difference between the leads CC, CM and V, > Fig. . depicts the
lead strength and direction associated with the corresponding lead vectors which have been derived from Frank’s image
surface [], a concept described fully in > Chap. . It can be seen in the transverse and frontal view that the leads CC

and CM both have a longer lead vector than V. Thus, the potential measured by CM will be approximately . times
that of V for the same size of electrical force parallel to these axes because the potential measured is directly proportional
to lead strength (see > Fig. .). Similarly, CC/V is approximately .. The potential measured is also proportional to
the component of the electrical force along the direction of the axes (> Fig. .) and in this respect > Fig. . shows
that vertically directed electrical forces will have virtually no effect on V and CC while they will influence CM. The
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⊡ Figure .

The various electrode positions for recording bipolar chest leads where the positive lead is in the V position and the nega-

tive lead is in one of a number of other positions shown on the diagram. The code for the electrode positions is explained

in > Table .. (After Froelicher et al. []. © American College of Chest Physicians, Park Ridge, Illinois. Reproduced with

permission).
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⊡ Table .

Some bipolar leads used in conjunction with stress testing (after Surawicz et al. [])

Positive Negative

electrode electrode

Lead location location Comments

CM
a V position Manubrium One of the most sensitive bipolar leads for detecting ST changes

CH V position Forehead favored in Sweden, especially bicycle tests

CS V position right infraclavicular fossa Detects somewhat more muscle artefact than lead CM

CC V position VR position Bears a closer resemblance to lead V than most bipolar leads

CB V position low right scapula Closely resembles lead V but has more muscle artifact than most
other bipolar leads

CR V position right arm Used in northern Europe and USSR for pre- and postexercise records,
usually with  to  chest lead positions. High muscle artifact level
during exercise

aThenumber  refers to theposition on the chest of a corresponding V lead such asV. Thus thepositive electrode could be located in anynumbered
V lead position

⊡ Figure .

The projection of the lead vectors for V, CM and CC onto (a) the frontal plane; and (b) the transverse plane. The vectors

have been derived from Frank’s image surface described in > Chap. . Note in particular how the frontal view shows quite

a divergence in the orientation of the vectors. Since V and CC are essentially at right angles to the head-to-foot axis, they

will notmeasure any component of an electrical force which is directed along such an axis. The two views summarize a three-

dimensional picture from which it can be calculated that the ratio of the lead-vector magnitudes is approximately .:  for

CM: V and .:  for CC: V. The tip of the arrow on each view represents the position of theWilson central terminal in image

space (After Frank []. © Mosby, St Louis, Missouri. Reproduced with permission).
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amplitude of CM will be further enhanced by the fact that its lead-vector direction is essentially parallel to the normal
mean QRS axis, so that the QRS component will be greater along CM than along the V lead vector. Similarly, lateral ST
abnormalities should be larger in CM than V.

From the foregoing, it follows that a criterion of, say, .mV ST depressionmay lead to a higher percentage of positive
findings in CM in any particular comparison with V and the sensitivity and specificity of the test might be completely
misinterpreted.Thus, different criteria should be applied to these different leads.

.. Nehb Leads

In a few countries in Europe (particularlyGermany) there are still some cardiologists whomake use of theNehb leads [].
Essentially, these consist of three bipolar chest leads.The three electrodes are placed on the thorax as shown in> Fig. ..
In practice, to record these leads with a single-channel electrocardiograph, the electrode connections used for recording
the standard limb leads can be utilized. With this approach, the right arm electrode is placed at the junction of the second
rib with the sternum on the right side, the left arm electrode is placed level with the scapular apex on the posterior
axillary line, while the left leg electrode is placed on the front of the chest opposite the scapular apex (in proximity to
the apex of the heart). The leads recorded are denoted O for dorsal, A for anterior and I for inferior. By using the limb-
lead connections, the leads O, A and I would be recorded with the electrocardiograph set up as for leads I, II and III,
respectively. Alternatively, the leads are sometimes prefixed with the letter N (after Nehb) giving leads NO, NA and NI.
> Figure . should not bemisconstrued as representing three electrodes at the same cross-sectional level of the thorax.
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⊡ Figure .

The Nehb-lead system comprising the dorsal lead D, the inferior lead I and the anterior lead A. Note that the three electrodes

are not placed at the same level on the thorax as suggested in (b) but are at different levels as seen in (a). ( © Siemens-Elema.

Reproduced with permission).
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With amultichannel electrocardiograph it is customary to use theV(C), V(C) andV(C) electrode connections
to record the Nehb leads. According to the scheme above, V replaces the right arm electrode, V the left arm electrode
and V the left leg electrode. For example, lead D records the potential difference between C and C (see > Fig. .).
These leads are also used in experimental work in animals as discussed in the > Chap. , > Sect. ..

. Orthogonal-Lead Systems

In earlier chapters, reference has been made to equivalent cardiac generators, and there has been reference to the equiva-
lent cardiac dipole first suggested by Einthoven []. As discussed in>Chap. , a dipole can be representedmathematically
by a vector; that is, an entity having a specific magnitude and direction. In turn, a vector requires three measurements
for its definition. In the simplest approach, three such components could be obtained by deriving the projections of the
vector onto three mutually perpendicular (orthogonal) axes. > Chap.  describes fully how given three componentsHx,
Hy, Hz in such directions conventionally denoted as X, Y and Z (> Fig. .), the resultant vector can be obtained having
a magnitudeH where

H = (Hx
 +Hy

 +Hz
)/

and a direction which can be calculated from these three components. By convention, the X component of the vector
detects the lateral forces. An electrode array measuring this component is called lead X and by convention produces a
positive deflection (similar to lead I) when current flows from right to left within the thorax. Similarly, an electrode array
detecting the inferior component is called leadY and, like aVF, by convention, has a positive deflectionwhen current flows
towards the feet. An electrode array detecting current flow in an anteroposterior direction is called lead Z. Most authors
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⊡ Figure .

The relationship between the various planes and the X, Y and Z axes. (Circ. Res ; : . © American Heart Association,

Dallas, Texas. Reproduced with permission).
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direct lead Z positively to the back, that is, it shows a pattern like an inverted V. However, this author prefers to direct
lead Z positively to the anterior in order to maintain the similarity with V and a meaningful discussion in terms of Q
waves, and so on.

.. Uncorrected Orthogonal-Lead Systems

In the s and early s, a number of investigators had the idea of designing lead systems that would measure the
three components of the cardiac dipole.These early attempts essentially produced lead systems such that lines joining the
electrode positions weremutually perpendicular (see> Fig. .). Examples are the Grishman cube [], the double cube
system of Duchosal [] and the Wilson tetrahedron system []. These systems are essentially no longer in routine use.

The cube system (> Fig. .) was a simple arrangement of electrodes such that lines joining the electrode positions
lay along the edges of a cube; that is, the three pairs of (bipolar) leads that were formed appeared geometrically orthogonal.
The cube system is not used routinely today but still features in research work such as described by Selvester et al. in
> Chap. , where VCGs derived from the cube system are illustrated.

The tetrahedron system (> Fig. .b) is easy to apply with three limb electrodes and one centrally located on the
back.The X componentwas taken as lead I while aVF provided the vertical component Y.The anteroposterior component
Z was obtained from the unipolar lead VB.This system is not used nowadays except in animal research. Examples can be
found in > Chaps.  and > .

Around –, the theory of electrocardiographic leads was much more intensively investigated as described in
> Chap. . From such research came an understanding that while electrode systems might appear to be geometri-
cally orthogonal, the equivalent lead-vector orientations were far from orthogonal. Such systems then became known
as “uncorrected” orthogonal-lead systems. What was required was a system of electrodes which, in combination, mea-
sured as accurately as possible the components of a dipole in threemutually perpendicular directions. In particular, Frank
[] introduced the concept of image space (see>Chap. ), which allowed assessmentof electrocardiographic leadswith
more precision than had previously been the case.
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⊡ Figure .

The electrode positions of (a) the Duchosal double cube system; (b) theWilson tetrahedron; and (c) the Grishman cube (After

Frank E, Circulation ; : . © American Heart Association, Dallas, Texas. Reproduced with permission).



Lead Systems  

.. Corrected Orthogonal-Lead Systems

The concept behind a corrected lead system was to produce an electrode network that resulted in lead vectors that were
of equal magnitude and were mutually perpendicular – at least according to theoretical andmodeling studies. It is shown
in > Chap.  that the potential V measured by a lead is given by the scalar product of two vectors, namely, the cardiac
vectorH and the lead vector L. Thus,

Vlead = H Llead

If L is parallel to the X axis, say, then L has components (x, ,) and so

Vx = HxLx

Thus,
Hx = Vx/Lx

Similarly,
Hy = Vy/Ly

and
Hz = Vz/Lz

The vector magnitudeH is calculated from

H = {(Vx/Lx) + (Vy/Ly) + (Vz/Lz)}/
In order to avoid distortion, it is necessary for Lx = Ly = Lz = L. Then,

H = 
L
{(Vx) + (Vy) + (Vz)}/

where L is the common lead strength. A lead system with these characteristics is called a corrected orthogonal-lead
system.

... Frank System

In , Frank [] published details of what was effectively the first truly corrected orthogonallead system. The term
“corrected” implies that the lead vectors associatedwith the systemwere indeed orthogonal and, on the basis of tank torso
model studies, accuratelymeasured components of “cardiac” electrical activity in mutually perpendicular directions. The
electrode positions and the resistor network required to derive the three leads are shown in > Fig. ..

The electrodes A, C, E, I and M should be placed at a level corresponding to the electrical center of the heart. This
point is discussed further below. A and I are positioned in the left and right midaxillary lines, respectively. E and M are
positioned on the sternum and spine, respectively. C is positioned such that an angle of ○ is produced with respect to
the center of the thorax as shown in > Fig. ..This electrode position may need some adjustment in females. Electrode
H is usually placed on the back of the neck, although its position is not particularly critical.

It is of passing interest that Frank’s electrode position nomenclature was derived very simply from the concept of
labeling points around the chest at intervals of .○. Thus, starting from A in the left mid axilla and moving anteriorly,
B is .○ from A, C is ○ from A. Progressing clockwise in this way, E is ○ from A, I is ○ from A and M is ○

from A.
It can be seen from > Fig. . that the lead vectors for leads X, Y and Z are essentially mutually perpendicular as

required. The length of each lead vector is not the same, with the Y lead vector being the smallest. Frank used shunt
resistors of . R and . R to reduce the gains of the X and Z leads respectively (see > Fig. .) so that each equaled
 units. This lead system is therefore “corrected” with respect to both the lead direction and magnitude. The latter is
important if the components of the cardiac vector are not to be distorted by an imbalance in the measurement system.
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⊡ Figure .

Electrodes and circuitry of the Frank-lead system (After Frank []. © American Heart Association, Dallas Texas. Reproduced

with permission).
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⊡ Figure .

The three lead vectors corresponding to leads X, Y and Z of the Frank system as projected onto the transverse, frontal/sagittal

and transverseplanes, respectively. It canbeseen that the leadvectorsareparallel to thedesired leaddirectionsalthoughthey

do not intersect at a single point (After Frank []. © American Heart Association, Dallas, Texas. Reproduced with permission).
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An analysis of the resistor network in > Fig. . leads to the following equations, which show the contribution of
each electrode to the potential measured in each lead:

Vx = .VA + .VC − .VI

Vy = .VF + .VM − .VH

Vz = .VA + .VM − .VI − .VE − .Vc

The Frank system has retained its original popularity wherever vectorcardiography is practised although there are very
few medical practitioners nowadays who understand the technique. The only area of controversy in its application has
surrounded the use of the fourth or the fifth intercostal space as the reference for siting the precordial electrodes. Frank
initially indicated that the electrodes should be placed at a level corresponding to the electrical center of the heart, and
described a mechanism for finding such a position []. In most early studies the fourth intercostal space was used, and
one of the most significant publications on the derivation of normal limits for the Frank XYZ leads [] arose from the
use of the system at the fourth intercostal space. Subsequently the tendency has been for the electrodes to be placed in the
fifth intercostal space []. Part of this stems from an attempt to combine recording of the -lead ECG with the Frank
leads. In this case, the C and A electrodes of the Frank system (see > Fig. .) can also be used to record V and V,
respectively. Thus, compared to recording the -lead ECG alone it is necessary to add four electrodes, namely, E, I, M
and H if this approach is adopted [].

... Axial-Lead System

In , McFee and Parungao [] introduced what they termed an axial-lead system for orthogonal-lead electrocardio-
graphy. This is illustrated in > Fig. .. The X+ electrodes in the left anterior axilla are situated approximately . cm
above and below the fifth intercostal space in adults. The X− electrode is situated in the right mid axilla at the level
of the fifth intercostal space. The Y lead is a straightforward bipolar lead recorded between the left leg and the neck.
The Z lead consists of three electrodes, arranged in the shape of a triangle, with a distance of  cm from the centroid,
situated approximately at V, to each of the apices. This measurement is reduced in children. The Z + electrode was
positioned behind the triangle on the back at a point corresponding to the centroid as shown in the illustration. In a
study of the lead vectors, Brody and Arzbaecher [] showed that the axial-lead system had the best orthogonality of
all corrected orthogonal-lead systems although the strengths of the leads were unequal. Since this is undesirable, Mac-
farlane introduced a modification [] in  which equalized the lead strengths. The correction was based on the
relative strengths of the X, Y and Z leads as published by Brody and Arzbaecher. As a result, the following equations
therefore apply:

X (modified axial) = .X (axial)
Y (modified axial) = Y (axial)
Z (modified axial) = .Z (axial)

The modified axial-lead system was used by Macfarlane in early comparative studies on -lead and -lead electrocar-
diography. These showed that there was no significant difference from the diagnostic point of view between -lead and
-lead electrocardiography []. For use with children, the system was adapted by reducing the spacing between the tri-
angle of electrodes and the pair of electrodes in the left axilla []. A set of templates was constructed for easy application
of electrodes.

... Hybrid-Lead System

Although there were many studies undertaken using orthogonal-lead electrocardiography, it was apparent by the mid-
s at least that clinicians were reluctant tomove towards -orthogonal lead systems to the exclusion of the -lead ECG.
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⊡ Figure .

TheMcFee and Parungao axial-lead system. The derivation of the leads is clear from the illustration. Note that each electrode

contributes to one lead only (After McFee and Parungao []. © Mosby, St Louis, Missouri. Reproduced with permission).

For this reason, Macfarlane designed a new lead system that was aimed at combining the -lead and the -orthogonal-
lead ECG with the minimum number of additional electrodes. The intention was to retain the advantages of the phase
relationships of the -orthogonal-lead ECG and add them to the information obtained from the -lead ECG.The system
[, ] was also designed by making use of Frank’s image space and was intended to produce XYZ leads which had
a similar orientation and lead strength to those of the modified axial-lead system previously designed by Macfarlane.
The electrode positions of this system are shown in > Fig. . where it can be seen that there are only two additional
electrodes compared to the use of the -lead system alone. These electrodes are placed in the VR position and on
the neck:

With the hybrid system, the -lead ECG is recorded in the usual fashion. Lead X of the orthogonal-lead ECG is a
bipolar lead between V and VR. Lead Y is similar to the original axial-lead system and the modified axial-lead system,
being a potential difference between the neck and the left leg. Lead Z is obtained by averaging theV, V andV potentials
and from this subtracting the potential at the neck. The relevant gains are controlled by the use of the resistors as shown
in> Fig. .. In this way, the use of a back electrode is obviated while the three potentials V −V replace the triangle of
electrodes in the axial system. > Figure . shows how the XYZ lead vectors of the hybrid system relate to those of the
original axial system. It can be seen that lead Z is displaced superiorly but still remains parallel to the desired Z direction.
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The electrode positions and resistor network of the hybrid-lead system. The -lead ECG is derived in the usual way while the

corrected orthogonal leads X, Y and Z are derived using the network shown. Note that only two additional electrodes are

required compared to the use of the -lead ECG alone.
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The lead vectors of the hybrid-lead system and the original axial-lead system as seen in (a) the transverse view; and (b) the

sagittal view. It can be seen that the hybrid leads are more corrected, i.e. parallel to the X, Y and Z axes, than are the original

axial leads. The lead vectors were obtained from analysis of Frank’s image surface. The continuous line denotes both the

hybrid and axial Y lead vector which is identical in each case.

Indeed, it is more corrected than the original axial system at least based on studies using Frank’s image space. Likewise,
lead X is also parallel to the X axis and is more corrected than the original axial lead. Since lead Y is identical in both
cases, only one lead vector can be shown.This is not parallel to the Y axis as would be desired in a perfect orthogonal-lead
system.

The hybrid system is no longer used routinely by the author but somenormal limits of orthogonal-leadmeasurements
discussed in > Chap.  are based on studies with this system.
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Optimized electrode positioning for the detection of atrial fibrillation using a vectorcardiographic lead system incorporating

the electrodes shown (After van Oosterom et al. []. © Elsevier. Reproduced with permission).

The lead strengths of the X Y Z leads derived from the hybrid system were equalized via resistors (> Fig. .)
calculated from modeling studies.The equations for deriving the orthogonal leads are as follows:

X = . (V −VR)
Y = VF −Vneck

Z = .{(V +V +V) −Vneck}
With the use of this system it is necessary to acquire only ten leads I, II, V–V, VR and Vneck fromwhich the remaining
five can be derived in order to obtain the full -lead plusX, Y andZ lead presentation.These ten leads have to be recorded
simultaneously for this purpose.

... Lead Systems for the Characterization of Atrial Fibrillation

vanOosterom and colleagues have recently published details [] of a vectorcardiographic lead systemwhich they saywas
dedicated to the analysis of atrial fibrillation. The positions of seven electrodes are shown in > Fig. .. These electrode
positionswere chosen after extensivemathematicalmodeling to find leads that best represent atrial activation.The authors
were firmly of the opinion that the best lead systemsmust include at least one electrode on the back. They also presented
a series of transformations that allow the standard -lead ECG to be derived from the vectorcardiographic leads.

. Derived -Lead ECG Systems

.. The Derived  Lead ECG

The reluctance of cardiologists to move from the use of the -lead ECG has already been mentioned. In the mid-s,
the concept of using only three leads for computer analysis of the ECG was attractive in view of the saving in time for
measurement and storage requirements. This led Dower and colleagues to introduce the derived -lead ECG []. By
making use of the image space discussed in > Chap. , they were able to produce a set of coefficients which allowed the
-lead ECG to be derived from the XYZ leads.

In mathematical terms, the concept of the derived leads is to express each of the  leads as a linear combination of
the XYZ orthogonal leads. Mathematically,

derived lead = aX + bY + cZ

where X, Y and Z represent the potentials measured by each of these leads respectively, and a, b, c represent coefficients
which are fixed from a study of Frank’s image space. The values of these coefficients for deriving each of the  leads are
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⊡ Table .

Transfer coefficients for deriving the -lead ECG from the XYZ leads, as obtained by Dower et al. []. Note that Z in this case

is directed positively towards the back. For convenience, this table is presented in a ×  format, although it is used as a × 
matrix in> Sect. .

I II III aVR aVL aVF V V V V V V

X . . −. −. . −. −. . . . . .

Y −. . . −. −. . . . . . . .

Z . −. −. . . −. −. −. −. −. −. .

shown in > Table .. These have been slightly modified compared to an earlier publication [] and appear in a  × 
format for convenience. As an example, lead I would be derived as follows:

lead I = .X − . Y + . Z

Note that this calculation has to be carried out at each sampling instant, that is, the XYZ values represent simultaneous
measurements at one particular instant from each of the XYZ leads, and normally, when using computer methods, such
measurements are made at least  times per second.Thus, the calculation would have to be repeated at this frequency.
Note also that if the input from the XYZ leads is in mV, then the resultant calculation also produces mV output values.

An alternative approach is to construct an analog equivalent of the transformation coefficients so that if the XYZ leads
are fed as input to electronic circuitry, then there will be a continuous output for each of the leads []. Uijen et al. [],
however, suggested that there was an inconsistency between the coefficients of > Table . and the published hardware
implementation [].

There can be obvious differences between the derived -lead ECGand the conventional -lead ECGalthoughDower
and colleagues undertook one study [] which claimed to show that the derived ECG (ECGD) correlated better with the
clinical findings than did the actual -lead ECG. This is equivalent to saying that in that particular study, the XYZ leads
were superior to the conventional -lead ECG. An example of the similarity and differences is shown in > Fig. ..

A report byUijen et al. [] claimed that the use of a statistically derived transfermatrix gave better agreement between
the  derived leads and actual data than did either of the Dower transfer matrices. However, the calculation was based on
an evaluation of the training set used to develop the transfer matrix and it was noted that there could be wide variations,
particularly in V and V, between derived and actual leads.The transfer matrix from this group is shown in> Table ..

The value of the derived -lead ECG is limited, whatever the method of derivation. No single transfer matrix can
be accurate for every patient, and hence the derived -lead ECG would require a complete appraisal in terms of normal
limits, and so on, before being of more obvious value. Of more interest is the inverse approach described in > Chap. ,
> Sect. ..

.. The EASI Lead System

Perhaps the most frequently used derived  lead system at present is based on the EASI lead system of Dower and
colleagues []. In this system, only four electrodes are required. These are placed at the Frank positions A, E, and I as
well as at the top of the sternum, denoted S. Rearrangement of the electrode nomenclature leads to the descriptor EASI.
> Figure . illustrates this lead system. With the use of these electrodes the three orthogonal leads were derived as
follows:

X = VA −VI

Y = VE −VS

Z = VA −VS

The  lead ECG was then derived in the usual way described above as a combination of the three “orthogonal” leads.
However, Dower did not publish explicit coefficients. Later, Feild et al. published [] various sets of coefficients derived in
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A comparison of the -lead ECG recorded in the usual fashion with the derived -lead ECG (ECGD). In this example, there

is generally good agreement in morphology but differences are apparent on closer inspection; for example, there is more

obvious ST elevation in the derived ECG than in the original while there are amplitude differences, e.g. the R wave in aVF in

the derived ECG is over % larger than in the conventional recording (Reproduced with permission of Dr G Dower).

⊡ Table .

Transfer coefficients for deriving the -lead ECG from the XYZ leads. These values were obtained by Uijen et al. []. Note that

Z is directed positively to the back

I II III aVR aVL aVF V V V V V V

X . . −. −. . −. −. −. . . . .

Y −. . . −. −. . −. −. . . . .

Z . −. −. −. . −. −. −. −. −. . .

different ways, including a statistical approach based on several thousand actual  lead ECGs compared to corresponding
 lead ECGs derived from the same individuals using the EASI lead system (> Table .).

There have been a number of studies that have looked at the accuracy of interpretation of ECGs derived from the EASI
lead system and suggested that it is perfectly adequate for several types of applications, e.g. diagnosing acute myocardial
infarction []. Our own work suggested a propensity for the system to exhibit inferior Q waves when none was present
in the true  lead ECG [].

.. Reduced Lead Sets

An alternative approach to reducing the number of electrodes required particularly for the monitoring situation is to
use a reduced number of precordial leads from which the remaining leads can be calculated. Nelwan et al. [–] have
studied this problem extensively. Essentially there are two approaches to the problem.
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The EASI lead system. The electrodes A, E, I relate to the Frank electrode positions while S denotes an electrode at the upper

end of the sternum (After Dower []. © Elsevier. Reproduced with permission).

⊡ Table .

Coefficients for deriving the standard  leads from orthogonal leads X, Y, Z obtained using the EASI lead system (Reprinted

from [] with permission)

Lead AI (X) ES (Y) AS (Z)

I . . −.
II −. −. .

III −. −. .

aVR . −. −.
aVL . . −.
aVF −. −. .

V . . −.
V . . −.
V . . −.
V . . .

V . . .

V . −. .

The first is to record a complete -lead ECG on an individual. If it is required to monitor the patient using leads V
and V for example (as well as having limb leads available), the missing leads V, V, V and V can each be derived
from the remaining leads recorded on that particular patient, namely I, II, V and V. If, for example,

V = a I + b II + c V + d V

then a, b, c, d are unique for that individual patient, and the reconstruction is said to be based on a patient specific
transformation.
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The other approach is to take a group of patients fromwhich a generalized transformation can be developed to enable
missing precordial leads to be calculated from a subset such as V and V plus limb leads as above. The approach to
deriving the coefficients a, b, c, d is based on a gathering a training population where all  leads are recorded. The
optimum values of a, b, c, d are then calculated so that, when applied to all ECGs in the set to produce reconstructed
leads, the best correlation is obtained with the original leads. The procedure is repeated for other missing leads. The
actual performance accuracy was reported in a separate test set.

Nelwan et al. [] showed that reconstruction accuracy was high using the generalized approach where the correlation
between original and reconstructed leads was approximately . whereas using a patient specific reconstruction, with up
to  precordial leads being removed, the correlation increased to .. Thus, as expected, patient specific reconstruction
was better than the use of the general transformation.

> Figure . gives an example of general and patient specific reconstruction of leads in an acute situation where
recordings have been made at baseline and  hours later.

It is clear that the patient specific reconstruction is more labor intensive and can only be used effectively in hospital
where there is time tomake an initial recording, calculate the transformation values and have appropriate equipment that
is then able to use the specific transformation for the patient being monitored. In the acute situation, such as recording
in an ambulance, the time constraints are such that it would be simpler to use a generalized transformation if a reduced
number of leads is to be used, as this is a much faster process. In any event, the full -leads must be positioned to
derive a patient specific transform so that the main benefit of reduced leads is likely to be in long term monitoring.
Nevertheless, the technique does offer an effective approach to reducing the number of leads required to give accurate
-lead reconstruction and allow ECG interpretation to be made with a high degree of accuracy.

. DerivedOrthogonal-Lead ECG

The inverse of the derived -lead ECG is the derived orthogonal-lead ECG. Another way of expressing the equation for
deriving the ECGD is as follows:

D = CL

where C is a ×  matrix of transformation coefficients (> Table .) and L is the ×  lead array (the values of XYZ at a
particular instant). Multiplication of C and L produces a  ×  array D containing the derived values of the  leads at a
particular instant. On the other hand, if it is required to derive the XYZ leads, i.e., L given a knowledge of C and D, then
the following equations describe the procedure involved [].

Let
M = CTC

and
M−M = I

where I is the identity matrix. Then

L = IL =M−ML=M−CTCL= (M−CT)D
ThematrixM−CT represents an “inverse Dower” transformation and is shown in> Table .. Note that this table shows
a  ×  matrix which was all that was published by Edenbrandt and Pahlm []. It indicates that the input D is an  × 
matrix consisting of the data from the eight independent leads V–V, I and II. In this implementation, C therefore is an
 ×  matrix where only the  independent leads of the -lead ECG are used. These authors used V–V, I and II. Thus,
from > Table .,

leadX = −.V − .V + .V + .V + .V + .V + .I − .II
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The reconstructionof precordial leadsV, V, V andV fromother leads, namely I, II, V andV. Two time instants are shown

with> .a being a baseline recording while > .bwas recorded approximately  hours later. ST elevation is apparent

in b (After Nelwan et al. []. © Elsevier. Reproduced with permission).

Note in the table that the columns represent the coefficients for V–V, I and II, respectively.
In an essentially identical manner, Uijen and colleagues [] derived an inverse matrix, but on this occasion they used

their own transfer matrix (> Table .) as input to the inverse calculation, with a resulting matrix shown in > Table ..
Note in this matrix that leads VR and VL are specified rather than I and II.

A similar approach was adopted by the group of Van Bemmel and the results were published in the th progress
report of the study sponsored by the European Community on common standards in electrocardiography (CSE) [].
> Table . gives the required transfer coefficients. It should be noted that these have been scaled to give the optimum
comparison between actual XYZ leads and derived XYZ leads which were available in the CSE study being directed by
Willems []. The scaling coefficients are also indicated in the table.
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⊡ Table .

The transfer coefficients for deriving theZYZ leads from the -leadECGaccording to Edenbrandt andPahlm []. The resulting

Z lead will be directed positively to the back

V V V V V V I II

X −. −. . . . . . −.
Y . −. −. −. . . −. .

Z −. −. −. . . . . .

⊡ Table .

The transfer coefficients for deriving the XYZ leads from the -lead ECG according to Uijen et al. []. The resulting Z lead will

be directed positively to the back

VR VL V V V V V V

X −. . −. . . . . .

Y −. −. . −. −. . −. .

Z . −. −. −. −. . −. .

⊡ Table .

The transfer coefficients for deriving the XYZ leads from the -lead ECG according to the group of Van Bemmel []a

II III V V V V V V

X . −. −. −. . . . .

Y . . −. −. . . . −.
Z −. −. −. −. −. −. . .

a Scaling: X (measured) = . × X (calculated), Y (measured) = . × Y (calculated), and Z (measured) = . × Z (calculated)

⊡ Table .

The transfer coefficients for deriving the XYZ leads from the paediatric -lead ECG where VR is used to the exclusion of V

[from ]

I II VR V V V V V

X +. −. −. −. +. +. +. +.
Y −. +. +. +. −. −. +. +.
Z −. +. −. −. −. −. −. +.

Edenbrandt and Macfarlane published a set of coefficients for deriving the X, Y and Z leads in children []. In this
age group, VR is normally used in preference to V as discussed above. Hence the transfer coefficients of > Table .
for example cannot be used. From the image surface data of Frank [], the coefficients for VR were obtained (−.,
., −.) and these replaced the V coefficients in the Dower  lead ECG derivation of > Table .. The inverse
matrix was then calculated using the method described above. The resulting coefficients are shown in > Table ..

It is unlikely that there will be more intensive investigation of this approach in view of the continued reluctance of
cardiologists to study XYZ leads or vectorcardiograms. Nonetheless, the approach is inherently attractive in that with the
recording of only the eight independent leads of the -lead ECG, it then becomes possible to produce all  leads of the
 plusXYZ leads. In other words, there is almost a % reduction in the storage space required to retain all  leads when
recorded by standard methods. Although  leads can be derived by this approach, there can, of course, be no additional
information compared to that contained in the eight independent leads I, II and V–V.

It should be realized that although from a theoretical standpoint the derived orthogonal leads should resemble the
actual XYZ leads if they were recorded, they may on occasion be markedly different on account of the use of a single
transfer matrix (set of coefficients) being used for subjects of varying build. Proponents of the technique acknowledge
this and advocate its use for various reasons. First, no extra electrodes are required to derive the additional XYZ leads.
Second, the value of such an approach is likely to lie in examining the phase relationships between the different leads as
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exemplified and studied in vectorcardiography. A simple example is shown later in > Fig. . where two pairs of leads
of similar appearance are shown. However, when these leads are plotted to form a vectorcardiographic loop, two entirely
different configurations are seen. This is due to the different timing relationships between the leads, as will be evident
from careful study of the data in the illustration.

. The Vectorcardiogram

With the availability of three simultaneously recorded corrected orthogonal leads XYZ, it becomes possible to display the
recording in different ways. Clearly, the conventional scalar presentation of the leads is a basic option. On the other hand,
the theory of the resultant cardiac vector (dipole) indicates that the magnitude and movement of the vector during the
cardiac cycle could be displayed. If it is imagined that the resultant vector increases from zero magnitude and then alters
in magnitude and direction throughout the cardiac cycle, the tip of the vector with coordinates (X,Y ,Z) (see > Chap. )
should trace out a loop in space. Conventionally, the projections of this path onto three mutually perpendicular planes
have been obtained for study as shown in > Fig. .. The projection on the frontal plane (> Fig. .) effectively repre-
sents the variation in (X,Y) values throughout the cardiac cycle. Similarly, the sagittal and transverse (horizontal) planes
represent changes in the (Z,Y) and (X, Z) coordinates, respectively. Thus, with the use of a graph plotter or equivalent
device, for example, it is a simple matter to plot the XY coordinates during the cardiac cycle and obtain the frontal plane
loop. Similar procedures can be used to obtain the sagittal and transverse loops as shown in > Fig. .. These loops
are known as the vectorcardiogram (VCG). The terminology used to describe vectorcardiographic loops is displayed in
> Fig. .. The direction of inscription of the loop can be determined in different ways. For example, if a multicolored
plotter is available, the efferent limb can be plotted in a different color compared to the afferent limb. Arrowheads can
also be used. Older methods of plotting the loops on an oscilloscope are now largely obsolete, while newer technology,
such as the laser printer, will be of increasing value.

The separation of the dots on the plotted loops is arbitrary. Nowadays, however, this may depend on the sampling
rate of the computer system used, with dots being typically at  or ms intervals. The usefulness lies not only in outlin-
ing the direction of inscription but in noting where conduction defects may occur, at which time the separation of the
dots becomes reduced. The various aspects of vectorcardiographic interpretation are discussed in the respective clinical
chapters.

As an aside, it should be noted that quite independent of any theory of vectorcardiography, it is possible to plot pairs
of leads to produce loops. Ideally, however, such leads should have directions which are well separated, otherwise the loop

transverse

sagitta
l

frontal

–Z

X

Y

⊡ Figure .

The concept of the projection of a loop in space onto three mutually perpendicular planes. For convenience, the −Z axis is

illustrated.
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⊡ Figure .

An illustrationof aVCGobtained in the conventionalmannerby inputtingpairs of leads to oppositepoints of theoscilloscope.

The dashes are separated by ms intervals and inscription is from the thin to the thick end of the dash; for example, there is

counterclockwise inscription in the transverse (T) plane (F, frontal; R, right sagittal). The corresponding scalar XYZ leads are

shown with Z directed positively to the anterior (= V).

would tend to a straight line as would be the case with plotting two essentially similar leads.Thereafter, a study of the pat-
terns produced could be undertaken on a purely empirical basis. An understanding of the concept of vectorcardiography
and the use of leads with approximately orthogonal directions is still recommended.

To see in a simple way how a vectorcardiographic loop is constructed, the reader should carefully study the example
of > Fig. .. The scalar amplitudes of one pair of leads (X, Z) are provided for a small number of instants during the
QRS complex for two different cases. For teaching purposes, lead X is identical in the two while appearances in each
lead Z are similar but bear a different timing relationship to lead X. The amplitudes of leads X and Z are indicated at
corresponding instants in time so that pairs of points (X, Z) can be plotted. In this example, Z is directed positively to
the anterior, to resemble Vl or V. In> Fig. .(a), the direction of inscription of the loop is counterclockwise, which is
normal in the transverse plane. In> Fig. .(b), the direction of inscription is clockwise, which is abnormal and would
suggest the possibility of right ventricular hypertrophy for various reasons (see >Chap. ).Thus, the vectorcardiographic
presentation is providing additional information that is not readily seen in the scalar display. The complete VCG would
be constructed using the other pairs of leads (X, Y) and (Y , Z) in a similar fashion.

. Derived Vectorcardiogram – Lead Vectorcardiography

In > Chap. , > Sect. ., the derived orthogonal-lead ECG was introduced. It follows that the derived VCG is simply
another form of displaying the derived XYZ leads. In > Fig. ., vectorcardiograms are shown which were obtained
using the hybrid-lead system and the derived XYZ leads based on two forms of inverse Dower transformation [, ].
The general similarities can be seen.
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⊡ Figure .

In (a), the terminology used to describe a vectorcardiographic loop is shown. In (b), alternative reference frames formeasure-

ment and display of VCGs are displayed. The author prefers lead Z directed positively to the anterior so that appearances

resemble V and V, as shown at the top of > Fig. .b. In addition, by choosing the right sagittal view, all reference frames

are similar. An alternative scheme, with Z directed positively to the back and with the left sagittal view being used, is shown

in the lower part of > Fig. .b. In practice, the transverse view is similar to the other scheme, but the VCG as seen in the left

sagittal view is a mirror image of that in the right sagittal view.

The availability of the derived VCG leads to the possibility of what has been termed “ lead vectorcardiography”
[]. This topic is discussed more fully in > Chap. . In short, the advantages of vectorcardiography can be utilized by
appropriate processing of the  lead ECG.While there can be no additional information, the phase relationships between
the leads can be utilized to assist with diagnosis as previously illustrated in > Fig. ..

. Interrelationship of the -Lead and XYZ Lead Electrocardiograms

In schematic form, > Fig. . shows the relationships between the various leads of the  and -orthogonal-lead ECGs.
As shown above, it is quite possible to derive mathematically one lead set from another. However, on a simpler level it is
possible to construct a vector loop manually from a knowledge of the -lead ECG and vice versa. The advantage of this
lies only in a further understanding of the underlying electrical activity. It goes without saying that estimation of the QRS
axis from the -lead ECG in the frontal plane is implicitly involved in such a procedure. Indeed,> Fig. . provides an
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The construction of the transverse plane of the vector loop given simultaneous measurements from leads X and Z. In (a), the

loop is inscribed counterclockwise; in (b), the bulk of the loop is inscribed clockwise. It should be noted that lead X is identical

in eachexamplebut that thedifferent timing relationships leads X andZ in each case lead to thedifferent loop configurations.

Lead Z is directed positively to the anterior in this example so that the rSr’pattern resembles that often found in V or V. The

value of a VCG in such a case should be understood from this example.

example of a derivation of a transverse loop given leads X and Z, although these equally well could have been called V

and V, respectively.
Suppose that leads I and aVF are recorded simultaneously and that a set of amplitudes at corresponding instants in

time are obtained as in > Fig. .a. It is then possible to construct a vector loop in the knowledge that this is only
an approximation in view of the fact that I and a VF are not electrically orthogonal and have different lead strengths.
Nevertheless, using simple graph plotting techniques, a loop can be derived as shown in > Fig. .a. The converse is
clearly true in that if the loop represented an actual frontal plane VCG, then the reverse procedure would have produced
the scalar leads which in reality would have been X and Y .
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⊡ Figure .

The three vectorcardiographic loops: (a), the VCG derived from the hybrid system; (b), the VCG on the same patient derived

from the inverse Dower technique using the coefficients described in [] (c), the VCG from the same patient using the inverse

Dower technique described in []. There are some differences in shape but the loops are substantially similar. Lead Z is

directed positively to the anterior.

The important point to note in this particular illustration is how the crossing of the different axes relates to inscription
of the VCG. In general terms, if there is clockwise inscription of the loop as in> Fig. .a, then the lead I axis is crossed
at a point when the Q wave terminates in aVF and generally prior to the peak value of the R wave in lead I. On the other
hand, in a situation where there is counterclockwise inscription (> Fig. .b), the crossing of the aVF axis corresponds
to the end of the Q wave in lead I. Warner and colleagues [] used this type of information, but from leads II and III, in
order to improve the diagnosis of inferior myocardial infarction. A point of note here is the value of using multichannel
electrocardiographs that permit I and aVF to be displayed simultaneously.
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⊡ Figure .

The interrelationship between the lead vectors of the -lead ECG and the orthogonal-lead ECG. These are shown in an

idealized form, that is, no allowance ismade for torso inhomogeneties, and so on. Lead Z is directed positively to the anterior.

. Nomenclature

There is considerable variation in the nomenclature of leads, particularly V–V. The American College of Cardiology in
its report [] on optimal electrocardiography suggested the following guidelines (> Fig. .).

I, aVL lateral leads
II, III, aVF inferior leads
V, V septal leads
V–V anteroseptal leads
V, V anterior leads
V, V anterolateral leads

In > Chap.  on myocardial infarction, Selvester et al. argue strongly for terminology based on recommendations
of a working group of which he was a member. Their recommendations (corresponding to > Fig. . which, for conve-
nience, is shown here as > Fig. .) are based on the anatomical orientation of the heart in the thorax and concern the
nomenclature of myocardial regions. However, the electrocardiographer invokes the inverse process by relating changes
in various leads to myocardial abnormalities. This being so, the following can be inferred from > Fig. .:

I, aVL, V, V posterolateral (apical) leads
II, III, a VF inferior leads
V–V anterior leads

This terminology has evolved from a consideration of coronary arterial distribution and is recommended by Selvester
et al. for use in describing myocardial infarction.

Recently, the combination of the ECG andMRI scans has led Bayes de Luna et al. [] to advocate revised terminology
for the location of amyocardial infarction involving the left ventricle. In particular, these authors suggested that the terms
“posterior” and “high lateral” should not be usedwhen describing amyocardial infarct and should be replaced by “lateral”
and “mid-anterior” respectively (see > Fig. .). It has to be noted that these authors are referring to the position of an
infarct and are not necessarily ascribing these names to electrocardiographic leads, but historically, lead descriptors and
locations of an infarct are often interchanged.

On the other hand, a writing group of the American Heart Association [] has recently declined to recommend
adoption of the proposed changes until additional data is gathered.
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Part (a): the construction of a vectorcardiographic loop from leads I and aVF. In this instance, there is clockwise inscription of

the vector loop and it canbe seen that the termination of theQwave in aVF is prior to the peak of the Rwave in lead I. Part (b):

in this example, the relationship of leads I and aVF is such that the derived vectorcardiographic loop has counterclockwise

inscription in the frontal plane and, in this case, the end of the Qwave in lead I occurs prior to the peak of the R wave in aVF.

The recent series on recommendations for interpretation of the ECG, in paper II [], lists the following descriptors
for the location of a myocardial infarction:

Anterior
Inferior
Posterior
Lateral
Anteroseptal
Extensive anterior
MI in the presence of LBBB
Right ventricular MI

The publication does not define the leads associated with each descriptor.
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Nomenclature used in the description of various leads.
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The division of the heart into various regions after Selvester et al. (> Chap. ) in which their recommendations for

terminology can be found.

. Exercise ECG Lead Systems

A variety of bipolar chest leads has been used for exercise testing in the past. In the main, these have been a reflection
on the use of single-channel equipment and the aim of simplifying the procedure as much as possible. Nowadays, with
increased availability of computer-based exercise ECG analysis methods, it is common to utilize the conventional -lead
ECG for exercise testing.
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NAME ECG PATTERN

Q in V1-V2

Q (qs or qr) in aVL
and sometimes

in I and / or V2-V3

Q in V1-V2 to V3-V6

Q in V1-V2 to V4-V6.
aVL and sometimes I

Q in II, III aVF

RS in V1-V2
and/or Q wave in leads I. aVL, V6
and/or diminished R wave in V6.

INFARCTION AREA (CMR)

SEPTAL

MID ANTERIOR

APICAL-
ANTERIOR

EXTENSIVE
ANTERIOR

LATERAL

INFERIOR

⊡ Figure .

Proposed terminology for describing the location of a myocardial infarction from the  lead ECG (After Bayes de Luna et al.

[]. © AHA. Reproduced with permission).

In , Mason and Likar published their recommendations for moving the limb electrodes used to record the
-lead ECG from the limbs to the thorax [] for exercise electrocardiography. Their repositioned electrodes are shown
in > Fig. .. They compared ECG recordings where the right and left arm electrodes were positioned in the conven-
tional areas of the arm to those obtained from gradually moving the electrodes to progressively proximal positions up
the arms and then over the upper anterior chest. Finally, it was recommended that the right arm electrode be moved
to a point in the infraclavicular fossa medial to the border of the deltoid muscle and  cm below the lower border of
the clavicle. The corresponding position was recommended for the left arm electrode as shown in > Fig. .. Further
experimentation led to a recommendation that the left leg electrode (denoted LL) be placed in the anterior axillary line
halfway between the costal margin and the iliac crest. They suggested that the location of this electrode was not critical;
that is, it could be varied by a few centimeters in any direction to avoid skin folds, and so on. Some authors simply regard
this reference point as being the left iliac crest []. Mason and Likar initially illustrated the right leg electrode as being
on the right thigh, but for convenience it is now a matter of routine to place this electrode in the region of the right iliac
fossa as recommended by the American College of Cardiology [].
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⊡ Figure .

The modified electrode positions for the limbs according to Mason and Likar []. See text for further discussion. Note that

the right leg (ground) electrode is usually nowadays positioned in the right iliac fossa (After Mason and Likar []. © Mosby,

St Louis, Missouri. Reproduced with permission).

For a number of years, many investigators used a simple combination of chest electrodes to record a bipolar chest
lead during exercise testing. Almost always, the positive electrode was placed in the V position while the negative elec-
trode was placed in a variety of positions that are illustrated in > Fig. .. If the negative electrode were placed on the
manubrium, then the lead was denoted CM. The full range of positions that have been adopted in the past for the neg-
ative electrode is shown in > Fig. . and listed in > Table .. In > Chap. , there is a discussion of the leads now
thought most suited to exercise testing, but for didactic purposes it is instructive to consider further the bipolar leads
introduced above.

The configuration of the leads recorded during exercise can vary markedly depending on the position of the negative
electrode.This can be seen clearly from scrutiny of > Fig. .. In this illustration, three bipolar leads have been recorded
simultaneously and marked differences can be seen in the ST segment. Note here that lead CL is a bipolar lead with the
positive electrode on the left leg and the negative electrode on the manubrium. Leads CC and CM, which at one stage
were commonly used, show entirely different ST changes; in the case of the former, the ST segment is upward sloping
whereas in the latter it is flat or slightly downward sloping. Chaitman and colleagues [], who obtained this illustration,
suggested thatmultiple-lead ECG recording improved the sensitivity and efficiency of maximal treadmill exercise testing.
This point is discussed further in > Chap. .

In a separate study, Froelicher et al. [] assessed CC and CM against the standard lead V. They showed that
when using visual interpretation, the same criteria could be used for CC and V but different criteria were neces-
sary for interpreting CM. > Figure . shows the different mean slopes before and after exercise in both normal and
abnormal responders. Clear differences can be seen between the three leads, with CM showing the most ST deviation.
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CC5

CM5

CL

⊡ Figure .

An example of three simultaneously recorded leads obtained during exercise. Note the different ST-T configuration in each

lead. (After Chaitman et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission).

0.2

ST1

ST1 
(mV) ST slope

 
(mV s

–1
)

S
T

 a
m

pl
itu

de
 (m

V
)

S
T

 a
m

pl
itu

de
 (m

V
)

Preexercise (      )

V5 
0.06 (± 0.04)

CC5 
0.06 (± 0.04)

CM5 
0.09 (± 0.05)

0.98 (± 0.52)
1.04 (± 0.74)
1.21 (± 0.69)

V5 
0.00 (± 0.03)

CC5 
–0.01 (± 0.03)

CM5 
–0.01 (± 0.05)

1.14 (± 0.58)
1.09 (± 0.67)
1.67 (± 0.81)

Time (s)

a b

M
M
V

V
C

C
M

CV
M

V
C

0 0.04 0.080.120.160.20

Time (s)

0 0.040.080.120.160.20

5 min postexercise (      )

ST1 
(mV) ST slope

 
(mV s

–1
)

Preexercise (      )

V5 
–0.01 (± 0.04)

CC5 
–0.02 (± 0.04)

CM5 
–0.02 (± 0.05)

0.37 (± 0.44)
0.28 (± 0.48)
0.43 (± 0.47)

V5 
–0.10 (± 0.04)

CC5 
–0.12 (± 0.04)

CM5 
–0.15 (± 0.04)

0.27 (± 0.49)
0.08 (± 0.30)
0.51 (± 0.62)

5 min postexercise (      )

60
ms

40
ms

ST1
60
ms

40
ms

0.1

0

–0.1

0.1

0

–0.1

–0.2

⊡ Figure .

The different mean ST amplitudes and slopes before and after exercise for (a), a group of  normal responders; and (b), a

separate group of  abnormal responders who had three leads simultaneously recorded. M denotes CM, C denotes CC and

VdenotesV. (Froelicher et al. []. ©AmericanCollegeof Chest Physicians,Mark Ridge, Illinois. Reproducedwithpermission).

On the other hand,CM showed the greatest upward slope of the ST segment.These findings reflect the different strengths
and orientations of the lead vectors as discussed in>Sect. . and indicate that different criteriamust be usedwhen inter-
preting different leads. This becomes more feasible in the era of computer averaging of exercise ECG leads where more
accurate measurement of ST T changes is now possible.

From > Fig. . it can be seen that the lead strength of CM is greater than V and some additional ST -segment
depression would be expected in this lead as confirmed by the data of Froelicher []. The lead direction for CM, as
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also would be expected, is quite different to that of CC and V, and hence a different ST depression and slope would be
expected compared to the other leads which have relatively similar lead-vector directions.

Nowadays,most exercise electrocardiography is  lead basedwith automated analysis of the waveforms. Users should
be aware that the averaging techniques used in exercise ECG are of necessity different from those used in a  s recording
of a resting ECG with some hysteresis involved. Noise can have an effect on the averaging process and scrutiny of the
actual recording is recommended in addition to review of the averaged cycles. Furthermore, use of the Mason Likar
positions for  lead exercise (or resting) electrocardiography results in significant differences in the ECG compared to
the standard lead positions and this must always be remembered [, ].

. ECGMonitoring in Hospital

It goes without saying that the ECG is used universally for patient monitoring in hospitals. A recent guideline paper set
out best practices for hospital monitoring as well as indications for ischemia andQTmonitoring among other things [].
Of relevance to this chapter are the comments on choice of leads for patient monitoring.

The first point to make is that the practice standards acknowledge that for patient monitoring, wrist and ankle elec-
trodes are placed on the torso essentially in the Mason Likar positions [] described above in .. With  electrodes in
these positions, a modified version of the six frontal plane leads could be recorded. However, for monitoring purposes, a
unipolar chest lead is usually required to assist with rhythm analysis. In this case, conventional circuitry as discussed in
.. can be used with one to six chest electrodes as desired.

A very simple -electrode bipolar systemwas also included in the hospital monitoring standards []. Essentially this
used the MCL lead with the third electrode employed as a ground as illustrated in > Fig. .. Many other lead systems
that can be used in the monitoring situation such as reduced leads, orthogonal leads and derived  leads, have all been
discussed at an earlier point in this chapter.

⊡ Figure .

A basic  electrode bipolar lead system for recording lead CL i.e. positive electrode placed in V and the negative electrode

in the left infraclavicular fossa. The reference electrode, here shown in the V position, could be located anywhere. LA = left
arm, RA = right arm, RL = right leg. (Reproduced from Circulation ; : , with permission.)
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. Body-SurfaceMapping Lead Systems

Body-surface mapping was introduced for two reasons. The first reason was to permit a study of the spread of exci-
tation over the thorax. This allowed the normal patterns to be studied and inferences drawn on the time of epicardial
“breakthrough” of activation at the right and left ventricles. In addition, empirical study of abnormal patterns together
with clinical correlation allowed methods for interpretation of maps to be developed, as discussed in > Chap. . Some
investigators use between  and  electrodes to map the thorax using computer techniques for plotting.

The second reason for mapping is to assess in a mathematical way the total electrical information available, and
perhaps relate this via an inverse model to epicardial excitation, etc. (see > Chap. ). Barr suggested [] that  sur-
face leads would allow the thorax to be mapped so that with the use of a transformation, the ECG data at other points
could be estimated. The aim behind this particular study was to derive information on the equivalent cardiac genera-
tor and so attack the inverse problem (see > Chap. ). Kornreich used a -lead system to map the body surface and
from this concluded that nine independent leads would be adequate to retrieve all of the clinically useful information
on the body surface [, ]. His array used  columns of electrodes with  on the anterior chest and  electrodes on
the back (> Fig. .). The group of Taccardi used a  irregularly spaced electrode array. Lux et al. [], as described
in > Chap. , also utilized complex mathematical techniques to reduce the number of electrodes required for map-
ping to a more limited number on which they were able to calculate normal ranges and assess the results of exercise
testing.

Mapping systems used for clinical purposes, such as outlining areas of ST elevation following acutemyocardial infarc-
tion, generally consist of a small array of unipolar chest leads.The differences between the systems essentially relate only
to the number of electrodes and hence to their relative spacing on the chest. Maroko et al. in  [] suggested the use
of a  ×  electrode array for ST mapping following myocardial infarction. In , Fox et al. [] utilized a  ×  array
of electrodes for mapping infarcts and also for exercise testing. It was subsequently suggested that this be reduced to a
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The  electrodes used by Kornreich for mapping. The nine independent leads, which were claimed to contain all of the

information for clinical use on the body surface, are also indicated by circles and rectangles.
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⊡ Figure .

In (a), the  lead mapping system used by Maroko et al. is shown. (After Maroko et al. []. © American College of Cardi-

ology, New York. Reproduced with permission). In (b), the -lead array of electrodes used by Fox et al., who subsequently

recommended that the rightmost columnof electrodes be removed to leave a -lead array, is shown. (Fox et al., []. © British

Medical Association, London. Reproduced with permission).

 ×  array []. An illustration of these lead systems is shown in > Fig. .. Monro et al. [] utilized a -electrode
array that explored both the anterior and posterior chestwalls, but in addition, with the use of sophisticatedmathematical
interpolation techniques, the potentials at any other point on the thorax could be calculated [, ]. More recently, the
group of Adgey have used  anterior (including limb) and  posterior electrodes in their work on acute myocardial
infarction [].

The topic of body-surface mapping is under active study in a number of centers. Color displays are now used to
present maps (see > Chap. ) while commercial mapping systems are becoming increasingly available. Further discus-
sion on mapping can be found in >Chaps.  and> , while some early work is summarised in conference proceedings
[, ].

. Epicardial and Intracardiac Mapping

Cardiac mapping is a term used to describe the recording and display of multiple potentials recorded from the
endocardium, the epicardium or transmural sites.

.. Transmural and Epicardial Mapping

Either for basic research or for clinical purposes, mapping of the spread of cardiac excitation is of value (see > Chaps. 
and > ). Taccardi and colleagues recently described [] an elegant system for intramural mapping of the dog heart. A
form of multi-electrode needle is used with  electrodes spaced at .mm. Up to  such needle electrodes together with
a sock electrode carrying  epicardial electrodes were used. The system allowed recording from up to , electrodes
simultaneously at a sampling rate of  KHz. Data were acquired in digital form and processed to produce color coded
three dimensional activation maps. An automated system for transmural cardiac mapping has also been described by
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Witkowski and Corr []. For human cardiac mapping, each needle has eight electrodes from which four bipolar signals
are recorded. Data are converted into digital form at , samples s− and stored on a computer for further processing,
e.g., the construction of isochrones of activation or epicardial isopotential maps.

.. Endocardial Mapping

Another technique for the study of arrhythmias is endocardial mapping. In this case, different intracardiac catheters,
e.g., bipolar, quadrupolar or hexapolar, record ventricular electrograms from which relative timings can be obtained. In
a ventricular tachycardia (VT), the earliest electrogram is regarded as the site of origin. Bipolar or unipolar electrograms
can be recorded in the usual way (see > Chap. ). This area has seen an explosion of interest in recent years in relation
to the treatment of cardiac arrhythmias. It is discussed fully in > Chap. .

.. Pace Mapping

Pace mapping has been used to determine the site of origin of a VT []. In this case, the tachycardia is maintained by
pacing from a particular site. The  lead surface ECG recorded during the pacing can be compared with that recorded
during spontaneous VT. By changing the site of pacing, the paced ECGwhichmost closely resembles that during sponta-
neous VT indicates the most likely source of the tachycardia, i.e., the point on the endocardium at which pacing is being
undertaken. Epicardial versus endocardial pace mapping has recently been investigated [] in localizing the site of a VT
arising in the right ventricle.

.. Intracoronary ECG

Although not strictly mapping, a method for recording the intracoronary ECG has recently been described [, ]. In
practice, the technique can be used to monitor myocardial ischemia during percutaneous transluminal coronary angio-
plasty. The intracoronary ECG can be obtained by connecting the proximal end of the catheter guidewire as it exits from
the balloon catheter to a precordial lead of a surface ECG cable. TheWilson central terminal is used as a reference in the
usual way. Friedman et al. [] filtered the ECG from . to  or Hz, as appropriate.They obtained best results when
a short segment of the guidewire protruded beyond the distal lumen of the balloon catheter. DeMarchi et al. [] recently
used the technique in a study which showed that, in patients with chronic stable angina pectoris, after all known deter-
minants of infarct size were taken into account, susceptibility to ischemia is greater in the left than in the right coronary
artery region.

. Ambulatory Monitoring Leads

Ambulatory monitoring may be carried out for different purposes, and to a certain extent, the leads selected may reflect
the purpose of the test. Perhaps the most common requirement for undertaking ambulatory recording is to investigate
cardiac rhythm. Formany years, single channel recordings weremade on account of cost and availability of equipment. In
such cases, a bipolar lead such as CS was, and still is, often employed. More recently, multichannel recording equipment
has now become readily available, as have replay facilities that display the recorded leads simultaneously. The use of this
approach assists in discriminating artifact from genuine ectopic beats and pauses. The recording of multiple leads also
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provides an additional safety factor in the event of malfunction of one channel or perhaps detachment of one electrode,
which is a common occurrence.

The American Heart Association (AHA) established a task force of the Committee on Electrocardiography to report
on the practice of ambulatory electrocardiography. The recommendations [] included suggestions for electrode place-
ment for two-channel recording. It is clear that the subcommittee did not wish to be dogmatic about recommended
positions since they acknowledged that different positions would be required based on the varying need for undertaking
a -hour recording. The recommendation for two-channel recording was based on a five-electrode system, one of which
is a ground electrode with the other two pairs each forming a bipolar lead. The recommended electrode positions are as
follows.

(a) V type lead. The positive electrode should be in the fourth right intercostal space, mm from the sternal margin
while the negative electrode should be in the lateral third of the left infraclavicular fossa.

(b) V type lead. The positive electrode should be in the fifth left intercostal space at the anterior axillary line and the
negative electrode should be mm below the inferior angle of the right scapula on the posterior torso. The fifth
electrode, the ground. electrode, should be placed in the lateral third of the right infraclavicular fossa.

The subcommittee pointed out that the use of individual negative or reference electrodes contributes to the redundancy
of the two-lead recording system in that if a common reference electrode were to fail, both channels would be of no use.
The electrode positions are illustrated in > Fig. .. With the appropriate circuitry, unipolar precordial leads and limb
leads could be recorded using the Mason-Likar electrode positions (> Fig. .). Indeed, there are now commercially
available ambulatory monitors that record a full  lead ECG in digital form for  hours.

A second reason for undertaking ambulatory electrocardiography may be to evaluate symptoms that are possibly
related to myocardial ischemia. In this case, assuming that equipment with the appropriate characteristics is available
(see> Chaps.  and > ) the recording is aimed at assessing ST-segment changes.The AHA committee noted previous
suggestions that a pair of leads approximating V and aVF may detect more ST-segment shifts in patients with unsta-
ble angina []. In another study [], Quyyumi et al. utilized two bipolar leads to assess ST changes in patients with
varying severity of coronary artery disease. In this case a CM lead and an inferior lead said to resemble aVF were used.

B–

B+

A–

A+

⊡ Figure .

The recommended electrode positions for two-channel ambulatory ECG recording according to the subcommittee of the

American Heart Association [], A+ and A− are the positive and negative electrodes for the V type lead (not the same as V)

and B+ and B− are the electrodes for the V type lead)not the same as V). The open circle denotes an electrode on the back.

See text for a full description of electrode positions.
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The latter was obtained with one electrode positioned at the xiphisternum and the other at the left sternoclavicular joint.
Further discussion on ambulatory monitoring can be found in > Chap. .

A more recent set of ACC/AHA guidelines [] on ambulatory electrocardiography concentrated more on the
indications for ambulatory ECG than the technique itself.

. Esophageal Leads

The use of an esophageal lead, for detection of atrial electrical activity in particular, is well established, having been
introduced in the s []. A more recent development in this area has been the availability of a pill electrode designed
by Arzbaecher [].This device resembles an ordinary pharmaceutical capsule and is connected to a thin wire claimed to
be “threadlike.” The pill is swallowed by the patient with water and is allowed to descend into the esophagus. If sufficient
length of the wire is used by the technician undertaking the procedure, the electrode will be positioned below the level
of the atrium.The other end of the electrode is connected to a small amplifier unit which in turn is linked to lead I cables
of an ordinary electrocardiograph.

The technician can then monitor the signal recorded by the pill electrode and withdraw the electrode gradually, i.e.,
raise the level of the electrode until it is behind the atria.This is recognized by the high-amplitude atrial signal which can
be seen in the lead I position of the electrocardiograph. With the use of a multichannel machine, it is possible to record
another lead simultaneously for timing purposes even though this additional leadmay not be a perfect derivation in view
of the fact that the left and right arm connections are linked to the pill electrode. It should be noted that the capsule
containing the electrode actually dissolves so that the electrode is then exposed for the ECG recording. > Figure .
shows an esophageal ECG recording together with one other lead (lead II).

One report [] suggested that the esophageal ECGmaybe diagnostic in % of cases where the surface ECG is incon-
clusive for rhythm determination. Furthermore, the esophageal ECG was used during -hour ambulatory monitoring
and proved valuable in % of patients.

Although the esophageal ECG is normally used for clarification of arrhythmias, it has been used for ischemia detec-
tion. Machler et al. [] in their study concluded that the clinical relevance of the esophageal ECG is that it provides a
convenient technique with high sensitivity, for monitoring intraoperative myocardial ischemia and detecting atrial activ-
ity during cardioplegia. The technique is not commonly used nowadays though research reports occasionally appear, e.g.,
for diagnosing paroxysmal supraventricular tachycardia [].

Esophageal lead

Lead II

⊡ Figure .

A two-channel recording showing an esophageal lead and lead II. In these simultaneously recorded leads, the atrial activation

can be seen clearly (the large deflection) in the esophageal lead, where atrial bigeminy can be detected. In lead II, i.e., the

surface ECG, the second P wave is essentially hidden in the T wave. (Reproduced with permission of Dr. Arzbaecher).



  Lead Systems

. Fetal ECG Lead Systems

Fetal ECG recording has been practised for many years to assess the status of the unborn child, principally by heart-
rate analysis during labor. In earlier times, it was also used to assess whether the fetus was still alive and occasionally
to confirm the presence of twins. The advent of noninvasive ultrasound Doppler telemetry has perhaps diminished
the usefulness of the fetal ECG (FECG), but on account of reservations over the safety of ultrasound in fetal monitor-
ing, and in view of the possibility of analyzing the morphology of the FECG, there has been continued interest in fetal
electrocardiography.

There are two approaches to recording the fetal ECG.The first is to utilize surface electrodes placed on the abdomenof
themother.Most commonly, a bipolar lead in a vertical direction is used, with the electrodes being placed near the umbili-
cus and above the mons pubis. Electrodes can be connected to lead I of an ordinary electrocardiograph with the other
limb electrodes also being connected to the mother. With a high gain setting, it is normally possible to record the fetal
ECG together with the maternal ECG signal. However, the amplitude of the FECG is relatively small compared to the
maternal ECG and may on occasion be difficult to separate from background noise. Signal-processing techniques are
required, as discussed in > Chap. .

The second approach to FECG recording during labor is to attach an electrode directly to the fetal scalp. Another
electrode, forming the second part of the bipolar lead, can be clipped to the perineum or placed in cervical/vaginal
secretions. An indifferent electrode can be attached to a maternal limb. A higher quality FECG signal is obtained with
this technique, but computer-based signal processing techniques are still required to facilitate analysis [].

A different type of abdominal-lead system has also been described by Oostendorp et al. []. The  electrodes
are arranged on the maternal abdomen and back in order to display, after appropriate signal processing, the potential
distribution generated by the fetal heart; that is, a “fetal body-surface map” can be produced.

The European Community supported research into this topic, some aspects of which were presented in a series of
articles []. A much more recent Cochrane review [] noted that hypoxaemia during labor can alter the morphology
of the fetal ECG, notably the relation of the PR to RR intervals, and elevation or depression of the ST segment. Tech-
niques have therefore been developed to monitor the fetal ECG during labor as an adjunct to continuous electronic fetal
heart rate monitoring with the aim of improving fetal outcome and minimizing unnecessary obstetric interference. The
review concluded that there was some justification for the use of fetal ST analysis when a decision has been made to
undertake continuous electronic fetal heart rate monitoring during labor. However, the advantages need to be considered
along with the disadvantages of needing to use an internal scalp electrode, after membrane rupture, for ECG waveform
recordings.

. Comparative Electrocardiography

Because the ECG is of interest in many investigations assessing the efficacy of new therapeutic agents, the use of lead
systems in various animals is introduced. First of all, the reader is referred to > Chap.  where the dog ECG is discussed
extensively. For this reason, no further reference to ECG lead systems in dogs is given here. > Chap.  also discusses
the ECG lead systems in mammals, but it is worth considering the ECG in rats in this chapter in view of the use of the
rat as an experimental model. The Nehb leads have been introduced above in > Sect. . and for rats and guinea pigs a
modification introduced by Sporri [] is commonly used. In this case the electrode placements are as follows:
(a) on the right scapula,
(b) over the apex of the heart, and
(c) over the lumbar vertebra
Using a conventional electrocardiograph, these leads would be connected, respectively, to the right arm, left leg and the
left arm electrodes.This would allow leads D, A and I (alternatively called J) to be recorded.Thismodification of the Nehb
leads is now referred to as the Nehb-Sporri lead system.

It is also possible to record a form of VCG in the rat using an uncorrected lead system. In this case, the X component
would be measured by lead I with the positive electrode being on the left foreleg and the negative electrode on the right
foreleg, the Y component would be recorded using aVF, i.e., the left and right leg electrodes would be used as with the
-lead ECG, while the Z component would be obtained using a bipolar lead with electrodes placed on the sternum and
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The modified form of the Nelson-lead system used by Schwartze and Thoss [] for recording the VCG in rats. A total of 

electrodes is used, fromwhich the three vector components can be derived.

the thoracic vertebrae.This system is uncorrected in that the lead strengths would be unequal and therefore considerable
distortion of the VCG would ensue.

Yamori et al. [] have utilized the Takayasu-lead system in order to record the ECG from rats.TheX lead is a straight-
forward bipolar lead with large electrodes on each side of the thorax, the Y lead is a bipolar lead between the base of the
tail and the bridge of the nose, and the Z lead is also a bipolar lead with a large electrode on the sternum and another over
the thoracic vertebrae.

The Frank system [] has been used in rats by Schwartze andThoss []. These authors also make use of a modified
form of the Nelson-lead system []. This is illustrated in > Fig. .. The theory is based on earlier work of Gabor and
Nelson [], which theorized that the components of the resultant cardiac dipole M could be determined as follows:

Mx = σ∬ V dy dz

My = σ ∬ V dx dz

Mz = σ∬ V dx dy

where σ is the electrical conductivity of the body and the integrations are over the body surface. Since surface integration
is not feasible, discrete approximations are required. Eifrig et al. [] used three planes with six surface electrodes on each
(> Fig. .) together with a foot and neck electrode.Then,

Mx = σHP
 ∑

α=A,B,C
(Vα

 − Vα
 + (Vα

 + Vα
 − Vα

 − Vα
 ) cos θ)

My = σD(Vf −Vn)
Mz = σHP

 ∑
α=A,B,C

(Vα
 + Vα

 − Vα
 − Vα

 ) sin θ

where Vi
α is the potential at point i on plane α, Vf and Vn are the foot and neck potentials and H, P and D are the

body length, circumference and cross-sectional area, respectively; θ is the angle between the X axis and the normal to the
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boundary (> Fig. .). Angle θ depends on b/a, the semimajor and minor axes of the thorax cross section, assumed
to be elliptical. In practice, the summations are achieved by the resistor network shown in > Fig. ., where adjustable
potentiometers allow the index b/a to be incorporated. The net effect is that Vx , Yy and Vz are recorded via the resistor
network to give

Mx = σKxVx , Kx = HP
 ( +  cos θ)

My = σKyVy , Ky = D(Vy = Vf − Vn)
Mz = σKzVz , Kz = HP

 sin θ

The use of such a technique allowed Eifrig et al. [] to study the relationship between the development of body weight
and the dipole moment.

Driscoll [] reviewed the normal rat ECG and pointed out that the appearances of the rat ECG among other things
depended on the form of restraint being used to position the rat during recording. Some authors record the ECG with
the rat lying on its back normally under anesthesia; alternatively, others restrain the rat perhaps in a cylindrical device.
The important point to realize is the difference in ECG appearances depending on the approach adopted.

Electrocardiograms can be recorded from baboons using the conventional -lead or -orthogonal-lead ECG. Her-
mann and Herrmann [] utilized the -lead ECG in their studies. Ruttkay-Nedecky and Cherkovich [] used the
axial-lead system described in > Sect. ... in their studies of baboons.
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ECG Instrumentation: Application and Design  

. Introduction

This chapter addresses the theory and practice of ECG recording and processing. The current state of the art and latest
technical developments in the field of electrocardiography are discussed with respect to:

. Formation and characterization of ECG signals
. Biopotential ECG sensors
. ECG signal recording
. ECG recording standards
. Patient safety standards
. ECG signal processing

The emphasis lies on the treatment of biopotential sensors (electrodes) and in particular on recent developments in this
domain. Other topics like instrumentation and signal processing are treated at an introductory level, mainly defining
concepts and terminology, with numerous references to the available high quality textbooks and publications in the lit-
erature. The brief section on the formation and characterization of basic ECG features includes ample references to the
other chapters in this Volume, which describe this topic in greater detail (> Chaps. –). In Appendix Section entitled
“Basic Digital ECG Signal Processing” some signal processing methods are described by A. van Oosterom, restricted to
topics that are highly specific to the ECG.

For additional reading on the material discussed, the reader is referred to the related chapter by the late Christoph
Zywietz in the first edition of this book [], as well as to an overview by E. McAdams in the Encyclopedia of Medical
Devices and Instrumentation [].

. Formation and Characterization of the ECG Signal

The electrical activity of the heart generates an electrical potential field on the body surface. Given the anatomy of the
heart and the chest, the potentials at locations on the body surface represent composite electrical activity from the entire
heart. A body surface electrocardiogram (ECG) is the manifestation of this electrical activity. It provides a measure of
the potential difference between two points on the body surface as a continuous function of time, or between the two
terminal points of a network sensing the potential field (> Chaps.  and > ). The ECG is routinely measured using
standard ECG electrodes. Commonly, ten such electrodes are used, four of which are placed on or near the limbs and six
of which span the chest, primarily on the left side. As discussed in > Chaps.  and > , only nine of these electrodes
are involved in documenting the potential field generated by the heart, the tenth electrode (usually attached to the right
leg) serving as a means for reducing the interference from external electric fields. From the nine electrodes, at most eight
independent signals can be extracted. Hence, those forming the standard set of  ECG leads contain some redundancy.

.. Formation of the ECG

A brief summary of the sequence of events involved in electrical activation of the atria and the ventricles that give rise to
the ECG is presented below. A more complete handling of this topic, with increased detail, is given in > Chaps. –.

As the heart undergoes depolarization and repolarization, electrical currents spread throughout the body that acts
as an electric volume conductor (> Chap. ). If a piece of living myocardium is placed in a bath containing a saline
solution, which conducts electric currents, and if the terminals of a voltmeter are placed in the bath on either side of the
muscle segment, no potential difference is observed between the sensors when the muscle is in its polarized, resting state
(> Fig. .a).The reason for this is discussed in> Sect. ... If the left side of the muscle is stimulated electrically a self-
propagating transmembrane potential gradient is produced. A wave of depolarization will sweep through the tissue from
left to right (>Fig. .b).Midway through this depolarization process, cells on the left part of the tissue (depolarized cells)
are negative on the outside relative to their inside, whereas the cells ahead of the front, the right, are still polarized (positive
on the outside), thus creating a potential difference between the two terminals of the voltmeter. Through the labeling of
these two terminals by the signs as shown, the recorded voltage is, by convention, assigned a positive value (upward
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(a) (b)

⊡ Figure .

Schematic diagram of an elliptically shaped section of myocardial tissue placed inside a saline-filled container. The signs

drawn inside the ellipses indicate the potential difference on the outside of the surface bounding the tissue with reference

to the intracellular potential. (a) Equilibrium of the potential; all myocytes in their fully polarized state: potential difference

observed in the external medium is zero. (b) Situation during a propagated activation. The potential in the external medium

is positive ahead of the wave front with respect to that behind it. The small circles denote the two electrodes mentioned in

the text. The one carrying the “+” label may be interpreted as the sensing electrode, the other one as the reference electrode

(see> Chap. ). Voltage differences between these electrodes result in an upward deflection if the polarity of the difference

is concomitant with the signs labeling the electrodes.

deflection in the recording). After the wave of depolarization has swept across the entire muscle mass, the outsides of all
cells are negative with respect to their interior, and once again, no potential difference exists between the two sensors.
This formulation ignores the field produced by currents originating from the repolarization processes that have already
started in the part of the tissue that depolarized first.

.. Formation of ECGWave Forms

The entire process of depolarization and repolarization of the myocardium is illustrated in the > Fig. ., which is a
crude representation of the electrical events that occur in the atria. A more comprehensive treatment of the subject is
given in > Chap. .

During the resting, polarized state, no potential difference is measured between the sensing electrode (labeled as
positive) and the reference electrode (labeled as negative). When the sino-atrial node fires, a wave of depolarization
spreads out over the atria. During this period, some of the muscle mass overlaying the polarized myocytes temporarily
remain positive on the outside, while the part overlaying the depolarized myocytes is negative. This potential gradient
in the external medium is sensed as a potential difference between the two electrodes. Once the entire myocardium is
depolarized completely, there is once again no potential difference, and the voltage difference sensed by the electrodes is
zero just as it was in the polarized state. During repolarization, again starting in the SA-nodal region and then moving
across the atria, there will be a potential gradient, but this time the polarity is reversed, causing a downward deflection.
Finally, when all of the cells are repolarized, the measured voltage difference will once again be zero until a subsequent
activation is initiated.

The cardiac activation creates an electric potential field throughout the body as well as on its surface (> Fig. .).
The human body may be considered as a resistive, piecewise homogeneous and linear volume conductor (> Chap. ).
The electric potential differences measured between specific points on the outer surface of the volume conductor, i.e., on
the body surface, are referred to as electrocardiograms, or “the” ECG.

The entire electric activity of the heart may be represented by equivalent electric current generators. Several models
of such generators have been formulated, each differing in their complexity and their direct link with the underlying
electrophysiology.
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The entire process of depolarization and repolarization that is representative of the electrical events that occur in the atria.

The ± signs drawn inside the ellipses denote the polarity of the voltage just outside the myocardium with respect to the
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Transverse cross section of the thorax showing regions having different electric conductivity (bone, lung, muscle) (from

R. Hinz []). Isopotential lines illustrate the type of potential field generated by a single dipole.

A classic example of this is the single current dipole, generally placed at the center of gravity of ventricular mass
(> Fig. .). Other major source descriptions are discussed in > Chaps.  and > –.

Several basic rules emerge from the modeling of potential fields for interpreting observed potential differences in
terms of the sources of cardiac electric activity:

. A wave of depolarization traveling toward the sensing electrode results in a positive deflection in the ECG trace.
. A wave of repolarization traveling away from the sensing electrode results in a positive deflection.
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⊡ Table .

Sources of electric signals observable on the body surface []

Source Signal amplitude range Signal frequency range (Hz)

Heart, electrocardiogram, ECG .–mV .–

Brain, electroencephalogram, EEG –, μV –

Gastrointestinal tract, Electrogastrogram, EGG –, μV –

Nerve potentials, electroneurogram, ENG .–mV –,

Skeletal muscles, electromyogram, EMG .–mV –,

. A wave of depolarization or repolarization traveling perpendicular to the axis of an electrode pair results in a biphasic
deflection of equal positive or negative voltages at each electrode, and, hence, no deflection.

. The instantaneous amplitude of themeasured potentials depends upon the orientation of the lead relative to themean
electric vector.

. The voltage amplitude is directly related to the mass of tissue undergoing depolarization or repolarization.

Rules – are derived from the volume conductormodel described above. Rule  takes into consideration that, at any given
point in time during depolarization in the atria or ventricles, there can bemany separate waves of depolarization traveling
in different directions relative to the electrode locations. The ECG reflects the time course of the average, instantaneous
direction and magnitude (i.e., a mean electrical vector) of all depolarization waves present. Rule  simply states that the
amplitude of the wave recorded by the ECG is directly related to the mass of the muscle undergoing depolarization or
repolarization. For example, when the mass of the left ventricle is increased by hypertrophy, the amplitude of the QRS
complex is increased in certain leads, provided that the local source strength (impressed current per unit volume of tissue)
remains the same (> Chap. ). Note however, that such simple rules apply strictly only if the observation point is located
close to the source of the electric activity.

.. Other Sources of Electric Signals Inside the Body

In addition to the heart, there are other sources of electric activity present inside the body. The major ones are included
in > Table .. These generators produce electric signals at various locations within the volume conductor that add to
the electrocardiogram. It is important to note that the EEG, EGG and EMG signal amplitudes and the range of their
frequency spectra overlap with that of the ECG signal [].

.. Characteristics of Composite ECG Signals

The amplitudes of the ECG signal components as measured on the body surface vary with time and range from . to
mV. Significant components in their frequency spectra lie in the range between . and Hz. The ECG waveforms
generally exhibit small but distinct beat to beat variations. In patients with implanted pacemakers, narrow voltage pulses
appear superimposed on the ECG signal.These must be identified to differentiate them from the ECG signals in order to
prevent an incorrect heart rate evaluation.

The bandwidth of the ECG is defined as the frequency range between low and high frequency cutoffs (− dB) of
the magnitudes of their Fourier amplitude spectrum []. For accurate recording of ECGs, the dynamic input range and
the bandwidth of the recording system are of major importance and should at least extend to the highest peak-to-peak
amplitude and the highest frequency component in the ECG signal, respectively.
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. Biopotential Sensors

A biopotential sensor is a device that responds to the presence of electric charges in living tissues by producing an analog
electrical input signal to the instrumentation amplifier. Biopotential sensors carry out a complex transducer function, in
which the charge of the ions carrying the current inside the body is transferred to that of the electrons constituting the
sensor output current. A common, time-sanctioned practice is to refer to all biopotential sensors as “electrodes.”

Theword “electrode”was coined byMichael Faraday in  froma combination of theGreekwords elektron (meaning
amber, and fromwhich the word electricity is similarly derived) and hodos, a way []. It signifies a conductor used tomake
contact with a non-metallic part of a circuit such as an electrolyte. As an example, we consider a “wet” biopotential sensor,
commonly referred to as a “disposable ECG electrode,” shown in > Fig. .. It comprises an electrochemically active gel
in contact with the skin, an electrode connecting clip that is coated with a layer of Ag/AgCl on the inside, mounting
flexible foam pad with adhesive and many other electro-mechanical parts not directly involved in conversion of a flux
of ions into an electric current carried by electrons. Together, the layer of the gel and the metal electrode perform the
transducer function. Since electrochemical sensors also utilize metallic electrodes, we shall use the terms biopotential
sensors and electrodes interchangeably where appropriate.

Modern biopotential sensors include electrochemical, capacitive, optical and impedance transducers capable of
sensing changes in the immediate electric field caused by the electrical activity of the heart.

There are many types of biopotential sensors in use today that are used for recording electrocardiograms. Those dis-
cussed in this chapter are used in clinical and research based electrocardiology. Special devices, such as needle electrodes
and microelectrodes used for measurement of intracellular and extracellular electrical activity, are not treated here.

Electrochemical biopotential sensors share two major components:

. an electrochemical electrode, which may be metallic, carbon, composite electro-conductive film, etc.
. the electrolyte, which may be an electrolytic medium or gel such as is used with surface electrodes, or it may be the

body fluids that come into contact with an electrode such as the perspiration that accumulates under a dry electrode
applied to skin containing sweat glands.
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The original patent drawing (Sato, US Patent ,,) of a disposable ECG electrode (Biopotential Sensor).
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The biopotential sensors that require a direct contact with the skin are referred to as Galvanic Sensors, i.e., they are
involved in an electrochemical reaction with electrolytes inside the body. In order to achieve a better understanding of the
working principles of galvanic biopotential sensors, some details about the electrode–electrolyte interface are discussed
first. This is followed by a discussion of the sensor–skin interface.

.. The Sensor–Electrolyte Interface

... Electrochemical Reactions

The electrodes used in biopotential sensors comprise metallic atomsM.They are in contact with an electrolyte, a solution
comprising cations of the electrode metal M+ and anions A−. When an electrode comes into contact with an electrolyte,
an electrochemical reaction is initiated; it can be described as:

M↔Mn+ + ne− (.)

Am− ↔ A +me− (.)

where n is the valence ofM andm is the valence of A. Equation (.) tells us that themetal in the electrode at the interface
oxidizes to form a cation and one ormore free electrons.The cation is then discharged into the electrolyte and the electron
remains as a charge carrier in the electrode. Equation (.) describes the anion reaction. The anion in contact with the
electrode–electrolyte interface can be oxidized to a neutral atom, giving off one ormore free electrons to the electrode.The
reactions described by (.) and (.) are reversible. Since the electrolyte contains cations discharged from the electrode,
the charge distribution is not neutral.The potential set up by the electrolyte in a direct contact with the electrode is known
as the half-cell potential (> Fig. .).

When two aqueous ionic solutions of a different concentration are separated by an ion-selective semi-permeable
membrane, an electric potential exists across the membrane. Its value follows from the Nernst equation as

Ecell = E
cell − RT

nF
lnQ

R – gas constant
T – temperature in Kelvin
Q – thermodynamic reaction quotient
F – Faraday’s constant
n – number of electrons transferred
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⊡ Figure .

Charges at a metal–electrolyte interface.
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A double layer potential at the electrode surface for a metal with a positive half-cell potential. Courtesy of Prof. R. Hinz [].

The quantity Q, the thermodynamic reaction constant, is like a dynamic version of the equilibrium constant in which
the concentrations and gas pressures are the instantaneous values in the reaction mixture [].

For the general oxidation–reduction reaction we have

αA + βB ↔ γD + ne− (.)

Each ion has an equilibrium potential associatedwith it whereby the diffusive forces and the electrical forces balance.The
Nernst equation for the so-called half-cell potential set up at the interface is

E = E + RT
nF

In
⎡⎢⎢⎢⎢⎣
aγ
Ca

δ
D

aα
Aa

β
B

⎤⎥⎥⎥⎥⎦ (.)

E – Standard half-cell potential
E – Half-cell potential
a – Ionic activity (generally same as concentration)
n – Number of valence electrons involved

When a pair of the biopotential sensors is connected to the instrumentation amplifier, a small current may flow
through the sensor–electrolyte interface. Any such net transient current crossing the interface interferes with the static
equilibrium of the half-cell potential. If the current flow is from electrode to electrolyte, the oxidation reactions dominate,
whereas if it is in the opposite direction, the reduction reactions dominate (> Fig. .).

Different metals exhibit different half-cell potentials when in contact with an electrolyte, as illustrated in > Fig. ..

... Impedance of the Interface

The electrode–electrolyte interface is highly complex and non-linear in nature and strongly depends on the electrode
metal, its contact area, the makeup of an electrolyte, surrounding temperature, and the density and the frequency of the
current passing through the interface.
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Half-cell potentials of various metals in contact with the electrolyte.
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Experimentally determined magnitude of the electrode–electrolyte interface impedance as a function of frequency

(from []).

Electrode impedances can be difficult tomeasure with high accuracy on living subjects.The term electrode impedance
really refers to the impedance at each electrode interface and does not include the impedance of the biological material
between the electrodes. Frequently, however, the term is used to describe the total impedance of the circuit between the
electrode terminals. An example of the frequency dependency of an experimentally observed electrode impedance is
shown in > Fig. ..

A simple, linearized equivalent circuit of the interface, including a voltage source in series with an impedance of the
interface, is depicted in > Fig. ..

Capacitance

The presence of a charge distribution at an electrode–electrolyte interface produces not only an electrode potential but
also a capacitance. Conceptually, two layers of charge of opposite sign as shown in > Fig. ., separated by a distance,
form a capacitance. The distance between the layers of charge is molecular in dimension; therefore the capacitance per
unit area is quite large []. In combination withRd the capacitanceCd shown in> Fig. . is usually taken to approximate
the experimentally observed frequency dependency of the interface. In fact this dependency is slightly more complex [].
The resistance Rd in the series-equivalent circuit models the ability of an electrode–electrolyte interface to conduct direct
current (DC).
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A linearized equivalent circuit of the electrode–electrolyte interface. Ehc is the half-cell potential, Rd and Cd make up the

impedance associated with the electrode–electrolyte interface, and Rs is the series resistance associated with the resistivity

of the electrolyte (from []).
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⊡ Figure .

Sources of the overpotential in electrochemical electrodes.

Series Resistance

The series resistance Rs shown in > Fig. . is associated with the resistivity of the electrolyte. Its magnitude is (approx-
imately) inversely proportional to the square root of the surface area of the electrode, and also inversely proportional to
the conductivity of the electrolyte (or body tissues in the application to the ECG).

... Electrode Polarization

As discussed above, when two biopotential sensors placed in direct contact with the tissue are connected to the instru-
mentation amplifier, a very small current will flow through both electrodes and the input impedance of the amplifier. Any
current flowing between a pair of biopotential sensorswill alter the half-cell potential, effecting the polarization of the elec-
trodes.The difference between the half-cell potential in the presence of current passing the interface and the equilibrium
zero-current potential is known as the overpotential []. The contributing terms, as identified in > Fig. ., are

VP = VR + VC + VA (.)

.. Polarizable and Non-polarizable Biopotential Sensors

Wedistinguish between two types of electrochemical sensors: polarizable and non-polarizable.This classification is based
on what happens to a sensor electrode when a current passes it into the electrolyte.The theoretical polarizable electrodes
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are those in which no actual charge crosses the electrode–electrolyte interface when a current is applied. In reality, due
to the capacitance present at the interface, the displacement current will be present at the interface. The theoretical non-
polarizable electrodes are those in which current passes freely across the interface, requiring no energy to make the
transition. The overpotentials are not present on non-polarizable electrodes. In practice neither truly non-polarizable
nor polarizable sensors can be produced, and hence most practical biopotential sensors may only approximate either of
the two types.

... Polarizable Electrodes

Electrodesmade of inertmetals such as platinumor stainless steel have difficulty in oxidizing and dissolving.Their charac-
teristics therefore closely approximate those of theoretically polarizable electrodes but only within an electrode potential
range called the “double-layer range.” In these electrodes, the current passing between the electrode and the electrolyte
primarily changes the concentration of ions at the interface, so the major part of the overpotential observed in this type
of electrode is the result of the concentration type of overpotential (> Fig. .). > Figure . shows a stainless steel
electrode (Fe) in contact with an electrolyte. The electrochemical reaction at the electrode–electrolyte interface is
described as:

Fe↔ Fe+ + e− (.)

We note that there is no charge crossing the stainless steel–electrode interface. Stainless steel is subject only to the displace-
ment current, and therefore the electrode behaves like a capacitor. The behavior of polarized electrodes can be modeled
by an RC network, also shown in > Fig. ..
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A polarizable, metal electrode such as made of stainless steel or iridium in contact with electrolyte. A metal electrode is sub-

ject to the displacement current only and therefore the electrode behaves like a capacitor (the very high resistance of Rd
effectively blocks ion exchange between the electrode and the electrolyte). Vh is the half-cell potential, Cd is themake up the

impedance associated with the electrode–electrolyte interface, and Rel is the resistance associated with the resistivity of the

electrolyte.
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Ag/AgCl electrodes submerged in an electrolyte. A current I flows through the electrolyte containing ions of Cl− and K+. The

electrons fromelectrode (a) flow to the electrode (b), the electrode (a) discharges a silver cation into the electrolyte (oxidation

reaction) and the electrode (b) absorbs the silver cation from the electrolyte (reduction reaction).

... Non-Polarizable Electrodes

Perfectly non-polarizable electrodes allow a free passage of current across the electrode–electrolyte interface, and hence
exhibit no accumulation of overpotential. The examples of electrodes closely approximating the characteristics of a the-
oretically non-polarizable electrode include Ag/AgCl and mercury/mercurous chloride (Hg/HgCl). These electrodes
comprise the metal surface coated by a slightly soluble metal chloride layer. The behavior of Ag/AgCl is governed by
two chemical reactions, described by (.) and (.) and illustrated in > Fig. .. The first involves the oxidation of
silver atoms on the electrode surface to silver ions in the electrolyte solution at the interface. The second reaction occurs
immediately after the formation of silver ions. These ions combine with chloride cations already in the solution and form
the ionic compound – silver chloride []. Since silver chloride is only slightly soluble in water, most of it precipitates from
the solution on to the silver electrode, where it forms a silver chloride deposit [].

Ag ↔ Ag+ + e− (oxidation) (.)

Ag+ + Cl− ↔ AgCl (reduction) (.)

In summary, both the polarizable and non-polarizable electrodes are non-linear, exhibit a reactive behavior, alter the
half-cell potential, cause resistive loss and are frequency dependent. A single sensor electrode–electrolyte interface can
be modeled by a half-cell potential in series with a resistor–capacitor network; the magnitudes of both depend on the
type of metal, its surface area, surface condition, any electric current density passing through the electrode and the type
of electrolyte involved as well as its concentration.

.. The Sensor–Skin Interface

The ECG can be regarded as the potential difference between a pair of biopotential sensors placed on the surface of the
body. Therefore the current flowing between two biopotential sensors applied to the skin must also pass the layers of the
skin and the underlying tissues.The sensor–skin interface is critical for the sensing of biopotentials, since the electrically
charged ions from the body volume conductor must pass through the skin to the body surface to engage in oxidation and
reduction reactions at the electrode interface. In this sectionwe shall discuss skin anatomy and its electrical properties [].
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... Anatomical Details of the Skin

> Figure . shows the main features of the skin. The most superficial layer is called the epidermis and consists of the
stratum corneum (SC), the stratum lucidum (seen only on “frictional surfaces”), the granular layer, the prickle cell layer,
and the basal or germinating layer. The surface of the corneum (i.e., surface of the skin) is composed of dead cells, while
at its base, healthy living cells are to be found. Between these two sites there are transitional cells. This layer is also called
the horny layer. Blood vessels are present in the dermis whereas eccrine sweat gland secretory cells are located at the
boundary between the dermis and the panniculus adiposus, also referred to as the hypodermis and the superficial fascia.
The excretory duct of the eccrine sweat glands consists of a simple tube made up of a single or double layer of epithelial
cells; this ascends to and opens out on to the surface of the skin. It is undulating in the dermis but then follows a spiral and
inverted conical path through the epidermis to terminate in a pore on the skin’s surface. Cholinergic stimulation via fibers
from the sympathetic nervous system constitutes the major influence on the production of sweat by these eccrine glands.

From an examination of >Fig. ., it can be appreciated that the epidermis ordinarily has a high electrical resistance
due to the thick layer of dead cells with thickened keratin membranes. This aspect is not surprising, since the function
of the skin is to provide a barrier and protection against abrasion, mechanical assaults, and so on. The entire epidermis
(with the exception of the desquamating cells) constitutes the barrier layer, a permeability barrier to flow. Experiments
show its behavior to be that of a passive membrane.

The corneum is penetrated by the aforementioned sweat ducts from underlying cells. As these ducts fill, a relatively
good conductor (sweat can be considered the equivalent of a .% NaCl salt solution and, hence, a weak electrolyte)
emerges, and many low-resistance parallel pathways result. A further increase in conductance results from the hydration
of the corneum due to the flow of sweat across the duct walls, a process that is facilitated by the corkscrew duct pathway
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Main features of the skin. Section of smooth skin taken from the sole of the foot. Blood vessels have been injected (redrawn

from []).
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Skin layers involved in the passage of the ions.

and the extremely hydrophilic nature of the corneum. As a consequence the effective skin conductance can vary greatly,
depending on present and past eccrine activity. It should be noted that the loading of ducts with sweat can already be
taking place before any (observable) release of sweat from the skin’s surface and/or noticeable diffusion into the corneum.
The exertion of sweatmodifies the electric properties of the skin.These changes produce transient and non-linear changes
in the skin impedance.

Just like the electrode interface, the electric properties of the skin can be modeled by equivalent capacitor and resistor
networks. Their properties are based on measurements of the electric current flowing across the skin resulting from a
rectangular voltage pulse applied between two electrodes on either side of the skin. It is believed that there are two parallel
current pathways, one crossing the lipid-corneocytematrix (m) of the SC, and the other going through the appendages (a).
An equivalent electrical model of this system is shown in > Fig. .. The elements in the model are as follows.

Lipid-Corneocyte Matrix Pathway

From an electrostatic point of view, the m-subsystem of the SC can be considered as a dielectric with a resistance (Rm)
of  Ωcm and a capacitance (Cm) of . μF/cm [, ].

The Corneocytes

The corneocytes (> Fig. .) contain water and small ions resulting in an equipotential domain within these com-
partments. Thus, the potential drop across the SC occurs predominantly across the lipid domains between the
corneocytes []. Such lipid domains can be described by parallel resistors and capacitors placed in a series, passing
through the SC. There are on average – corneocyte layers in the SC, each separated by lipid domains of .mm
thickness [, ].

The effective thickness of this non-conducting layer is mm, yielding an effective dielectric constant of –. This
value is intermediate between that for lipids (–) and water () and is reasonable for hydrated lipid bilayers. This esti-
mate suggests that the voltage drop is concentrated across lipid bilayers that are oriented “normal” to the electric field.
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The equivalent electrical circuit of an outermost layer of skin. (a) An integral model where Rb, Rs, and Rc are the resistances

of bulk solution, skin, and measuring resistor, correspondingly; Cs is skin capacitance. (b) A more detailed version, including

two parallel pathways. Rm and Cm refer to the lipid-corneocyte matrix, and Ra and Ca refer to the appendages.

The SC matrix resistance (Rm) and capacitance (Cm) introduced in this way are frequency independent. If the time
constant (τm = RmCm) of the network is small compared with that of the fluctuations of the processes involved, the
equivalent scheme of the SC can be reduced to a simple voltage divider that includes four resistors in sequence, the bulk(Rb), epidermal (Re), measuring (Rc), and matrix (Rm) resistances (> Fig. .b).

... Equivalent Circuits for the Interface

It is possible to create dedicated versions for polarizing andnon-polarizing sensor–skin interfaces, similar to the simplified
equivalent circuits for an electrode–electrolyte interface shown in > Fig. .. The version shown in > Fig. . repre-
sents an example of the polarizing interface (steel-skin), and> Fig. . that of a non-polarizing interface (Ag/AgCl). An
inspection of > Figs. . and> . reveals that in addition to the resistive and capacitive components, and previously
discussed half-cell potential Ehc, there are two other sources of potentials present in the model: one at the electrolyte
gel/electrolyte–skin interface Ese and the other at the gel/electrolyte–sweat duct/follicle channels’ interface Ep.

... Practical Considerations

The physical size of the components and the properties of the electrolyte will govern their impedances; for this reason it
is difficult to specify the magnitudes of the electromotive forces, reactances, and resistances. Nonetheless, a few general
statements can bemade regarding the characteristics of impedance–frequencymeasured between the electrode terminals.
In the previous discussion, it was shown that the impedance of an electrode–electrolyte interface decreaseswith increasing
frequency (> Figs. . and > .). Similarly, the capacitive nature of the electrical model for living tissue also indicates
that its impedance decreases with increasing frequency. Therefore the impedance measured between the terminals of a
pair of sensors applied to living tissue is high in the lower frequency region, decreases with increasing frequency, and
approaches a relatively constant value when the reactances in the circuit become small with respect to their associated
resistances. In general, with electrodes having a small surface area, the zero-frequency (i.e., direct current: DC) impedance
is largely dependent on the electrode area.
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The electrical model of a polarizing sensor in contact with the surface of the skin.
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The electrical model of a non-polarizing sensor in contact with the surface of the skin.
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As mentioned previously, there may be a DC potential appearing across the electrode terminals in the absence of
a bioelectric event. For example, if the two half-cell potentials of the electrodes are unequal, a constant potential will
be present whose magnitude and polarity depend on the relative magnitudes of the two half-cell potentials. This offset
potential is of considerable importance when direct-coupled recording techniques are employed.

... Measurement Artifacts at the Galvanic Sensor–Skin Interface

As discussed in> Sect. .., when a polarizing electrode is in contact with an electrolyte, a double layer of charge forms
at the interface [, ]. If the electrode is moved with respect to the electrolyte, this mechanically disturbs the distribution
of the charge at the interface and results in a momentary change of the half-cell potentials until equilibrium can be re-
established. If a pair of electrodes is placed in an electrolyte and one of these is shifted while the other remains stationary,
a potential difference appears between the terminals of the two electrode cables. This potential is known as a motion
artifact and can be a serious cause of interference in the measurement of biopotentials. The major components of this
noise lie in the lower frequency range.

The electrode–electrolyte interface is not the only source of motion artifacts. The equivalent electric models in
> Figs. . and > . show that Ehc, Ese and Ep can also cause motion artifacts due to movement of the sensor
electrode.

The sensor itself is also a source of measurement noise, which depends on the electrode material (thermal noise),
electrode impedance, electrode area, electrolytic gel, the patient, and the placement site. In the frequency band from .
to Hz, root-mean-square electrode noise is usually less than  μV for sensors placed face-to-face and ranges from  to
 μV for sensors on the body surface.The spectral density of the noise is highest at low frequencies and it is always higher
than the thermal noise from the real part of the electrode impedance.There is a high correlation between electrode offset
voltage and electrode noise [].

.. Survey of Biopotential ECG Sensors

The need for handy, easy-to-apply sensors with low offset voltage and low impedance, low artifact pickup, high stability
of electrical properties and minimal skin irritation has resulted in the design of a number of different electrode types
with varying modes of operation. Some typical examples and their advantages and disadvantages are as follows. A more
comprehensive description of the theory and design of biopotential sensors can be found in [, ].

Most widely used present day ECG sensors utilize the electrolytic gel as a layer between the metallic electrode and the
skin. These are commonly referred to as “wet-gel electrodes.” Some variations of these sensors for applications in CCU
monitoring are made of carbon, to render them X-ray transparent.

Due to the low cost of disposable wet-gel ECG sensors, reusable metal electrodes are less frequently used.
In specific applications dry ECG sensors with built-in amplifiers have been integrated into the sensor housings. Such

sensors are referred to as “active electrodes.”
Of late, major progress has been made in the development of newmaterials such as hydrogels, conductive polymers,

spike electrodes, capacitive electric field pickups, impedance and optical probes for use in biopotential sensor design.
Offset voltage, low noise, low impedance, short-term stability (during the measurement) and sensor longevity on the

body surface remain the design goals. Other important design parameters include considerations of possible biotoxicity
of the sensor materials in direct contact with the body, skin irritation and shelf life.

... Metal Electrodes

Metal electrodes are traditionally made of German silver (a nickel-silver alloy) or stainless steel []. Before being attached
to the body, their surface is covered with an electrolytic paste or gel. These electrodes are of the “wet” type. They involve
the use of an electrolytic paste or gel forming a conductive medium between the skin and the electrode.
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⊡ Figure .

(a) Metal-plate electrode used for application to limbs. (b) Metal-disk electrode applied with surgical tape. (c) Disposable

foam-pad electrodes, often used with electrocardiograph monitoring apparatus (from []).

A typical stainless steel ECG electrode is made of stainless steel grade  or . Low half-cell potentials can be
achieved in stainless steel electrodes if potassium citrate EDTA or sodium sulfate is used in the liquid gel. The electro-
chemical reactions that govern the operation of a stainless steel electrode include O reduction and H production at the
cathode, coupled with O production and formation of metal oxides at the anode, which cause much larger polarization
effects than in the Ag/AgCl electrodes. Typical parameters: offset (mV) = –, impedance –, Ω and polarization
–,mV [].

The large plate electrodes (– cm), which were introduced in  [], are made of stainless steel, German silver (an
alloy of nickel, copper and zinc), nickel or nickel-plated steel. To obtain a stable offset voltage and allow electrode-skin
impedance, the metal electrode should be separated from the skin by a film of electrolyte paste.

Metal electrodes of the type shown in> Fig. .(a) are usually fixed by rubber straps.These electrodes are well suited
for the limb leads, but not for the pre-cordial leads. For the latter, the accuracy of localization is poor and the unstable
skin–electrode interface produces motion artifacts in the ECG signal.

The smaller metal disk electrodes of the type shown in > Fig. .(b) are made of nickel, a silver alloy some-
times coated with silver chloride or sintered material containing Ag/AgCl. In ECG recording these electrodes
have diameters of – cm. A self-adhesive variation of the metal electrode for monitoring applications is shown in
> Fig. .(c).

Metal electrodes are rarely used in clinical applications today due to their poor noise immunity and high cost, and
due to concerns of cross-infection. The use of electrode paste or gel in routine clinical electrocardiography is a cum-
bersome procedure. Skin preparation of, and gel application to, each patient for each electrode is time consuming, and
the multiple-use electrodes need to be cleaned regularly to maintain low noise and low electrode skin impedance. In
long-term applications, gel or paste tends to dry out or may irritate the skin (> Table .).

... Pre-Gelled Galvanic Electrochemical ECG Sensors

A serious source of motion artifacts in solid metal reusable electrodes is caused by variations in a double layer of charge
at the electrode–electrolyte interface. To minimize the measurement artifacts common in metallic electrodes, Ag/AgCl
electrodes have been developed. Furthermore, in an effort to stabilize the skin–electrode interface, floating ECG sensors
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⊡ Table .

Summary of the metal electrodes properties

Advantages Disadvantages

Reusable Poor noise immunity

Infinite shelf life Not suitable for long-term applications

Require liquid gel

Possibility of cross infection

Require sterilization

Require cleaning

Variable electrode–skin contact area

Leaking gel causing excessive baseline drift

High cost

a
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ring  

Insulating
package 

Electrolyte gel 
in recessb

Snap coated with Ag/AgCl External snap

Plastic cup

Tack

Plastic disk
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Dead cellular material

Germinating layer

Gel-coated sponge

c

⊡ Figure .

Pre-gelledECGsensorassembly. The sensor comprises ametal snapcoatedwithAg/AgCl,which isembedded in anelectrolytic

gel filled cavity (from []).

have been devised.Their advantage is high artifact immunity, due to the absence of a direct contact of the sensor metallic
electrode with the skin. The single use foam-pad floating sensors are routinely used in rest, stress and monitoring ECG
applications. There are many designs of floating sensors, which include metal electrodes and carbon electrodes with
Ag/AgCl coated surfaces.

Another type of a pre-gelled ECG sensor comprises of a mesh woven from fine silver-coated wire, with a flexible lead
wire attached (> Fig. .) []. Adhesive electrolytic gel is applied to the mesh. Other models employ a carbon-filled
silicone-rubber compound in the form of a thin film strip or disk, which is used as the contact element of the sensor.The
leadwire is attached to the surface of the film strip. Such sensors are particularly suitable for themonitoring of newly born
infants since the flexible sensors adapt very well to the curvature of a small chest.The thin silver film is X-ray translucent,
so that these electrodes do not need to be removed for radiography.

A number of ultra flexible electrodes that use silver-coated nylon gauze and elastomeric materials, such as carbon-
filled rubber and vinyls, silver-filled silicone rubber and silver-plated particle-filled elastomers have also been described
in [].
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⊡ Table .

Summary of the pre-gelled ECG sensor properties

Advantages Disadvantages

Reasonable noise immunity Limited shelf life

Single use application Poor longevity on the body surface

Commonly available frommultiple sources Require skin preparation

Low cost Not suitable for long-term applications

Prone to motion artifacts

Skin irritation

Poor skin adhesion, especially in hair and sweat

A flexible electrode system where conductive elastomers were used as the electrode element was described in [].
The electrodes were developed for arrhythmia monitoring of high-risk patients in a field study involving telephone
transmission of the ECG [].

Patten [] and Roman [] described “spray-on” electrodes, which were applied directly to the skin. First, the elec-
trode gel was rubbed into the skin with a toothbrush and the skin was then wiped dry with gauze. Subsequently, a film
of conductive adhesive was painted or sprayed on the skin, forming a conducting spot of about mm in diameter. A
silver-plated copper wire was attached to the skin by conductive adhesive glue. After drying, a coat of insulating cement
was applied, to cover the electrode. ECGs from spray-on sensors have been recorded successfully during  h in flight
and on the ground for air force personnel, indicating that a sufficiently long-term stability of the skin–electrode contact
can be obtained (> Table .) [].

... ECG Sensors for Long-TermMonitoring and Stress Testing

Hospital applications require around the clock ECG monitoring patients during a typical -day hospital stay in post
acute myocardial infarction (AMI) and coronary artery bypass grafting (CABG). A complete set of -lead ECG sig-
nals is required for an accurate assessment of acute and old coronary events. An onset of an acute myocardial ischemia
usually manifests itself by the development of ST-segment and T-wave changes. ST-segment depression measured by an
electrode overlying the injured area is believed to indicate subendocardial involvement, with less extensive myocardial
injury. ST-segment elevation reflects transmural involvement, with greater extent of myocardial injury. Clinical decisions
concerning treatment are based on ST-segment shifts in the body surface electrocardiogram. It is therefore very impor-
tant to provide high fidelity ECG signals, since the detection of ST elevation myocardial infarction (STEMI) affects the
choice of drug therapy and any accompanying procedures such as percutaneous coronary intervention [].

Ambulatory applications are predominantly  h ECG Holter recordings, interpreted by computer-aided interpreta-
tion systems and read over by physicians. There is a growing need for longer term monitoring. Recently, Hindricks et al.
[] have demonstrated that  day Holter monitoring of patients after ablation for AF showed intermittent recurrence
of AF not detectable by a -h procedure. In all ECG applications, signal morphology and rhythm analysis reveal the
presence of acute and chronic heart disease.

... Challenges Encountered in the Current Practice of ECGMonitoring

The traditional electrochemical ECG sensors described above suffer from the potential disadvantages inherent in wet
systems, such as skin irritation, loss of electrical contact due to the drying of the paste or lead wires falling off, poor shelf
life, etc. Success and failure of these gel- or paste-based electrodes is largely dependent on the hydration level of the skin.
Long-termmonitoring requires that the sensors and patient cables stay on the body surface for prolonged periods of time.
The electrode-wire management imposes a significant burden on patients and caregivers.
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⊡ Figure .

(a) Loss of contact area and increase of contact impedance due to hair. (b) Loss of contact and increase of artifacts due to

charging effects caused by motion of electrode relative to skin (adopted from Anna Karilainen, Stefan Hansen, and Jörg

Müller, Dry and capacitive electrodes for long-term ECG-monitoring. th Annual Workshop on Semiconductor Advances for
Future Electronics and Sensors, ).

Such wires need to be temporarily detached and then reattached each time a patient is bathed, leaves the bed, or is
transported to another department, because current wired ECGmonitoring requires a patient to be attached to amonitor
by wires. Electrodes are frequently disposed of with each detachment, and new electrodes are applied with the reattach-
ment. In addition to the demand on staff time and materials costs associated with these attachments and detachments,
the current wired ECG systems also frequently generate false alarms due to movement of the lead wires and to artifacts
due to inconsistent placement of the electrodes.These false alarms require a nurse to attend to the patient, and frequently
involve detachment and reattachment of wires. Owing to significant difficulties in obtaining clean signals from wired
ECGs in ICE/CCU and ambulatory (Holter) settings, at the present time -lead ECG monitoring is rarely used [].

There is an increasing need for more reliable ECGmonitoring technology and newmethodology for long-term ECG
monitoring.

In ambulatory monitoring, the shaving of a patient before application of the electrodes is often necessary. In long-
term monitoring applications, even shaving does not produce stable results because of hair re-growth within a few days.
A slightly invasive mechanical abrasion of the skin routinely performed in ambulatory care does not solve the problem
because skin regenerates within about  h. A shift of the rigid electrodes relative to the skin caused by unavoidable
movement of the patient (> Fig. .) during long-term monitoring results in random variations of electrode contact
area, which may cause severe motion artifacts.

A recent study suggests that reusable ECG electrodes may provide a reservoir for multidrug-resistant bacteria [].
The author studied  selected ECG electrodes that had been reprocessed and were ready for use in new patients. He
found one or more antibiotic-resistant pathogens on % of the electrodes. In a different study, in the burns ICU at a
university medical center, contaminated ECG electrodes were found to have renewed vancomycin-resistant enterococcal
(VRE) infections. It was found that in % of the cases studied, the ECG electrode cultures tested positive for VRE. In one
case, rekindled VRE infection due to electrodes contaminated by a former burns patient were tracked. The present day
standards of the Joint Commission on Accreditation of Healthcare Organizations (JCAHO) call for at least one activity
in the infection control process to be aimed at preventing the transmission of infections.

.. Biopotential Fiber Sensors

A newly-developed biopotential fiber sensor (BFS) technology [] aims at significantly reducing the size of the ECG
sensors, eliminates the pastes and gels by the introduction of new sensor materials and does away with patient cables.
A typical BFS sensor assembly combines the functions of the sensor itself, a lead wire and a patient cable.

... Principle of Operation

An equivalent circuit of a galvanic biosensor, shown in > Fig. ., suggests that in order to minimize the impedance
of the skin–sensor interface, the resistive contributions from electrolyte/gel and the skin itself must be minimized. A key
issue in sensor design is the identification of transport pathways that allow body electrolyte molecules to pass through the
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⊡ Figure .

(a) Schematic drawing illustrating the fiber tip positioned directly above the opening of a hair follicle. (b) Voltammetric

responseof a  μm-radiusfiber tippositioneddirectly aboveahair follicle opening inhairlessmouse skin (curve ) and  μm
away from the opening (curve ) (from []).

skin. This can be accomplished by increasing the permeability of the skin and reduction of the gel/electrolyte resistance.
Recent studies of the dependence of skin permeability on the contact area show that an array of smaller reservoirs is more
effective in increasing transdermal electrolyte transport than a large single reservoir of the same total area. Karande []
showed thatMannitol transport per unit area into and across the skin increased with a decrease in the area in contact with
the skin. Mannitol permeability increased approximately sixfold with a decrease in the reservoir size from  to mm in
the presence of .% SLS in PBS (phosphate buffered saline) as a permeability enhancer. Similar results were obtained
when oleic acid was used as an enhancer. The molecular transport across the skin is also affected by hair follicles, which
offer low resistance pathways for transport across the stratum corneum.

White [] reported on studies of molecular transport in skin using scanning electrochemical microscopy (SECM) to
investigate and quantify transport in artificial and biological skin and other membranes.> Figure . shows the steady-
state voltammetric response of the fiber tip when it is positioned directly above a hair follicle opening (curve ) and at
a lateral distance of ∼  μm from the opening (curve ). In this experiment, the redox-active molecule is transported
across skin by diffusion alone and is detected by oxidation at the fiber tip. The sigmoidal-shaped voltammetric curve
recorded above the hair follicle (curve ) corresponds to the oxidation of molecules that have diffused across the skin
sample through the hair follicle. The magnitude of the tip voltammetric current is proportional to the local rate at which
the molecule permeates the skin. The fiber tip current decreases to background levels (curve ) when the tip is moved
away from the pore opening, demonstrating that the diffusive flux of the molecules is localized to the hair follicle. The
sites of highly diffusive flux are independently identified as hair follicles using a dye staining technique in which colloidal
Prussian blue is precipitated at the opening of the follicle. Similar experiments using small organic and inorganic redox
species, with different charges (z = +, , and−) indicate that hair follicles in skin act as the primary route for transdermal
transport. The BFS takes advantage of both the follicular transdermal transport mechanism and enhancing arrays, which
lower the skin permeability without the need for mechanical skin preparation.

... Technology

The sensing fibers were developed by chemically impregnating the surface of synthetic acrylic fibers by metal molecules.
The outer conductive layer of the fiber completely surrounded the inner part of the host fibers.

The fiber characteristics are: diameter:  μm; thickness of the electrically conductive layer: –nm; electrical
resistance: − Ω cm.
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BFS applied to the body surface.

The biopotential fiber sensors were made up of the conductive bundle comprising about  individual fiber strands
coatedwith anAg/AgCl ink.TheAgwas deposited electrochemically on the exposed sections of the fibers.TheAg surface
was chlorinated to AgCl. The chlorination process was performed in a solution of KCl/AgNO (M, pH ) at a constant
current of .mA. For the realization of the thin-film sensor a rapid dipping technique was used. As a result, the Ag/AgCl
ink was deposited on the outer layer of the fibers. The resulting sensors were treated for  h at ○C. The Ag/AgCl layer
of the sensor tip was further coated with a  μm layer of the conductive adhesive mixed with skin permeability enhancers
(Parker Laboratories, Fairfield, NJ). The non-sensing surface areas of the fibers were coated with a . μm thick Parylene
C layer.The uncoated ends of the conductive fibers were bonded by conductive epoxy (Creative Materials) to gold-plated
contact pins of a standard DB- connector. The sensing areas of the fibers were applied directly to the unprepared skin
and covered by thin transparent dressing (M, Tegaderm) as shown in > Fig. ..

... Electric Performance

The following tests on the electric performance of BFSs were carried out; the results were compared with the ANSI/AAMI
EC :, standard for disposable ECG electrodes.

Environment: All tests were performed at  ± ○C, relative humidity less than %.

● Average value ofAC Impedance (kΩ) at Hz. Test Conditions:The impedance of a pair of sensors connected surface-
to-surface was determined by applying  μA p-p sinusoidal current and observing the amplitude of the resulting
voltage across the sensors.

● DC offset voltage [mV]. Test Conditions: BFS’s sensor pair connected surface-to-surface, continuous  nA DC
current applied.

● Offset Voltage [mV]. Test Conditions: BFS sensor pair connected surface-to-surface, after -min stabilization.
● Combined offset instability and internal noise [μV]. Test Conditions: Sensor pair connected surface-to-surface, after

-min stabilization, in the band of .–Hz, for min.

The results of the test are shown in > Table .. All measured parameters were comparable to wet-gel electrodes and
well below the limits specified by the AAMI EC: standard [] (> Table .).

... Clinical Testing

Due to their very small mass and excellent flexibility, biopotential fiber sensors can be attached directly to the skin, as
shown in > Fig. .. An example of an exercise ECG recorded from BFS in a subject running up the stairs is shown in
> Fig. ..
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⊡ Table .

Electric characteristics of BFS as compared to wet-gel electrodes and ANSI/AAMI EC:, limits

Lead-lok wet-gel BFS typical ANSI/AAMI EC  Limits

DC offset voltage (mV) . . Not more than 

AC impedance @ Hz (Ω)   Not more than ,

DC offset @  s cap dis (mV) . . Not more than 

Recovery slope @  s interval (mV/s) . . Not more than .

AC impedance after defibrillation (Ω)   Not more than ,

⊡ Table .

Summary of the BFS sensor properties

Advantages Disadvantages

Excellent noise immunity May require more time to apply

Single use application

Suitable for long-term applications

No skin preparation required

Excellent adhesion to the skin, especially in hairy chests

Suitable for pediatric applications

Long shelf life

Low cost

Conductive fiber

Sensing tip

Lead wire

Monitoring electrode
Backing layer 

⊡ Figure .

BFS compared to a standard wet-gel monitoring electrode with an attached lead wire.

.. Active ECG Sensors

A considerable research effort went into the development of “active sensors” that incorporate a high impedance amplifier
into the sensor itself and required no wet gel or paste as a medium between the sensor electrode and the skin []. The
placement of an electronic amplifier on the sensor itself is based on the idea that a high impedance amplifier is able to
detect a signal from a high impedance source with a minimum of signal distortion, and then drive the signal through a
long cable with a minimum of interference by virtue of the low output impedance of the amplifier [].
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Upper trace: A full disclosure strip of a subject walking vigorously. Below: Exercise ECGs recorded at  s intervals from a sub-

ject running up the stairs. King of Hearts ECG Monitor (Instromedix). Speed: mm/s, Gain: mm/mV, Highpass Filter: OFF,

Lowpass Filter: Hz.

The idea of having the first amplifier stage integrated with the electrode probably goes back as far in time as the
introduction of the transistor. Over the past years, researchers have described the realization of several prototypes, and
in most cases these indeed offered the advantages in signal quality that were promised originally by the interference
theory [].

Advances in solid-state electronic technology havemade it possible to record surface biopotentials utilizing electrodes
that can be applied directly to the skinwithout abrading the skin or requiring the use of an electrolytic gel.These electrodes
are not based on an electrochemical electrode–electrolyte interface. Rather, these electrodes are active and contain a very
high impedance-converting amplifier []. In this way, biopotentials can be detected with minimal or no distortion.
Burke [] described an active biopotential sensor that utilizes a very low-power preamplifier, intended for use in the
pasteless-electrode recording of the ECG. The input signal range of the amplifier was reported to be  μV to mV.
The amplifier provides a gain of  dB in a -dB bandwidth of .Hz to  kHz with a defined high input impedance
of MΩ. It uses a driven common electrode to enhance the rejection of common-mode interfering signals, including
low-frequency motion artifacts, achieving a common-mode rejection ratio (CMRR) of greater than  dB over its entire
bandwidth (> Sect. ...). The amplifier has a power consumption of  μW operating from a . V battery.

Valchinov [] described an active sensor assembly developed for the measurement of small biopotentials on the
body surface (> Fig. .). This active sensor features an adjustable anchoring system designed to reduce the electrode-
skin contact impedance, its variation and motion artifacts. This is achieved by increasing the electrode-skin tension and
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An active sensor assembly with an anchoring system.

decreasing its relative movement. Additionally the sensing element provides local constant skin stretching thus elimi-
nating the contribution of the skin potential artifact. The electrode is attached to the skin by a double-sided adhesive
pad, where the sensor is a stainless steel element, mm in diameter. The front-end operational amplifiers (op-amps,
> Sect. ...) of the biopotential amplifier is incorporated in the sensors, thus avoiding the use of extra buffers. The
biopotential amplifier features two selectable modes of operation: semi-AC mode with a − dB bandwidth of .–
,Hz and AC-mode with a bandwidth of .–,Hz.The averagemeasured DC electrode-skin contact impedance
of the proposed electrode was  kΩ, with electrode tension of . kg/cm on an unprepared skin of the inner fore-
arm. The peak-to-peak noise voltage, with the input terminals connected to a common mode, was  μVp-p referred to
the input.

The common-mode rejection ratio of the amplifier was  dB at Hz, measured with imbalanced electrode
impedances.

Although active electrodes offer the advantage of not requiring some of the preparation needed with conventional
electrodes, they have certain inherent disadvantages. One problem is that many previously described designs, including
DC biased transistor amplifiers, differential amplifiers, and amplifiers with gains above unity are not compatible with
commonly-used ECG equipment unless some adjustment or modifications are made to the front-end of the electro-
cardiograph. Even with unity-gain, DC-biased transistor amplifiers that are capacitively coupled at the output cannot be
conveniently usedwith different types of electrocardiographs without the risk of linear distortion caused by an impedance
mismatch with the different electrocardiograph inputs, and without large transient DC offsets arising when switching
leads (> Table .).

Defibrillation voltages, static charge accumulation on the skin and clothes, and other medical equipment may cause
potentials up to ,V in contact with the input of the electrode amplifier, resulting in permanent failure of the device if
not protected. Some designs made use of input resistors or unspecified current limiters for device and patient protection,
but failed to show a means for compensating for the degradation of input impedance to the device as a result of parasitic
capacitance coupling to ground through the resistor or current limiter. However, a means for adequately protecting the
electronic circuitry from repeated exposure to high voltages, without compromising the essential electrical characteristics
of the amplifier input, has not yet been devised.

Most active sensors are bulky in size due to the additional electronics and power sources required and they are typically
more expensive to produce owing to the electronic assembly required. As of today, there has not yet been a breakthrough
in the application of an active sensor to commercially available ECG recorders.
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⊡ Table .

Summary of the active ECG sensor properties

Advantages Disadvantages

Reasonable noise immunity Limited shelf life

Single use application Poor longevity on the body surface

Commonly available frommultiple sources Require skin preparation

Low cost Not suitable for long-term applications

Prone to motion artifacts

Skin irritation

Poor skin adhesion, especially in hair and sweat
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⊡ Figure .

The principle of operation of the CNT biopotential sensor.

... Carbon Nanotube Active Biopotential Sensor

The experimental carbon nanotube (CNT) biopotential sensors [] utilize a penetrating brush-like structure to pro-
vide an electrical contact with the skin (> Fig. .). The nanostructure is designed to limit penetration of the stratum
corneum of the skin in order to avoid direct contact with the dermis and prevent the risk of infection.

The principle of operation of the CNT biosensor named ENOBIO is similar to the spike electrodes described before.
The sensor is shown in > Fig. .. The carbon nanotubes, which form a brush-like structure, are coated with silver
and then treated with chloride to form an Ag/AgCl type of electrode interface. ENOBIO also features a high impedance
amplifier built into the sensor assembly. The amplitude spectral density of the noise signal from the sensor was found to
be . μV RMS in the range of .–Hz (> Table .).

.. Paste-Less Electrodes

The other “dry electrodes” reported in the literature comprise either metallic, ceramic or carbon-filled rubber assemblies,
which are firmly attached to the body surface [–].

Direct skin contact dry ECG sensors for long-term monitoring have been devised. The sensors were embedded in
a chest belt. The sensors, which are made of carbon-loaded rubber, are placed into a garment using a thermal molding
process []. The ECG signal is passed from the body surface to the module PCB by means of a very thin and flexible
shielded cable, anchored in the rubber of each sensor (> Table .).
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CNT ENOBIO active biopotential sensor.

⊡ Table .

Summary of the ENOBIO sensor properties

Advantages Disadvantages

Potentially better noise immunity Experimental device

May mechanically abrade the skin

Nanotubes are potentially toxic

Not compatible with existing ECG instruments

Very costly

Skin irritation

Poor skin adhesion, especially in hair and sweat
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⊡ Table .

Summary of the properties of the “dry” sensors

Advantages Disadvantages

Reasonable noise immunity Higher noise levels than wet sensors

Longer shelf life Relatively high cost

Suitable for long-term applications Not widely avilable

No skin irritation

Adhesive tape Electrode chip Carrier Solder

100 μm

⊡ Figure .

Micromachined spiked electrode for measurement of biopotentials. The spikes are placed in the center of the adhesive foam

collar, which affixes the assembly to the surface of the skin.

... Biopotential Sensors with Spiked Electrodes

In , the Microsystem Technology Group of the Royal Institute of Technology (Stockholm,Sweden), in collabora-
tion with the Datex-Ohmeda Division of Instrumentarium Corporation (Helsinki, Finland), presented the concept and
fabrication of a micro-machined biopotential electrode, which requires neither electrolytic gel, nor skin preparation, nor
an on-chip pre-amplification []. The principle of this electrode is based on the penetration of the living epidermis (LE)
by micro-scaled spikes (i.e., micro needles). The skin penetrating system reduces the isolating influence of the stratum
corneum (SC) on the electrode–skin impedance and brings the electrode into direct contact with the electrically conduc-
tive LE (> Fig. .). The thickness of the SC, e.g., on the forehead or the forearm, is – μm.The thickness of the LE
varies greatly locally but is approximately  μm.
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⊡ Figure .

Commercial Spiked Electrode Biosensor [].

The biopotential sensors with spiked electrodes were evaluated for their potential in long-term monitoring applica-
tions [].The authors of the paper observed a significant dependency of the electrode–skin–electrode impedance (ESEI)
on the electrode size (i.e., the number of spikes) and the coating material of the spikes.

Electrodes larger than  × mm coated with Ag/AgCl have sufficiently low ESEI to be well suited for recording of
the biopotentials.Themaximummeasured ESEI was . kΩ and  kΩ, at  kHz and .Hz, respectively.Theminimum
ESEI was . kΩ and  kΩ at the same frequencies. The ESEI of spiked electrodes was stable over an extended period
of time.

The arithmetic mean of the generated offset voltage was .mV immediately after application of the ESEI to the
skin and .mV after –min. A spectral study of the generated potential difference revealed that the AC part was
unstable at frequencies below approximately .Hz, thus making them unsuitable for some diagnostic ECG applications.
The spiked electrodes have found applications in EEG monitoring, where a low frequency response is not required.

A commercial version of the spike electrode for ECG monitoring applications as shown in > Fig. . has been
marketed by the Orbital Research Corporation.

.. Electrical Performance Testing for Disposable Electrochemical Biopotential Sensors

Regulatory agencies such as FDA in the US, EMEA in Europe and PMDA in Japan have adopted performance stan-
dards for disposable ECG electrodes exemplified by ANSI/AAMI EC:,. They focus specifically on test methods
and establish the minimum performance standards (ST) as discussed below.

... AC Impedance

Human skin impedance varies from a few hundred to hundreds of thousands of ohms. Electrode impedance is impor-
tant, because the higher the impedance, the more impedance imbalance is likely to occur between electrodes, thereby
lowering the common-mode-rejection ratio (CMRR; > Sect. ...) of the ECG amplifier and leading to increased AC
interference. The  kΩ level specified in the standard represents a compromise, assuring the user of a low probability of
interference problems caused by the electrode, while at the same time providing a generous flexibility in electrode design.
In the monitoring applications, skin impedances are reduced to  kΩ or less by vigorous skin preparation (for example,
ambulatory monitoring and stress testing).

Although ECGmonitors incorporate protective devices to absorb overloads caused by defibrillation or electrosurgery
currents, if the electrode’s impedance is high, a substantial amount of heat may be generated at the skin–electrode inter-
face, raising the probability of electrode failure as well as patient injury. The AC impedance requirement for purposes of
quality assurance is specified by both a mean value and a permissible upper limit.

The measurement of impedance at Hz, as currently specified in ST, has become an industry standard. The fact
that currently marketed electrodes provide adequate performance, supports the adequacy of the -Hz measurement as a
bench-mark for electrode performance. However, the AC impedance may not be a direct indicator of the sensor perfor-
mance, since tests carried out by the Utah Biomedical Testing Laboratory (UBTL) indicated that the effective impedance
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of an electrode type, when tested on unprepared human skin, did not correlate well with the bench-test measurements of
impedances for electrodes joined gel-to-gel. However, a % correlation was established between the results of tests on
prepared (abraded) skin and those obtained using the bench test.

... DC Offset Voltage

Because the input buffer amplifiers of cardiac monitors saturate under conditions of excessive DC offset voltage, a
reasonable limit must be established regarding the offset voltage contributed by the electrodes.

The maximum allowable DC offset voltage was originally specified at mV, based on the data gathered during the
UBTL study []. The American National Standard on Cardiac monitors, heart rate meters, and alarms requires that
cardiac monitors be capable of tolerating up to mV offsets (AAMI, ). A mV offset voltage limit for disposable
ECG electrodes would provide reasonable assurance that electrodes conforming to this limit would be acceptable for use
with most cardiac monitors.The mV limit for ECG electrodes provides a sufficient operating margin to accommodate
increases in electrode offset voltages caused by unequal potentials at the skin–electrode interface, defibrillation overloads,
pacemaker currents, and/or ECG amplifier bias current.

The mV offset voltage limit is adequate for accommodating the offset tolerance capabilities of currently available
cardiac monitors, most of which can tolerate offsets of at least mV. A DC offset voltage well below mV would be
beneficial, since emerging evidence links high offset voltages with motion artifact and other types of interference [].

... Combined Offset Instability and Internal Noise

At a  conference on “Optimal Electrocardiography” convened in Bethesda, Md., by the American College of Cardi-
ology, the Task Force on Quality of Electrocardiographic Records reserved its highest rating for baseline drift to those
records exhibiting drifts of less than . mV/s []. Recordings exhibiting baseline drifts of .–. mV/s,while judged to be
less desirable by the task force, were not considered unacceptable. Although electrocardiographic recording devices gen-
erally filter the signals to reduce or eliminate baseline drift, a contribution to the drift rate from the electrode–electrolyte
interface of less than V/s is desirable to ensure a minimal contribution by the electrode to the baseline wander.

... Defibrillation Overload Recovery

After a defibrillation attempt, the ECG is important to the clinician in determining whether the heart has been returned
to normal sinus rhythm. For this reason, the ECG trace must return within – s to an input offset voltage within the
range that can be tolerated by cardiac monitors so that the condition of the patient can be assessed as rapidly as possi-
ble. During the next  s, the offset drift with time should not vary by more than mV/s in order to display a clinically
useful ECG. The prolongation of recovery time may also occur, due to the very high input impedance of the monitoring
devices.

As many as – defibrillation attempts for an individual patient have been reported, suggesting the maximum
number of consecutive defibrillation overloads that the electrode must absorb. However, this high number of attempts is
unusual. An overload of  millicoulomb represents a worst-case condition that would be encountered only if the defibril-
lator paddles are placed in immediate contact with the ECG electrodes. Even if the electrodes are  cm ( inches) away
from the paddles, the overloads are likely to be reduced by only %. In most clinical situations, where skin preparation
is sub-optimal, the circuit impedance will probably be much higher than the average of . kΩ encountered in UBTL
animal testing []. On this basis, four consecutive discharges, delivered at – s intervals, should provide an adequate
criterion for judging the performance of the electrode.
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... Bias Current Tolerance

When subjected to DC bias currents, the reactants involved in the chemical reactions occurring at the electrode–
electrolyte interface can become depleted, which causes significant variations in the electrode half-cell potential. The ST
demands that the compatibility of electrodes with the  nA bias current allowed for cardiac monitors must be demon-
strated. Older monitors can have higher bias currents, so that a higher bias current tolerance for electrodes might be
desirable.

.. Safety Requirements for Electrodes

... Biological Response

Certain materials, if used in the fabrication of ECG electrodes, could cause skin sensitivity or skin irritation problems,
especially if skin abrasion prior to electrode application is used to enhance the transfer of the ECG signal. The biocom-
patibility is defined in industry-wide standards such as ANSI/AAMI/ISO :. Presently, no universal system exists
to grade biocompatibility. Current practice relies on the expert who evaluates the test results and determines whether or
not the material is biocompatible in the intended application.The determination of biocompatibility does not necessarily
require testing in each new design. The expert, using his/her professional judgment, may decide that, based on the avail-
ability of biocompatibility data for the components, in conjunction with an evaluation of the intended application of the
new design, additional testing is not required [].

... Preattached LeadWire Safety

Historically, many electrodes with preattached lead wires were connected to the patient cable by means of male pins.
There have been incidents where these pins were inserted into detachable power cords, thus applying full-line voltage to
the patient. To ensure patient safety, the leadwire/patient-cable connector must not be permitted to make contact with
a possibly hazardous potential, or a conductive surface that may be at ground potential, thereby compromising patient
isolation.

... Electrode Adhesiveness

The ability of an electrode to adhere satisfactorily to the skin over the expected period of use is an important feature
of its performance. During the development of the initial  standard, a study of the adhesiveness characteristics of
disposable ECG electrodes, by the UBTL, did not yield a suitable bench test for evaluating adhesion performance; that is,
a bench test that would correlate well with adhesiveness as observed clinically [].

Over the last  years, progress has beenmade in identifying adhesive tests that can indicate howwell certain adhesive
systems will perform in ECG electrode applications [].

... ECG Cables and LeadWire Standards

In , the AAMI standard (ANSI/AAMI EC:) on ECG cables and lead wires was published, addressing specific
design requirements. It covers cables and patient lead wires used for surface electrocardiographic (ECG) monitoring in
cardiac monitors as defined in the ANSI/AAMI EC- standard: Cardiac monitors, heart rate meters, and alarms.
It covers both disposable and reusable lead wires, with certain sections applicable to both types, and certain sections
applicable to one only.

This standard defines a safe common interface at the cable yoke and lead wire connector (no exposed metal pins).
Specified are standards for: cable labeling, manufacturing, cleaning, disinfection, chemical resistance and sterilization
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exposure. Performance requirements (trunk cable and patient lead wires) include the following: dielectric voltage with-
stand, sink current, defibrillation withstand, cable and lead wire noise, flex life of instrument connector, cable yoke,
patient leadwire connector, patient end termination flex relief, tensile strength of cable connections, number of connector
mate/unmate cycles, contact resistance, connector retention force and patient lead wire resistance.

This standard also incorporates by reference the DIN – standard (Connector, touch proof, for electromedical
application, ). Devices that comply with this standard also meet the FDA mandatory standard  CFR Part ,
“Medical Devices; Establishment of a Performance Standard for Electrode Lead Wires and Patient Cables.”

The scope of EC excludes ECG cables and lead wires that are used in applications that may require special char-
acteristics, such as ambulatory ECG devices, telemetry units, the operating room and the cardiac catheterization lab.
The cables and patient lead wires included in the scope of EC also relate to other applications than ECG monitoring,
such as respiration monitoring by impedance pneumography. The cable and patient lead wires should meet all of the
requirements of this standard, unless a requirement is specifically excluded for that device by the standard.

.. Non-Contact Biopotential Sensors

A desire to replace wet ECG sensors prompted the research toward the development of the non-contact sensors that work
on the principle of the displacement current in the body. These are referred to in the literature as insulated, capacitive
or impedance probes. Richardson [] and Lopez used an anodized aluminum disk as the electrode, though in a patent
application they claim the use of any conductivematerial such as “copper, aluminum, or stainless steel having an insulation
on its outer or skin contacting surface.” In this particular case, the insulating coating was produced using an anodizing
process.Theymaintained that the aluminumoxide can be used so that the filmwill be “free from pores or grain structure.”
To produce the film, they immersed the electrode in a standard sulfuric acid anodizing bath for . h. The process was
finalized by dying the oxide, and immersing the electrode in hot water for oxide sealing.

To obtain the dimensions of the insulating layer, they measured the capacitance on the basis of which they calculated
the thickness. For the said electrode, the resistance was greater than GΩ and the capacitance was , pF.

Richardson et al. [] concluded that “the production of motion artifacts caused by change in coupling capacity limits
the use of this type of electrode.” This is a major problem with a capacitive electrode-skin junction. With any kind of
movement, the capacitance will change because the contact area will change. Despite many years of research, the capac-
itive insulated sensors have not yet exhibited the same consistency and signal to noise ratio (SNR) as the pre-gelled wet
biopotential sensors.

The efforts to realize active insulated electrodes have been prompted by significant research and development in
the area of sensor dielectrics. A number of materials have been investigated regarding thin-film capacitor fabrication in
sensors of active hybrid electrodes. Some of the materials typically considered for use include silicon monoxide (SiO),
silicondioxide (SiO), siliconnitride (SiN), diamond-like carbon (DLC), and tantalumpentoxide (TaO). In practice,
deposited dielectric films thinner than – angstrom (Å) have a fairly high pinhole density and the yields are poor.
Pinholes lead to resistive shorts between the electrodes placed in the vicinity of each other and increase the leakage
current. Thick dielectric films, or films with a thickness greater than , Å, also may exhibit problems because of
the high internal stress levels found in these films. High compressive forces cause the films to peel off; however, large
tensile forces can be relieved by crazing, i.e., the production of fine cracks in the film.These factors thus have limited the
thickness of the dielectric material to between  and , Å.

The progress in development of low noise Giga Ohm impedance probes [] has further enabled research activities
in the field of non-contact biopotential sensors.

... Low Invasive Measurement of Electrocardiogram for Newborns and Infants

In , a group of Japanese researchers reported on the development of a non-contact biopotential sensor for ECG
applications in neonatalmonitoring []. Here, thin silk fabric is used as an insulator between the skin and the sensor.The
authors demonstrated that it is feasible to measure the ECG signal through silk with a capacitive sensor if the impedance
of the capacitive probe is of the order of  Ω at Hz. Consequently, the input impedance of the measurement system
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⊡ Figure .

This photo shows through-clothing biosignal recording.

has to be higher or at least equal to  Ω to detect stable ECG signal. Although the capacitive sensors produced stable
ECG signals, they were attenuated at the high frequency range and could not be used for diagnostic purposes.

.. Recent Developments and Trends

Recent breakthroughs have beenmade in the form of miniature insulated biopotential sensors [].They canmeasure the
electric potential on the skinwithout resistive electrical contact andwith very low capacitive coupling.This has beenmade
possible by a combination of circuit design and the use of a new, low-dielectric material. These sensors enable through-
clothingmeasurements, and results from  subjects have shown them to be capable of a higher than % correlation with
gold standard conventional electrodes.The capacitively coupled non-contact sensor (CCNS) utilizes high impedance, low
noise probe technology that measures low frequency electric potentials in free space, i.e., without physical contact to any
object. The process of biopotential recording through the clothing is shown in > Fig. ..

The CCNS produced signals that are morphologically very similar to the electrocardiogram recorded from the
standard Ag/AgCl electrodes as shown in > Fig. ..

The first version of the CCNS biopotential sensor, including all amplification electronics, resulted in an approximately
 inch square and . inch thick module (> Fig. .).

... A Prototype Biopotential Sensor Shirt

A non-invasive, zero prep time biopotential shirt system utilizing CCNS was developed for use with firemen. The shirt
offers the first non-contact system of its kind, allowing an instantaneous biosignal collection (> Fig. .).

In another development, common cotton was used as an insulator in between a capacitive sensor and the body.
A sheet of conductive fabric was substituted for the conventional metal plate to realize a deformable coupling surface
corresponding to the contour of the body [] as shown in > Fig. ..

The measurement system involved is as shown in > Fig. . (see also > Sect. .). It comprised of two buffer
circuits, a differential highpass filter, an instrumentation amplifier, a lowpass filter, a highpass filter, a band elimination
filter, an inverting amplifier, an A/D converter, and a personal computer. Two buffer circuits with high input impedance
of GΩ were employed for matching of the high impedance at the coupling involving cloth and the low impedance
required by the subsequent circuitry. The differential highpass filter circuit (cutoff frequency: .Hz) was inserted in
front of an instrumentation amplifier to reduce the low frequency component in the detected signal effectively prior to
amplification. The cutoff frequency of the lowpass filter was set to Hz. The notch filter was used in order to reduce
Hz interference. The total gain of the device was  dB.
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CCNS produced biopotential signals compared to ECGs obtained from the Ag/AgCl electrodes in frontal plane.
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⊡ Figure .

The CCNS sensor assembly (mm × mm × mm).

... High Impedance Biopotential Optical Sensor

In , Kingsley [] reported on the developmentof a newnon-contact ultra high input impedance biopotential sensor,
which he named Photrode (> Fig. .).The resistive part of its impedance can be as high as  Ω, while the capacitive
component is commonly a few picofarads. This allows the system to make non-contact capacitively-coupled measure-
ments of ECG signals through clothing. The sensor requires no surface preparation or conductive gel.The Photrode is an
opticalmodulator that employs an electro-opticmaterial, in this case lithiumniobate, tomodulate the intensity of the light
transmitted by the device. Unmodulated light from a laser or super-luminescent light emitting diode (SLD) enters the
sensor and intensity-modulated light exits the device. The Photrode is a “Plug-N-GO” component that uses commercial
fiber optic connectors at its pigtailed interfaces. A special type of single-modefiber called a polarization-maintaining fiber
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⊡ Figure .

A prototype biopotential sensor shirt for real timemeasurement of the electrocardiogram.
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⊡ Figure .

Amodel of a capacitive biopotential sensor coupled to the body surface through cloth.
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⊡ Figure .

Block diagram of the ECG measurement system for capacitive biopotential sensors.
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⊡ Figure .

Photograph showing a prototype packaged PhotrodeTM designed for ECG and EEG signal monitoring. The upper picture

shows the bare optical chip, about  cm in length.

⊡ Table .

Summary of the non-contact displacement current biopotential sensors

Advantages Disadvantages

Reasonable noise immunity Non-standard ECG signal

Multiple use application Not compatible with standard ECG instrumentation

Excellent longevity on the body surface High cost

Requires no skin preparation

Suitable for long-term applications

connects the device to the light source. A second, single mode fiber conveys the modulated light to an optical receiver,
where the signal is converted back to the electronic circuitry, where the ECG signal is processed in a similar fashion to
the small voltages that would normally be obtained from a conventional electrode (> Table .).

... Electroactive Fabrics andWearable ECG Devices

Promising recent developments inmaterial processing, device design and system configuration have enabled the scientific
and industrial community to focus their efforts on the realization of smart textiles. All components of a wearable ECG
system (sensors, electronics and power sources) can be made from polymeric materials, to be woven directly into textile
structures (sensing micro-fibers) or printed or applied onto fabrics (flexible electronics). In particular, intrinsic sensing,
dielectric or conductive properties, lightness, flexibility and the relative low cost of many electroactive polymers makes
them potentially suitable materials for the realization of such systems.

The use of “intelligent materials” enables the design and production of a new generation of garments incorporating
distributed sensors and electrodes [, ]. Wearable non- obtrusive systems will permit the user to perform everyday
activities with minimal training and discomfort.

A shirt was functionalized with CLR piezo-resistive fabric sensors used tomonitor respire trace (RT), and conductive
fabrics used as electrodes to detect the ECG [].
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To record the ECG signals, two different square-shaped fabrics ( ×  cm) were used: the first was made with steel
threads wound round acrylic yarns, the second with a layer of acrylic/cotton fabric coupled with a layer containing stain-
less steel threads. In order to assess their performances, the signal originating from an Ag/AgCl electrode (Red Dot by
M) was recorded simultaneously with the signal detected by the fabric electrode.

... Trends

The recent advances in miniaturization of ECG devices, as well as mobile computing, have fostered a dramatic growth of
interest in wearable sensor technology.

The interest in wearable ECG systems stems from the need to monitor patients over extensive periods of time and
reinforces the “doctor is always with you” paradigm since the usual clinical or hospital monitoring of the electrocar-
diogram provides only a brief window on the status of the patient. Practical wearable ECG systems require to be quite
non-obtrusive devices that allow physicians to overcome the limitations of ambulatory technology and provide a response
to the need for monitoring individuals over weeks or evenmonths.They will rely on wireless, miniature sensors enclosed
in patches or bandages, or in items that can be worn, such as personal jewellery or underwear.

Wearable ECG sensors and systems have evolved to the point that they can be considered ready for clinical appli-
cation. This is due not only to the tremendous increase in research efforts devoted to this area in the past few years
but also to the large number of companies that have recently started investing in the development of wearable products
for clinical applications. The current upward trend in the use of this technology suggests that soon wearable ECG sys-
tems will be part of routine clinical evaluations. Wearable devices that can intermittently or continuously monitor and
record good quality ECG signals will offer an important solution to the limits imposed by traditional monitoring schemes
[, ].

. ECG Signal Recording and Basic Processing

As discussed in > Chap. , ECG leads are the signals that represent the time course of the electric potential differences
that are observed between any two terminals of a configuration of electrodes attached to the body surface. In its most
simple form, a lead represents the potential difference between the ends of the two electric wires connected to the two
sensors attached to the body surface (> Fig. .).

For most lead configurations the potential difference generated by the heart is typically of the order of mV and,
for subsequent display and interpretation of the signal, amplification is needed. Connecting the two wires to a modern
electronic amplifier will generally not affect the voltage difference present.
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LPF HPF NOTCH
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⊡ Figure .

ECG Signal processing chain. The biopotentals measured by the sensors are applied to the front-end of an instrumentation

amplifier (IA). For safety reasons the front-end is often isolated from other processing circuits by an isolation amplifier that

limits current flow from the recording equipment to the patient. The ECG signal is band limited by a combination of a low-

pass filter (LP) and a highpass (HP) filter that minimize signal aliasing (Appendix Section “Sampling Theorem and Analog

Filters”) and cut off the DC voltage, respectively. A notch filter of –Hz is frequently used to minimize the power line

interference.
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Next to amplification, ECG measurement and recording systems perform some basic signal pre-processing steps.
These may be carried out in analog and/or digital signal processing modules. The need for such signal processing steps
and the way in which these are implemented are discussed in the next sub-sections as well as in Appendix Section
entitled “Basic Digital Signal Processing.” This section treats the most basic notions and principles only. For a more
comprehensive treatment of signal analytical methods the reader is referred to the textbooks dedicated to this topic,
in particular to> Chap.  of: Bioelectrical Signal Processing in Cardiac and Neurological Applications by L. Sörnmo and
P. Laguna [].

.. Amplification and Analog Signal Processing

The potential difference between the two input terminals of the amplifier shown in > Fig. . does not signal just the
potential field generated by the heart’s electric activity. It also includes contributions of several other sources, the most
important ones being: the sum of the two half-cell DC voltages (hundreds of mV) at the sensors (> Sect. ..), the con-
tributions of other bioelectric sources within the patient (muscular activation) and the interference from electromagnetic
fields surrounding the patient, e.g., generated by the power line, RF or radio frequencies, electro-surgery devices etc.

The electric part of the electromagnetic field is passed to the body by currents flowing through the (small) capaci-
tance between the power lines and body surface, returning to the “earth” or “ground” of the power line via similar such
capacitances. This sets up a potential difference with respect to earth that is common to both electrodes.

... Front-End of the Amplifier

The first stage of the instrumentation amplifier (IA in > Fig. .), its front-end, serves to raise the signal amplitudes to
some desired level and also to reduce the representation of any potential that both sensors may have in common relative
to the ground of the power supply of the recording equipment. Its basic design is shown in > Fig. ..

The triangles shown represent standard operational amplifiers.These have a very high amplification factor; the resis-
tors shown set the actual, overall amplification of the configuration. Ideally, the potential at the output of the second stage
shown should be proportional to Vab = Va−Vb and be completely independent of the mean value of Va and Vb, the
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⊡ Figure .

First two stages of an ECG instrumentation amplifier.
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value the sensing electrodes a and b have in common. By using highly accurate, identical values for the resistors having
a common label, a high rejection of the common, mean potential can be achieved.

... CommonMode Rejection

An outline of the complexity of power line (/Hz) interference, as well as of methods for minimizing its contribution
to the ECG signal, is shown in > Fig. ..

The capacitances Cpw, Cca , Cab couple the body, lead wires and the power supply to other sources of the electromag-
netic interference such as /Hz power lines.

The potential differences at the ECG sensors with reference to “ground” that arise from the capacitive coupling to
the mains are almost identical. This creates a common component that, ideally, would not be present between the two
terminals of the ECG lead. However, the recording equipment is generally also coupled to the ground of the power line,
be it capacitively or galvanically.The provision shown in> Fig. ., referred to as the right leg drive, aims atminimizing
any incomplete rejection of the common mode interference achieved by the front-end discussed in > Sect. ....

The right leg drive demands the incorporation of an additional electrode (sensor). Its position may influence the
quality of the commonmode rejection. However it does not, or at least should not, affect the observed wave forms related
to the electric activity of the heart. Ten electrodes (wires) are attached to the patient when recording the standard -lead
system. Besides the right leg electrode, three of the remaining nine electrodes, viz. the three electrodes placed on the other
extremities are involved in the definition of Wilson’s Central Terminal serving as the reference for the cardiac potential
fields. As discussed elsewhere, e.g., > Chap. , the maximum number of independent signals contained in the standard
-leads is eight.
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⊡ Figure .

A simplified diagram illustrates the environmental sources of interference in ECGmeasurement. Cpw, Cca, Cab, andCsup capac-

itances couple the sources of electromagnetic energy to the body, lead wires, and power supply respectively. Cbody and Ciso

capacitors provide a path to ground for AC leakage currents. Vim is the potential between the ECG amplifier common and

ground, Vcm is a commonmode potential on the body surface. I, ia, ib and i are the AC interference currents. Zea and Zeb are

the equivalent skin–sensor impedances, Zrl is the impedance of the ECG common, the right leg. The Zib and Zia are the input

impedances of the instrumentation amplifier. V and V denote the non-isolated and the isolated ECG signals respectively

(from []).



  ECG Instrumentation: Application and Design

... The Isolation Amplifier

The isolation amplifier indicated in> Fig. . is included for safety reasons. It isolates the patient from other processing
circuits by limiting current flow from the recording equipment to the patient. It demands a galvanically isolated, battery
powered front-end.The coupling to the main recording equipment may be achieved by using fiber glass transmission or,
RF transmission.

... The Highpass Filter

The most common disturbance encountered in the ECG signal is the one caused by changes in the half-cell potentials
at the sensor–skin interface, which also affect the electrode impedance (> Fig. .). This may be due to motion arti-
facts, temperature changes, changes in skin moisture (perspiration) and leaking gel or paste [, ]. This is particularly
important in stress testing, respiration andmonitoring applications, since the sensors tend to peel off and the skin contact
under the sensors change when patients move.The resting ECG signals often show the artifacts caused by respiration or
by muscle tremor at low temperatures. Additionally, poor skin preparation on subjects with hairy chests may create noise
due to poor sensor adhesion and high skin–sensor impedance interface.

Even during the resting state, the changes at the sensors may give rise to potential fluctuations in the ECG that are
larger than the ECG itself. Fortunately, under these conditions the changes have a low frequency spectrum, with frequen-
cies lower than those present in the ECG. The observed effect on the ECG is that of a slowly wandering baseline. This
permits the reduction of the so-called baseline wander by means of highpass filtering in the frequency domain of the
signal (Appendix Section “Sampling Rate”), a procedure generally carried out in the front-end of the amplifier. Its most
simple form of implementation is that of including capacitors in the wires connecting the sensors to the amplifier. The
cutoff frequency used depends on the particular application involved.
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⊡ Figure .

Sources of measurement artifacts in ECG signal acquisition. Eha, Ehb and Ehrl denote the variable sensor half-cell potentials,

Za, Zb and Zrl the skin–sensor impedances.
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Even during the resting state, the changes at the sensors may give rise to potential fluctuations in the ECG that are
larger than the ECG itself. Fortunately, under these conditions the changes have a low frequency spectrum, with frequen-
cies lower than those present in the ECG. The observed effect on the ECG is that of a slowly wandering baseline. This
permits the reduction of the so-called baseline wander by means of highpass filtering in the frequency domain of the
signal (Appendix Section “Sampling Rate”), a procedure generally carried out in the front-end of the amplifier. Its most
simple form of implementation is that of including capacitors in the wires connecting the sensors to the amplifier. The
cutoff frequency used depends on the particular application involved.

... The Lowpass Filter

An additional undesirable component in the ECG is the one generated by the electric activity of skeletal muscles. This
interference hinders in particular the interpretation of the ECG during exercise-stress testing, or long-term (holter) mon-
itoring. Here, major parts of the frequency spectrum lie above those of the ECG signals, and a lowpass filter can be used
to reduce their effect (> Fig. .).

Another application of this lowpass filter is that of reducing the influence of the aliasing effect (Appendix Section
“Sampling Filters and Analog Filters) that crops up when digitally processing the signals originating from the analog
amplifier.

... Strategies for Ensuring a High Signal Quality ECG Acquisition

Great care must be exercised in the selection of the instrumentation amplifier and in particular of the components at its
front-end. Here, very high input impedance, low noise instrumentation amplifiers, involving precision laser trimmed
resistors are used for obtaining a high common-mode rejection ratio (CMRR). In addition, most modern front-end
designs utilize active elimination of the common mode interference [, , ] by applying common mode noise sig-
nals in the opposite phase to the right leg drive (ECG common), as shown in > Fig. . and, a more basic variant, in
> Fig. . [].

Interfering electric signals from muscles and the internal organs form a composite signal with the ECG and cannot
be easily filtered out without affecting the bandwidth of the ECG. Good skin preparation and the relaxation of subjects
usually results in lower muscle tremor and baseline shifts.

The power line frequency /Hz and its harmonics, RF and radio frequency interference are usually eliminated by
careful shielding of the lead wires, patient cables and signal filtering [].
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⊡ Figure .

Right-leg drive circuit used in ECG front-end designs that minimize commonmode “noise.”
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⊡ Figure .

Left: original analog ECG; right: a digitized variant. Time interval shown: ms.

APPENDIX: Basic Digital ECG Signal Processing

A. van Oosterom

Department of Cardiomet, University of Lausanne, Lausanne, Switzerland

Conversion to Digital Data

Modern ECG systems utilizemicrocomputers or dedicated digital signal processors (DSP) for ECG signal display, storage,
analysis and transmission. This requires that all analog lead voltages must be converted to numbers, i.e., their digital
equivalents.

Analog to Digital ECG Signal Conversion

The values of continuous time-domain ECG signals at discrete time intervals can be extracted by means of an electronic
device: the analog-to-digital converter (ADC). An example of the result of this procedure is shown in > Fig. .. The
ECG signal on the left depicts the continuous, analog signal, the one on the right its digitized variant.

The individual, documented numbers representing the instantaneous signal values are referred to as the samples of
the signal, the intervals between the subsequent samples being at the sampling interval Ts, which is ms for the example
shown in > Fig. . (right panel). An alternative, equivalent specification is the sampling rate fs = /Ts, the number of
samples taken per second. Its unit is sps, s−, or less accurately, Hz.

The display of the result of the AD conversion used in > Fig. . has been chosen to emphasize the fact that the
result of the digital signal conversion does not specify signal values in between the subsequent samples.The display used
in practice usually does not show the vertical lines that mark the individual samples. Instead, the subsequent values of the
samples are connected by continuous line segments found by means of an interpolation procedure based on neighboring
sample values. Note, however, that the actual information stored is that specified by the sample values only.

Sampling Rate

The amount of detail present in the analog signal that is retained in the digitized signal depends critically on the length
of the sampling interval or, equivalently, on the sampling rate.The sampling interval dominates the accuracy with which
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derived signal features like peak amplitudes and their timing in the analog version of the signal can be recovered from
the digital data.

For any duration P of a signal segment to be stored, the number of samples Ns is

Ns = P/Ts = D × fs (.)

The use of higher sampling rates imposes not only a greater demand on the quality of the AD converter but also on the
storage capacity of the digital device. This number is multiplied by the number of signals that one may wish to record
simultaneously. This poses the question of which sampling rate should be used.

The required sampling rate is linked to the amount of detail that might be contained within a sampling interval: the
higher this information is expected to be, the higher the sampling rate should be.The “amount of information” is a notion
that requires to be specified before the required sampling rate can be selected.The commonly-used specification makes
use of the representation of the signal in the so-called frequency domain, a domain based on the theory of the Fourier
series. A brief description of this theory is as follows.

Any biological signal recorded over a restricted period of time P can be represented by a constantA towhich is added
a weighed sum of sinusoidal wave forms having frequencies that are integer multiples of the basic frequency fb = /P.The
sinusoids having frequencies fk = k × fb (k = , , , . . .) are called the harmonics of the basic frequency. For k = , this
identifies the sinusoid at the basic frequency as the first harmonic of the signal.

The constant A is the mean value of the signal over the period P. This constant component can be interpreted as
having zero frequency, and is referred to as the DC component of the signal. The mean value of the sum of the sinusoids
is zero, since, for each harmonic, integer numbers of complete sinusoids are contained within the segment P, and the
mean value over time of a complete sinusoid is zero.

By specifyingA and the amplitudesAk for each of the harmonics, aswell as a set of individual phase shifts φk the entire
wave form can be represented at any desired precision, provided that the number of harmonics included is sufficiently
large. This shifts the question of specifying the amount of information to: what is the number of harmonics needed?The
answer to this question evolves from performing a Fourier analysis of the signal. Applied to sampled signals, this analysis
can be carried out by means of the discrete Fourier transform (DFT), from which the amplitudes Ak are computed. The
plot of the amplitudes Ak as a function of the frequency fk = k × fb results in the so-called amplitude spectrum. The
squared amplitudes form the basis of the so-called power spectrum.

For biological signals, invariably the spectra tend to zero for high values of fk. Performing a reconstruction of the
signal (Fourier synthesis) on the basis of the first K harmonics results in a signal that is almost a replica of the original
signal, provided that a sufficiently high value of K is used. If this is possible for a finite number of K , the signal is said to
be band limited to frequency fK.

For progressively lower values of K , the reconstruction results in increasingly larger deviations between the original
and the resynthesized signal. Based on this type of analysis the maximum frequency content of the signal is defined as
fK . The final step in the procedure follows from a result stemming from communication theory. It states that for a signal
that is band limited at frequency fK , the number of samples needed for a perfect, i.e., error free, resynthesis should be at
least  × K + . This result relates to the fact that the synthesis of the signal requires the specification of the values of K
amplitudes, K phases and the DC component. This puts the minimal required sampling rate at

fs ≥ K + 
P

; K

P
= K fb = fK , (.)

expressed in words, the minimal required sampling rate fs of a signal having harmonics up to the frequency fK should be
at least twice fK . The variable fs is known as the Nyquist rate []. Correspondingly, the highest frequency possible in a
DFT spectrum is fK = fs/.
Sampling Theorem and Analog Filters

NoECGsignal is truly and perfectly band limited. Signal component at frequencies above fK maybe judged to be unrelated
to the heart’s electric activity, but rather to the activity of, for example, skeletal muscles.This would allow the suppression
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of such signal components by means of analog lowpass filters (> Fig. .) prior to the AD conversion step, with their
cutoff frequency set at fK . It prevents the influence of such high frequency components on the sampled signal. Without
the inclusion of the filter, the Fourier spectrum, of the signal sampled at the then too low sampling rate, will include
contributions of the signal components above fK . This effect is known as aliasing; it is reduced by the inclusion of the
analog lowpass filter.

In practice the signals are often sampled at frequencies that are much higher (up to  times) than the minimum value
required by the sampling theorem (.). This facilitates the subsequent display of the data as well as their analysis.

Basic Digital Signal Processing

After AD conversion, the analog signal x(t) is replaced by a series of numbers

x(t) ⇒ [x, x . . .xi . . . xN] (.)

with xi the value of the sample of the analog signal taken at time t = ti andN the total number of samples taken. Subsequent
digital signal processing procedures are applied to this series. These include:

. filtering, now by digital filters,
. identification of timing of onsets and endpoints of signal wavelets,
. timing of extreme values (peak amplitudes of the signal, like R wave, etc.,
. extraction of extreme values and slopes,
. suppression of any power line interference that may remain after the analog filtering,
. the specification and/or correction of the baseline of the signal.

Some of these procedures affect the wave form of the signal. When inspecting any ECG signal presented on a monitoring
device one should be aware of the fact that what is seen may not be the same as what is sensed by the electrodes. Below,
a few examples of this are demonstrated. The wave forms shown relate to the signal of lead V from a healthy subject,
sampled at ms intervals. In their display the subsequent samples are connected by straight line segments.The input signal
is shown in > Fig. .. It depicts the output of the AD converter. The setting of the analog filters (> Fig. .) were
lowpass at Hz, and highpass at .Hz. With the healthy subject at rest in the supine position, the baseline wander,
although clearly present, was small.
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Output of an AD converter;  s episode from a recording of lead V.
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Amplitude spectrum of a single beat (beat five of lead V, shown in > Fig. .. Note its discrete character).

Amplitude Spectrum

The amplitude spectrum of the signal during the full duration of a single beat (beat five in > Fig. .), determined by
means of the discrete Fourier transform (DFT), is shown in > Fig. ..

Although the output of the DFT computed over the P = ms duration of the beat, taken from samples at ms
intervals, contains frequencies up to fK = fs/ = .∗, = Hz, only the lower-frequency part of the spectrum is
shown here, the amplitudes of the higher frequencies are much smaller than those below Hz. This indicates that the
sampling rate used for this signal is more than adequate.As discussed in the previous subsection, the frequency resolution
is fb = /P = .Hz.

For intra-cardiac signals, the fast down-stroke of the observed electrograms may demand higher sampling rates.
A correct representation in the frequency domain of fast signal segments demands the inclusion of spectral components
of high frequencies.

The display method chosen for > Fig. . emphasizes the nature of spectra obtained by using the DFT. In that
method, the implied signal representation beyond the period analyzed is that of an infinite periodic repetition of the seg-
ment analyzed, thus typifying the method as computing a Fourier series representation rather than a Fourier transform.
In most ECG spectra figuring in the literature, this aspect is hidden as a result of the method employed of connecting the
individual spectral values by means of continuous line segments.

As discussed in > Sect. .., the output of the analog amplifier usually includes a highpass filter, which blocks any
DC component present in the sensor output.When computed over an infinitely long period, themean value of the output
of the amplifier will therefore be zero. However, this does not apply to a much smaller signal period, even if this period
contains a full beat. In > Fig. . this can be seen in the non-zero component of the spectrum at zero frequency.

Additional Filtering

In their digital form, AD-converted analog signals may be processed by numerical methods that resemble those of
analog filters. Such filtering may be required for completing an incomplete job performed in the analog amplifier, or
to extract, or emphasize some signal features. Since digital signals may be stored easily in digital memory, the filter-
ing procedure for a digital signal value xi may incorporate preceding signal values xi− , xi−, . . . as well as later ones
xi+, xi+, . . . .
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In online applications, the length of the sample string xi+ , xi+ , . . . depends on the delay between the occurrence of
the event and the time of observation on a monitor. The sharpness of the cutoff of the various filters needs to be tuned
to the particular type of application. For a full discussion of the design of such filters the reader is referred to the general
literature on this topic [].

Here, some simple filters are discussed and their effect is illustrated when they are applied to the signal shown in
> Fig. .. In the notation used, xi refers to the data used as input of the filter, yi to its output.The filter parameters used
may not correspond to desirable practical settings, but are chosen to clearly illustrate the nature of the effect of the filter.
The values shown relate to a sampling rate of , sps.

Recursive LP Filter

The most simple form of a digital lowpass (LP) filter is defined by the recipe: take y = , followed by computing for
i = , . . . ., N,

yi = αxi + ( − α)yi− (.)

As can be seen, the output of the filter depends on the instantaneous input value (xi) aswell as on the value of the preceding
output value (yi−). The latter property classes the recipe as an example of a recursive filter. On-line implementation
demands just the storing of this preceding output value.The value of α sets the cutoff frequency, the frequency where the
amplitude of a sinusoidal signal applied to the filter is reduced by a factor of /√ (the −dB point).

The application of this filter to beat  of the reference signal (> Fig. .) is shown in > Fig. .. The output signal
is drawn by a solid line, the dashed line represents the input signal.The value of α was set at ., resulting in −B point
at Hz, the frequency corresponding to the local minimum in the amplitude spectrum around Hz (> Fig. .).

The typical effect of the application of a LP filter can be seen to be:

. reduction of noise,
. reduction of the amplitude at sharply peaked signal segments,
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Dash-dot line: beat  of> Fig. .. Solid line: output of the recursive LP filter having its −B point at Hz.
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Dash-dot line: beat  of> Fig. .. Solid line: output of the HP filter.

. a reduction of the slope of the fast deflection (R-S segment)
. a delay in the timing of the signal, as is always the case for recursive filters.

All these effects are more pronounced if the cutoff frequency is set at a lower value.

Recursive HP Filter

The output of a simple form of a digital highpass (HP) filter is found by, after initializing: v = , y = , followed by
iterating for i = , . . . ., N,

yi = xi + vi−
vi = αxi + ( − α)vi− (.)

This may be viewed as the subtraction of a lowpass-filtered version of the input signal (.) from the input itself.
The LP filter can be seen to leave the fast signal segments (QRS) relatively unaffected, but the pronounced effect on

the slower parts (the STT segment) should be well noted. The filter forces the mean value of the output to be zero.
The application of this filter to beat  of the reference signal (> Fig. .) is shown in> Fig. .. As in> Fig. .,

the output signal is drawn by a solid line, the dash-dot line represents the input signal. The value of α was set at .
(sampling interval ms), resulting in −B point at Hz. This value is close to the basic frequency of the signal segment
(.Hz).

Lowpass Moving Average Filter

The final example of simple digital filters is the lowpass moving average filter. Its recipe is

yi = 
W

W/∑
k=−W/

xi+k (.)
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Dash-dot line: beat  of> Fig. .. Solid line: output of the LPmoving average filter;W = .

It represents the moving average (sliding average) of W input values (an integer number). Since this does not involve
previous output values (like yi−), it is a called a non-recursive filter. In contrast to the previous examples, this filter
demands not just a single stored value, but rather: W values within the sliding window. The value of W determines the
filter properties, in particular its cutoff frequency.

In the formulation given here the input includes samples related to later sampling moments and so it cannot be
implemented in real time. A major, more general and highly valuable feature of the filter is that it does not produce
phase-shift distortion.When using a sampling rate of , sps, andW =  the filter has a complete suppression of signal
components at frequencies that are integer multiples of Hz. This implies that, in addition to its lowpass character, the
filter also suppresses completely any Hz power line interference. The performance of this filter to beat  of the signals
shown in > Fig. . is presented in > Fig. .. The value of Hz lowpass may high enough for some applications
(compare > Fig. .). Note that, like the recursive filter, it produces some attenuation at the sharp peaks of the signal,
but no delay, clearly: the off-line application.

Baseline Correction/Definition

As discussed in > Sect. ..., bioelectric potentials observed by means of electrodes are contaminated by the half-cell
potentials. The magnitudes of these potentials are much larger than those of the ECG, are unknown, and may change
slowly in time: the so-called baseline “wander” or “drift.” The common way of treating this problem is by including a
highpass filter in the first stage of the amplifier (> Fig. .).The resulting signal is referred to as an AC-recording (AC =
alternating current). This produces an output signal that, when computed over a very long time, has zero mean value,
i.e., the DC component of the signal is zero. If more rapid perturbations of the contact potential occur, the baseline of
the signal, i.e., the values in the observed signal that should be assigned a zero value, must be specified on a beat-to-beat
basis. Even if the dynamic range of the input stage would be wide enough to encompass the full range of sensor potentials
(allowing a DC recording in spite of the presence of the half-cell potentials) the subseqent shift to a zero level remains to
be defined.
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Upper trace: lead V, beat  of > Fig. .. Dash-dot trace: expression of the contribution to lead V due resulting from

acute ischemia in the myocardium close to electrode V. Lower, continuous trace: sum of the previous two traces: the DC

representation of lead V during the ischemic period.

The treatment of the problem is generally referred to as baseline correction. However, this is a somewhat misleading
term since it assumes that the signal level that should be specified as zero is self evident, which is, in fact, not the case.
The problem involved is illustrated by the following examples.

The ECG records differences in the potential field generated at different locations on the thorax. This potential field is
uniform over the thorax (thus resulting in zero ECG potential differences) if all myocytes have the same transmembrane
potential (> Sect. ..). In healthymyocardial tissue, the time instant atwhich this situation ismost closely approximated
is just before the beginning of atrial depolarization: the onset of the P wave. The signal of lead V shown in > Fig. .
is the (unprocessed) output of an AC-coupled amplifier. Beat  of this signal is shown as the upper trace of > Fig. ..
For this healthy subject and this particular beat, the onsets of the P waves were close to zero, and so only a minor shift
would be required to refer this signal to zero baseline.

For the entire segment shown in> Fig. . an optimal baseline definition can be carried out by fitting a continuous
function (e.g., a cubic spline) to the signal values at the onsets of the Pwaves of all beats. Subtraction of this function from
the trace of > Fig. . then produces the optimal baseline, provided that baseline wander or other recording artifacts
are not too extreme.

The problem of baseline definition is more pressing for recordings taken during periods of acute ischemia. During
ischemia, the transmembrane potential (TMP) of the myocytes within the region change: the resting potential decreases
(tends to zero), the upstroke of the TMP is reduced.The size of these changes varies during the various stages of ischemia
[].The coupling of the intra-cellular domains of neighbouringmyocytes I in the ischemic region andmyocytes H in the
healthy region and differences in the TMPs of these myocytes result in a current flow. For the ventricular myocardium,
there is a intracellular current flow from cells I to H during the time interval between the end of the T wave and the onset
QRS interval. In the extracellular domain there is a return flow of current, flowing in the opposite direction, since charge
is conserved. Hence, in the extracellular domain, this can be expressed by an equivalent current sink at the borders of the
ischemic zone, which lowers the value of the nearby extracellular potential field [].

In> Fig. . the effect of this current sink on the potential of lead V is simulated by a downwardDCshift of .mV.
During the activation of the tissue surrounding the ischemic zone the potential difference between the regions is smaller
and as a consequence the loading effect is smaller. In this simulation,> Fig. ., the contribution to the potential of lead
V was set to −.mV. During repolarization the contribution of the sink slowly returns to −.mV.The time course of
the contribution of the current sink is shown by the dash-dot line shown in > Fig. .. The addition this contribution
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Effect baseline specification during acute local ischemia
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Lower trace: DC variant of lead V, beat  of> Fig. . during ischemia (lower continuous trace of> Fig. .).Middle trace:

zero mean variant of the lower trace, as would result from AC coupling. Upper trace: a variant of the lower trace in which zero

baseline is defined at the beginning and the end of the entire beat.

to the signal of the non-ischemic situation (the upper trace) results in the type of wave form for the V signal that can be
expected during the ischemic period (the lower solid trace in > Fig. .). Note that between the end of the T wave and
themoment of depolarization around the ischemic-zone (R-S segment) the signal is lowered by .mV and the remaining
part by .mV, followed by a slow return to the (depression) of −.mV at the perceivable end of the repolarizing phase.

Standard ECG recordings do not reveal the baseline depression shown in the lower solid trace in > Fig. .. The
presence of the highpass filter results in a signal that has a zero mean value over the interval indicated (middle trace in
> Fig. .). A (subsequent) baseline “correction” to the onset of the P wave then results in the upper trace of the same
figure. Note that as a result of the current sink formed by the ischemic source, the actual baseline depression is seen to be
expressed as an elavation of the ST-segment, merely as a result of the definition of the baseline.This phenomenon cleary
hinders a direct intrepetation of the ECG features in terms of the underlying source-sink configurations associated with
electrophysiology.
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The Normal Electrocardiogram and Vectorcardiogram  

. Introduction

As with all biological phenomena, there can be no clear-cut distinction between normal and abnormal, yet some attempt
has to be made to define the limits of normality of the ECG. The only sound basis for the interpretation of the ECG is a
thorough understanding of the way in which the ECG pattern in normal, healthy individuals varies from infancy to old
age, between male and female, from one racial group to another, and so on. A knowledge of intraindividual variation is
also necessary in order to avoid false-positive interpretations and to look for subtle changes in the ECG, even within the
normal range of measurements.

In recent years, other noninvasive investigations, such as echocardiography and magnetic resonance imaging, have
been added to the diagnostic armamentarium of the physician. Yet, electrocardiography still remains one of the most
basic cardiological investigations beyond physical examination and can provide information that is not obtainable by
any other means. Even now, it is unlikely that the full potential of the ECG has been realised because of the failure to
establish well-defined limits of normality, which vary according to the different factors mentioned above. Furthermore,
with the increasing application of computer technology to the interpretation of the ECG, the potential for setting up
comprehensive cooperative studies of normal individuals to establish large databases for refining the limits of normality
exists, in order to improve the diagnostic capability of the ECG. The alternative of taking ECGs from apparently healthy
individuals enrolled in clinical trials, though not fully medically examined, has recently been adopted, enabling large
numbers of individuals to be studied [].

Technology has advanced rapidly, and it is perfectly conceivable that every electrocardiograph could contain facilities
for some form of computer-based ECG interpretation (see > Chap. ). However, not all healthcare systems can afford
such technology, and simple ECG recorders with no interpretation ormeasurement facility will survive for years to come.
This gives added impetus to the need for a careful appraisal, if not further development, of methods for defining the
normal variation of the ECG.

The classic treatise on the normal ECG is that of Simonson [] who elegantly summarized all the material available at
that time, c.. He himself contributed greatly to the understanding of the variability of the normal ECG, and much of
his own thinking still influences present-day electrocardiographers. Nonetheless, technology has advanced dramatically
since then, and the availability of computer techniques for the measurement of the ECG and vectorcardiogram (VCG)
component amplitudes has greatly facilitated further study of normal limits.

In an assessment of the normal scalar ECG recorded from a few hundred healthy volunteers, Lundh [] pointed out
that if the order of measurements are made on the ECG with each varying independently (which is unlikely to be the
case), then only % of the ECGs could be expected to fall within normal limits on the basis of utilizing % confidence
intervals for defining the normal range of each measurement. This, of course, is carrying matters to an extreme, but it
does point to the need for a careful development of diagnostic criteria even given well-defined normal ranges. In other
words, it has to be made clear from the outset that the availability of normal ranges does not mean that once a single
measurement exceeds an upper limit by a small amount, the ECG has to be regarded as abnormal. This point cannot be
emphasized too strongly.

. The Establishment of Normal Limits

.. SamplingMethods

There are a number of different approaches to tackling the problem of establishing normal limits through large-scale
population studies. One of the first questions to be resolved is whether the population should be based on apparently
healthy individuals in the community or whether it should be derived from persons under investigation in hospitals for
problems unrelated to cardiovascular disease. There can be no doubt that the latter offers the convenience of subjects
being available close at hand to the recording center, but it is clearly open to question as to whether such individuals can
be regarded as healthy. It could be argued that patients in an orthopedic wardwho have been admitted for the treatment of
a recent injury are no different from an apparently healthy individual in the community, always assuming that the relevant
medical history is uneventful. Alternatively, such a source of volunteers is unlikely to yield an adequate distribution of
subjects with respect to age and sex.
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The most satisfactory solution is to obtain apparently healthy subjects from the community at large. Different
approaches to population sampling can be adopted. Some investigators favor the use of sampling a population regis-
ter. For example, Lundh [] selected every th man and woman born between  and  from the local civil registry.
Although an even distribution of subjects by age and sex was not obtained, there being a predominance of younger indi-
viduals, it was claimed that this reflected the population distribution in the catchment area – a town that had expanded
in recent years.

The approach of Macfarlane et al. [] was to seek volunteers from a variety of departments in the local government
within the city of Glasgow and the region of Strathclyde. In this way, a spread of occupations was covered from sedentary
office work, such as in finance and library administration, to outdoor occupations, such as in parks and recreation depart-
ments. The distribution of the volunteers obtained in this study is shown in > Fig. ., where again it can be seen that
there is a predominance of younger persons. In this case, there is a different reason for such a distribution. It is evident
that younger persons who feel healthy are quite willing to volunteer for such a study, whereas older individuals appear to
bemore reluctant to come forward in case some hitherto unsuspected abnormality is detected thatmight result in further
medical investigation that would be regarded as inconvenient and potentially job threatening. In addition, becausemany
married women cease employment with the arrival of a family and then only return to work perhaps  or  years later,
there is a lack of female volunteers in the – age-group. This can be compensated for by concentrating on selecting
volunteers from the appropriate age and sex group when, after some time, it becomes apparent that a shortfall is present
in a particular category.

A third approach that has been used in a number of studies is simply to investigate a group of employees in a particular
industry or government department. Normally, such an approach is associated with screening (see > Chap. ), but it
could be regarded as an alternative to the determination of normal limits, always assuming that there was a reasonable
distribution of employees by age and sex.

.. Cardiovascular Screening

When the population sampling method has been chosen, it must then be decided what investigations are necessary in
order to establish that an individual is healthy. In studies undertaken in the authors’ laboratory and reported later in
this chapter, it was decided to undertake a simple clinical examination of volunteers in order to exclude those with
any evidence of an illness known to affect the cardiovascular system. In addition, blood-pressure measurements were
obtained.
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The list of illnesses known to have some influence on the ECG is lengthy, but of major importance are endocrine,
respiratory, renal, neurological, alimentary, and hematological disorders, as well as the various cardiovascular diseases,
either congenital or acquired. In the authors’ study, subjects were asked to volunteer if they were apparently healthy, but,
nevertheless, it was clear that a few individuals used the opportunity of participating in such a study as a means of having
a checkup on earlier illnesses, which in fact precluded them from entry.

The value of a chest x-ray is questionable. In the first  patients in the above study in whom chest x-rays were
routinely recorded, there was no single instance in which an apparently healthy volunteer had to be excluded from the
study on the basis of an abnormal chest x-ray being the only positive factor. It was therefore decided that in view of the
expense and inconvenience involved in arranging chest x-rays, this would not be a necessary requirement for determining
that an individual was apparently healthy.

From the outset in this study, it was also decided that the need for routine blood testswas negligible. Again the expense
and expected yield of abnormalities did not appear to justify the workload of such an additional test. Thus, the cohort
consisted of volunteers regarded as healthy on the basis of history, blood pressure, and physical examination.

It is of interest to note that a group of electrocardiographers in North America [] reached a similar conclusion. In
other words, subjects “not actively seeking medical care” can be accepted as apparently healthy on the basis of physical
examination and history, without the need for either a chest x-ray or blood tests to be available.

It can be seen that volunteers are initially regarded as healthy without recourse to ECG findings. On the other hand,
it is well known that a right bundle branch block (RBBB) occurs in a small percentage of healthy persons [] and that
an ECG is sometimes the only indicator of myocardial infarction (MI) []. In at least two studies – one in Framingham,
Massachusetts [] and the other in Israel [] – it was found that the ECG provided the only evidence of myocardial infarc-
tion in up to % of patients in whom it was agreed that a definite infarct had occurred. Notwithstanding these examples,
it has to be accepted that individuals must be regarded as apparently healthy on the basis of a clinical examination, history,
and other test results excluding the ECG.Thereafter, it is for the statistical techniques to deal with the question of normal
ranges.

.. Statistical Considerations

... Sample Size

From a statistical point of view, the larger the population studied, the more soundly based will be the results that are
derived therefrom. However, consider a simple example and assume that it is desired to study the adult population
in the age range of – years. (The question of variation in infancy and childhood is discussed separately below.)
One approach would be to divide the population sample into decades of age so that, for the proposed sample, there
would be five age-groups, namely, –, –, –, –, and  years and over. Likewise, the population would
be split in two on the basis of sex, thereby giving ten subgroups. It is known that the ECG can be influenced by race,
and hence if the population is further stratified into black and white (which is a major simplification) the number
of subgroups increases to . From a practical point of view, if  entries could be obtained for each of the groups,
then , individuals are required to constitute a basic population survey. Selvester and colleagues in North America,
in proposing the establishment of a normal database, have indicated that up to , individuals would be required
from a statistical point of view []. While this may be scientifically desirable, it raises many practical problems, since it
entails the need for a multicenter approach. Such a method would cause difficulties in the standardization of methods,
not to mention a need for the transfer of data to a central coordinating department that has the ability to analyze the
massive amounts of data obtained. Nevertheless, such numbers have been obtained in a more indirect way, as already
mentioned [].

An approximate estimate of numbers required for a particular test can be obtained from the consideration of a simpli-
fied example. In a discussion of clinical trials, Schwartz et al. [] quoted the following equation that is useful, for example,
in estimating the number of people, n, required in each group when it is wished to show a significant difference, say of
.mV, in the mean R amplitude between males and females of the same age-group:

n = (eα + eβ)B/A
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where A is the difference being assessed (here, .mV), B is the standard deviation of R amplitude distribution (perhaps
derived from a pilot study), eα denotes the percentage point from the standard normal distribution corresponding to the
chosen significance level α of the test, and eβ is the percentage point from the standard normal distribution corresponding
to the chosen power β of the test, where β is the maximum probability of failing to detect a difference. It can be shown
that  people would be required in each group depending on the chosen eα , eβ , and A. If the difference being assessed is
expected to be .mV, then the number increases to  in each group.

... Normal Ranges

If a set of amplitudes, for example, the R-wave amplitude in V, is obtained from a group of apparently healthy individuals
within a well-defined age range, there will clearly be a spread of measurements obtained with a predominance of values
in the middle of the group and a smaller number at either side. In a classical situation, where there is an even spread of
measurements around a central value with the distribution as shown in > Fig. ., there is said to be a normal distri-
bution. A point on the bell-shaped curve simply indicates the number of people in the group who have an amplitude of
a certain value. Clearly, when the distribution is symmetrical, the mean of the values will be in the middle of the range.
Given the set of values, it becomes possible to calculate a mean and standard deviation for the parameter of interest.The
standard deviation, SD, is calculated from the formula

SD = [∑n
i=(xi − x̄)

n − 
]/

where x̄ is themean value, xi represents the individual values, and n is the number of values in the sample.With a classical
normal distribution, the mean plus or minus twice the standard deviation delineates approximately % of the range of
values, as shown in > Fig. .. Hence, if it could be shown that a set of values possessed a normal distribution, then
one method of defining the normal range would simply be to calculate the mean and standard deviation and proceed to
derive the upper and lower limits of the normal  percentile range. By taking such limits, where .% of the values are
excluded at either end of the distribution, so-called outliers can be excluded.

With respect to ECG measurements, however, it was pointed out by Simonson [] many years ago that the range
of measurements for most ECG parameters is not normal, that is, it tends to have a skewed distribution, as shown in

95%
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Measurement

A B

2 SD2 SD

⊡ Figure .

An illustrationof a normal distributionof a set ofmeasurements. Themean value in this case is in the center of thedistribution

with two standard deviations, SD, being shown on each side of the mean; the distance AB includes approximately % of

the measurements.
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Thedistribution of the R-wave amplitude in V in males in theGlasgow study. It can be seen that the distribution is skewed

to the right, that is, toward the larger measurements. The mean ± SD has a different range compared to the  percentile

range obtained by excluding .% at either extreme of the distribution. Note that in many ECG studies, a  percentile range

is used (see text).

> Fig. . for the R-wave amplitude in V.The longer tail of the distribution is toward the higher values with the shorter
tail being toward the lower values. Thus, if the  percentile range based on the mean ± SD is used, a large percentage
of values at the upper end of the range are likely to be excluded.

To avoid this difficulty, an alternative approach for deriving the  percentile limits can be adopted; namely, .% of
values at the upper end of the range are excluded as are .% of values at the lower end.The difference between the two
ranges calculated using the alternative techniques is shown in > Fig. ..

In many electrocardiographic studies, the  percentile range has been adopted, whereby % of values at either
extreme were removed in calculating what then became known as the “normal range.” There are no scientific reasons
for choosing % rather than % other than that in a study of  or  individuals, it is simpler to remove % as
opposed to .% of values, since in the latter, interpolation methods would have to be used. The different approaches
to the latter were outlined by Simonson [], but in the context of samples of adequate size, this would appear to be an
unnecessary refinement.

Much of the data presented later in this chapter in respect of normal ranges and elsewhere in the Appendices is based
on the above concept of the normal range. Mean values and standard deviations are also provided for completeness,
wherever possible.

The use of % ranges means that an unusually long QRS duration as obtained from a healthy volunteer with
RBBB would be excluded from the normal range, as such an abnormality occurs in less than .% of a mixed
community []. Similar conditions would apply to broad Q waves encountered in persons with silent myocardial
infarction.

Another approach to defining a normal limit, particularly where there is a need to consider a continuous limit over a
range of ages, is to calculate an upper % confidence level for the distribution. This can be done by first obtaining a set of
values such as the R-wave amplitude inV for a group of persons, perhapsmales aged – years, as shown in > Fig. ..
With the use of statistical methods, it is then possible to assess the effect of age and body mass, for example, with respect
to their contributions to the amplitude distribution. If it can be shown that the major component contributing to the
variation is age, then it is appropriate to calculate the mean amplitude values for various age ranges.Given this data and
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knowledge of the appropriate standard deviation, it then becomes feasible to calculate the % confidence interval for the
mean from the following equation:

Mean ± K × SD(group_size)/
where K is approximately  for a group that is normally distributed.

Alternatively, the upper and lower % limits of the range of values (i.e., .% of values are excluded at each extreme
of an assumed normal distribution) are given by

Mean ±  × SD ( + 
n
)/

where n is the number of subjects in the group.
The above applies where a single age-group, for example, is being assessed, but the process can, of course, be repeated

for the different age ranges. Of interest is the possibility of deriving a continuous equation for predicting the upper limit
of normal for a given age. Consider that all R-wave amplitudes in V are known for a group of males aged – years.
The mean and standard deviation of R in V can then be calculated. If the distribution is reasonably normal and it has
to be accepted that there will be some error in this assumption, these two values can be used as shown below. Similar
considerations apply to age, and again the assumption of a normal distribution would be open to question.The fifth value
required is the correlation coefficient. In summary, if x̄ denotes the mean of age, Sx is the standard deviation of age, ȳ
denotes the mean of the R-wave amplitude, Sy is the standard deviation of amplitude, and r is the correlation coefficient
between age and amplitude, then the expression depicting the upper .% limit is

⎧⎪⎪⎨⎪⎪⎩ȳ + β(x − x̄) +  [ + 
n
+ (x − x̄)(n − )Sx ]

/⎫⎪⎪⎬⎪⎪⎭


where n is the number of subjects in the study, β = rSy/Sx, x denotes age, and S = Sy( − r)/. From the authors’ own
data for males, this equation reduces to

⎧⎪⎪⎨⎪⎪⎩. − .(age) + . × . [ + 


+ (age − .)(.) × 
]/⎫⎪⎪⎬⎪⎪⎭



where age is in months and amplitude is in microvolts. This line is plotted in > Fig. . together with discrete limits of
normality for different age ranges.

This expression can, without any real loss of accuracy (given the assumptions under which it was derived), be
reduced to

[. − .(age) + .]μV
where age is in years, and clearly further to

Upper normal limit = (. − . age)μV
Thus, the upper limit of normal is .mV at age  and .mV at age . This compares with a change of .mV
between these two particular ages when discrete limits are used (see > Fig. .).

The use of  percentile confidence limits where a continuous value can be derived from the equation is at first
sight attractive. Clearly, the upper limit of normal for an individual should not change overnight as he changes from
one age-group to another as discussed above. Jain and Rautaharju [] have investigated the use of continuous variables
with respect to diagnostic classification capabilities and have suggested that these are possibly of greater significance



The Normal Electrocardiogram and Vectorcardiogram  

4500

4000

3500

3000

2500

2000

1500

1000

500

0
250 300 350 400 450 500

Age (months)

R
 –

w
av

e 
am

pl
itu

de
 in

 V
5 

(m
V

)

550 600 650 700

⊡ Figure .

A plot of normal limits of the R-wave amplitude in V (in microvolts) against age (in months). The topmost curve or step

function illustrates the upper limit of normal for this parameter for three discrete age-groups, –, –, and +. Note
that within each group the level is fixed, but there is marked discontinuity at – and –. The three continuous curves

show, respectively, the upper . percentile distribution, the mean, and the lower . percentile limit, as derived from the

equations presented in the text. In this case, the change between ages – and – is of the order of approximately μV.

than the use of discrete variables where limits change from one age range to another. This is an area that has not
been explored intensively and is one where further study would appear to be merited if the year-to-year variation of
the ECG interpretation is to be minimized. This could be important in the context of an annual company medical,
for example, where a computer-based interpretation might be employed with discontinuous limits of normality being
used for different age-groups. Undoubtedly, this approach would be facilitated with the availability of large databases of
normal ECGs.

Indeed, in the Glasgow ECG analysis program for automated analysis of ECGs [, ], continuous limits of normal-
ity are extensively used. Furthermore, smoothed criteria have been introduced so that thresholds between normal and
abnormal can also be blurred [, ]. > Figure . illustrates this concept.

... Angular Data

The treatment of angular data can be difficult. For example, if three vectors are oriented at ○ (○), ○, and ○,
what is the mean value? Fortunately, in many situations, the angular data tend to cluster around a prevalent direction and
a normal range can be estimated in the manner discussed in > Sect. .... In more difficult situations, an alternative
strategy has to be considered. Liebman (see Appendix ) discusses the matter fully, but a summary is given here.

If a group of vectors is imagined to lie in space, a sphere of suitably small radius, R, could intercept all such vectors.
The coordinates of each intercept would then be (xR/L, yR/L, zR/L), where x, y, z are the components of the original vector
of length L. The mean value (x̄, ȳ, z̄) of all such intercepts can then be found; for example,

x̄ =∑ (xR/L)
N

whereN is the number of vectors. The prevalent direction can then be calculated.
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A comparison of two scoring methods, namely, a fixed threshold and a continuous function. With the use of a fixed threshold

at b, K points are scored when the threshold is exceeded. Only two values of the score are possible, namely,  and K. With the

continuous function, an infinite number of values of the score between  and K are possible as the measurement increases

and then exceeds b. (Reproduced from J Electrocardiol ; (Suppl): – by kind permission of Elsevier.)

... Sensitivity and Specificity

The importance of normal ranges lies in the assessment of specificity of diagnostic criteria. It would therefore seem
relevant to introduce the concept of sensitivity and specificity, to which reference is made in other chapters.

Consider that a group of apparently healthy individuals have ECGs recorded, while a separate group of patients with
cardiac diseases known to predispose to left ventricular hypertrophy (LVH) also have an ECG recorded. It is conceivable
that the distribution of S-wave amplitude in V for each of the groups would appear as in> Fig. ..The development of
criteria should be such as to obtain the optimum separation between the two groups. It can be seen from this hypothetical
example that there is a considerable overlap between the two sets of measurements, which in practice is usually the case.
In selecting a borderline value for a simple test to discriminate between the two groups, the investigator must first decide
the level of specificity desired. This is the percentage of normal patients that will be correctly reported as normal by the
test. Each of these normals is regarded as a true-negative (TN) result. The remainder of the normals wrongly reported as
abnormal because their S-wave amplitude lay above the borderline value selected would be classed as false positives (FP).
Thus,

TN + FP = total number of normals

With respect to the abnormal group, those patients with ventricular hypertrophy (VH) who are correctly reported as
having the abnormality because their S-wave amplitude values exceed the borderline criterion, would be regarded as true
positives (TP).The remainder of this group of patients would then fail to have been reported as having hypertrophy. They
would thus falsely have been regarded as normal and are said to constitute the false-normal or false-negative (FN) group.
Clearly,

TN + FN = Total number of patients
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A hypothetical example of the distribution of the S-wave amplitude in V in a group of normal subjects and a group with

proven left ventricular hypertrophy (LVH). If a value of mV is selected to differentiate between normal and abnormal, over

%of the cases of LVHwould not bedetected. The reversewould be true if mVwere to be selected; over %of the normals

would be reported as having LVH.

The following definitions can therefore be given.

Specificity = Number of normals correctly reported as normal
Total number of normals

× %

= TN
TN + FP

× %

Sensitivity = Number of abnormals correctly reported as abnormal
Total number of abnormals

× %

= TP
TP + FN

× 

When commenting on the accuracy of diagnostic criteria, in addition to sensitivity and specificity, the following
measurements are also often used.

Predictive value of an abnormal result = TP
TP + FP

× %

Predictive value of a normal result = TN
TN + FN

× %

Association index = sensitivity + specificity − 

In the authors’ view, specificity should be selected at a high level with the desired aim of maintaining a very low rate
of occurrence of false positives. The exact relationship between specificity and sensitivity can be seen more closely in
> Fig. .. In this illustration, two situations are described []. In each case, the distribution of a set of normal val-
ues of a particular parameter is shown under the left-hand curve, while the distribution of the corresponding parameter
from a set of patients with a particular abnormality is shown under the right-hand shaded curve. The normal group
and the set of patients is the same in each case, but the parameter used in II shows a clearer separation between the
two groups. If the dividing line between normal and abnormal is chosen at different points, here labelled – or –
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The top curves compare the distributions of two parameters (I and II) in two groups of patients. One is a normal group and

the other is an abnormal group (shaded distributions). Parameter II clearly provides a better separation between the two

groups. Although this is seen visually in the top right set of curves, the findings canbe presented as a set of receiver operating

characteristic (ROC) curves. The numbers – represent points at which the separation between normal and abnormal can be

taken so that with , for example, there would be a high diagnostic sensitivity and very many false-positive interpretations,

whereas with  there would be very few false-positive interpretations but a poor diagnostic sensitivity. The curve that most

closely approaches the origin is superior, and, in this case, parameter II is the better. (AfterDudeck andMichaelis []. ©North-

Holland, Amsterdam. Reproduced with permission.)

as the case may be, then the corresponding number of false-positive and false-negative cases for each discriminat-
ing value can be plotted. The curves arising from such plots are known as “receiver operating curves” or “receiver
operating characteristics” (ROC curves). For particular distributions, they allow the user to select a level of speci-
ficity (% false positive), and from this, the corresponding sensitivity (% false negative) can be determined from
the curve. It can be argued that the value closest to the origin produces the best results, whereby false-positive and
false-negative values are minimized. For example, in this case (> Fig. .), the lower curve denoted II indicates that
this parameter is better than that of I for separating normal and abnormal. This can be a useful way of assessing the
best discriminating values for use in the development of diagnostic criteria as evidenced by a recent study of different
criteria [].

The above discussion for illustrative purposes has concentrated on a two-group classification of normal and abnor-
mal. Rautaharju et al. [] agreed that this approach enhances sensitivity and specificity estimates, and that the
relative numbers in the two groups can distort the true picture. They suggested that the comparison should not be
between normal and abnormal (i.e., a particular abnormality), but between patients with such an abnormality and
all others. In other words, in assessing the specificity of criteria for LVH for example, all normals and other patients
known not to have LVH but who might perhaps have a myocardial infarction should be included in the “non-
LVH” group, and not simply the normals alone. The alternative definitions that follow from this are summarized in
> Table ..
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⊡ Table .

Definition of sensitivity (SE), specificity (SP), mean performance (MP), asso-

ciation index (AI), accuracy of positive test (AP), accuracy of negative test

(AN), fraction of subjects with a positive test (F), and overall diagnostic

accuracy (D). See text for a discussion on the meaning of negative test

Definitions

SE = TP/(TP + FN) AP = TP/(TP + FP)
SP = TN/(FP + TN) AN = TN/(FN + TN)
MP = (SE + SP)/ F = (TP + FP)/(TP + FP + FN + TN)
AI = SE + SP −  D = F.AP + ( − F)AN

TP, true positive; FP, false positive; FN, false negative; TN, true negative
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The relationship between the probability of an ECG interpretation being correct with respect to a particular diagnosis and the

prevalence of that abnormality in the population. The two curves on the left show the probability of a true-positive result,

and the two curves on the right show the probability of a true-negative result. Each curve corresponds to a different set of

criteriawith different sensitivity and specificity. For example, with a sensitivity of %and a specificity of %, the probability

that an ECG interpretation stating a particular abnormality true-positive result, given that the prevalence of the abnormality

is %, is .%. Likewise, the probability that the omission of such a diagnosis is a true negative is approximately %. (After

Bailey []. © Engineering Foundation, New York. Reproduced with permission.)

A final point to bear in mind is that positive and negative predictive value depend on the prevalence of a particular
disease in the population being studied. In other words, in assessing criteria for myocardial ischemia, it would be quite
possible to produce a set of criteria that proved to have a high positive predictive value when evaluated in a population
where the prevalence of ischemic heart disease is known to be high. Conversely, it is likely that the same criteria applied
to a population where ischemic heart disease is known to be low would result in many false-positive diagnoses and a low
positive predictive value. The two curves on the left of > Fig. . show the probability of an ECG interpretation of a
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particular abnormality being correct (true positive) given the varying prevalence of such an abnormality in the population
and a knowledge of the sensitivity and specificity of two sets of criteria []. Inmany ways, these are ROC curves for given
populations where the prevalence of the abnormality is known. Conversely, the probability of a negative interpretation
being correct (true negative) is also shown for the same two sets of criteria. Note that the sensitivity and specificity of the
two sets of criteria are fixed, while the prevalence varies from  to %. It can be seen that, for a prevalence of disease
of %, the criteria that are % specific produce a higher probability of a true-positive interpretation compared to those
that are % specific. The equations for calculating the probabilities are as follows [].

The probability of a correct positive result, P+, is

P+(Se, Sp) = SeI
SeI + ( − Sp)( − I)

where Se is the sensitivity of the criteria, Sp is the specificity of the criteria, and Idenotes the prevalence of that abnormality
or disease in the patient population.

The probability of a correct negative result, P−, is

P−(Se, Sp) = Sp( − I)
Sp( − I) + ( − Se)I

.. Methods of Measurement

In early studies on normal limits, the quality of the ECG-recording equipment was such that recommendations [, ]
referred to measuring from the top of the baseline at a particular reference point. At that time, all measurements
were made manually in some studies, and later, further suggestions for reference points were published [, ]. It
was recommended by the American Heart Association [] that the ST segment, the T wave, and the P wave should
all be measured with respect to the isoelectric part of the tracing before the P wave. This recommendation was based
on the avoidance of the atrial repolarization potentials, which can produce “depression” of the baseline prior to the
QRS onset.

QS – wave amplitude

measure vertically
from the onset of
the QRS at the lower
margin of the baseline
to nadir

⊡ Figure .

Recommendations from the Minnesota code manual on how to measure the depth of the QS wave. (After Prineas et al. [].

© Springer, London. Reproduced with permission.)
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Three simultaneously recorded leads, I, II, and III, shown expanded in time and gain. The vertical bars indicate estimates of

wave onsets and offsets madeby five cardiologists. The agreed onset for lead I differed from that of lead II by  sample points

in the digitized data, that is, ms. (FromWillems JL ed. CSE Atlas of ECGs.  ACCO Leuven. Reproduced with permission.)

Nowadays, with the use of computer technology, recommendations relating to the baseline “thickness” are a little less
meaningful, although for manual coding, such rules [] still apply (> Fig. .).The general approach to a measurement
involves one form of averaging or another. Normally, a set of beats of similar configuration is grouped together, and
from this, an average beat is formed. Measurements are then made on this average beat. Alternative approaches do exist
whereby a set of measurements (e.g., six R-wave amplitudes) is obtained and these are then averaged. A further approach
is simply to select one single beat that appears to be most representative of the recording. Further details are available
in > Chap. . The use of averaging, however, theoretically leads to an improved signal-to-noise ratio and, hence, more
accurate amplitude measurements.The accuracy of computer-derived durations is still under discussion (see below), but
it should be noted that if a reference point is wrongly determined (the QRS onset, for example), then any amplitude
measured with respect to such a point is open to error. To minimize such errors, most programs find a reference level
by averaging in the vicinity of, say, the QRS onset or else fit a smooth curve from which the reference can be taken.
In general terms, with respect to ECGs recorded from normal individuals, such small errors in amplitude are not of
great significance and have to be set against normal day-to-day variation of measurements, which can be significantly
larger [].

While the above discussion has concentrated on amplitudes, it should also be noted that the possibility of different
approaches tomeasuring durations of ECG components now arises from using technology, whereby all leads are recorded
simultaneously.> Figure . shows an actual example from three simultaneously recorded leads of a -lead ECGwhere
the QRS complex in lead I appears to commence earlier than in lead II. This is perfectly feasible given an understanding
of the concept of projections of electrical activity onto different cardiac axes, as discussed in > Chap. .

However, with respect to > Fig. ., the question then arises as to whether the duration of the wave in lead II should
bemeasured from the earliest QRS onset in any of the leads, or whether it should bemeasured from the apparent onset of
the R wave in that particular lead. The difference could be over ms as in this case. Again, the reader must therefore be
aware of another possible source of discrepancy when considering published values for normal limits of wave-component
durations.
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An illustration of the definitions of isoelectric segments at the onset (I) and termination (K) of the QRS complex. (After CSE

Working Party []. © Academic Press, London. Reproduced with permission)

The availability of simultaneously recorded leads and the possibility of detecting “isoelectric” segments in some leads
either at the beginning or end of waves have led the EEC working party on Common Standards in Electrocardiography
(CSE) to recommend that such segments, denoted I and K for the QRS complex (see > Fig. .), be separatelymeasured
when detected [].

A final point that can be made with respect to methods of measurement relates to the determination of QRS
axis. Where the VCG is available and all leads have been recorded simultaneously, it is quite feasible to derive any
required axis (see > Chap. ). Where the -lead ECG is involved, possibly with leads not recorded simultaneously,
a different approach has to be utilized. There have been many suggested methods for measuring QRS axis [–].
However, the ad hoc Task Force of the World Health Organization (WHO) and the International Society and Feder-
ation for Cardiology (ISFC) [] have recommended that the QRS axis should be measured on the basis of utilizing
the areas under the QRS complex in leads I, II, and III. Since two pairs of leads can be selected from the three leads
in three different ways, the recommendation is that the QRS axis be calculated using three different pairs of leads
with an average value ultimately being derived. This recommendation has clearly been made with computer technology
in mind.

An alternative approach is to utilize the sum of the signed Q (negative), R (positive) wave, and S (negative) wave
amplitudes in these leads and to calculate similarly a QRS axis. In either case, a function f (I), for example, can be used to
represent themeasurement (area or component sum)derived in this case from lead I.The following calculation shows how
the use of the three standard limb leads I, II, and III, fromwhich three measurements f (I), f (II), and f (III) are obtained,
allows an estimate of a frontal plane axis and avoids the need for repeated calculation and averaging as suggested by the
WHO Task Force [].

Consider that leads I, II, and III with lead directions as conceived in the Einthoven triangle (see > Fig. .) are
superimposed on aCartesian coordinate system, as shown in >Fig. ..Then,OL = f (I), OM = f (II), andON = f (III)
represent the amplitude of the projection of the desired axis (or vector

U→
OA) onto the lead axes I, II, and III, as shown in

> Fig. ..
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An illustration relating to the calculation of the mean QRS vector given measurements from leads I, II, and III. The resultant

vector is depicted as OA and has been calculated from a knowledge of its projection onto the three different leads I, II, and III,

namely, OL, OM, and ON, respectively. (See text for detailed discussion.)

Thus, the Cartesian coordinates of these projections, that is, the coordinates of L, M, and N are as follows:

axis projection on lead I: L = (f (I), )
axis projection on lead II:M = (f (II) cos ○, f (II) sin ○)
axis projection on lead III: N = (−f (III) cos ○, f (III) sin ○)
It should be noted that the functions f (I), f (II), and f (III) are signed values.

It follows from the above and from the preceding section on angular data (> Sect. ...) that the coordinates of
the desired mean axis, that is, OA, on a circle of suitably small radius, R, intercepting all vectors, are given by the average
component values:

R
 ⋅OA{[ f (I) + f (II) cos ○ − f (III) cos ○], [ f (II) sin ○ + f (III) sin ○]}

= R
 ⋅OA {f (I) + 


[f (II) − f (III)] , √


[ f (II) + f (III)]}

The required angle is therefore obtained from the arc tangent of the ratio of the two components:

tan−
⎧⎪⎪⎨⎪⎪⎩

√


 [ f (II) + f (III)]
f (I) + 

 [ f (II) − f (III)
⎫⎪⎪⎬⎪⎪⎭ = tan− { √

[ f (II) + f (III)]
f (I) + f (II) − f (III)}

This equation is based on the assumption that leads I, II, and III are related according to the equilateral Einthoven triangle
(see > Fig. .). It can be used to calculate the P, QRS, or T axis provided the relevant measurement (e.g., P, QRS, or T
area in leads I, II, and III) is substituted appropriately.

The experience of the authors’ laboratory is contrary to that of the recent recommendations [] in that the use of
the area proved slightly less acceptable than the use of signed amplitudes when compared with angles derived from the
VCG []. In a number of pathological situations (e.g., RBBB), a broad S wave can distort the measurement of the QRS
axis using the area method.



  The Normal Electrocardiogram and Vectorcardiogram

.. Use of Computers

Computers first began to be utilized for analysis of the ECG in the early s (see > Chap. ). Probably, the first use of
the technique in the assessment of the normal limits of the ECG was that of Draper [] from Pipberger’s laboratory. In
this study of  normal men, computer techniques were used for deriving the amplitude and duration of the P, QRS, and
T components of the orthogonal leadsX, Y , and Z as well as for calculating selected vector magnitudes and orientations.
From this,  percentile ranges were derived.

It should not be assumed that because a computer is used for measurement, the ECG component amplitudes and
durations are perfectly “correct.” Several studies (see > Chap. ) indicate that there is variation between different pro-
grams with respect to computer measurement of amplitude, duration, and so on. It should also be noted that different
authors measure wave components in different manners. While many workers have taken the QRS onset as a reference
point with respect to which all other amplitudes have beenmeasured, there are different recommendations available. For
example, the American Heart Association [] specifies that the T-wave amplitude should be measured with respect to
the end of the T wave. The CSE Working Party indicated that the P-wave amplitude should be measured with respect
to P-wave onset []. This is an approach that has not been adopted in all centers. > Figure . shows three different
approaches to the measurement of the P-wave amplitude, namely, with respect to the P-wave onset [, ], with respect
to the QRS onset [], and finally with respect to a straight line fitted between the P onset and termination [].

Although in the vast majority of cases, and particularly when dealing with normal subjects in sinus rhythm, there will
be very little difference between measurements. Nevertheless, there are obvious sources of discrepancy in the presence
of a sinus tachycardia above  bpm and in pathological situations. The reader is therefore urged to look carefully at the
different recommendations.

On the other hand, it is known that cardiologists also initially vary when defining wave onsets and terminations,
as demonstrated in one of the CSE studies []. Furthermore, it would be extremely difficult for a physician to measure
hundreds of amplitudes and durations and to calculate vectormagnitudes and orientations on amultitude of ECGs.Thus,
while the possibility of computer error, like human error, has to be acknowledged, automated methods provide a major
step forward in defining normal ranges.

The introduction of computers and the ability to exchange data between different collaborating centers, as demon-
strated by the CSE study [, , ], does support the possibility of developingmore extensive databases including those
from apparently healthy individuals. As alreadymentioned, the databases gathered from clinical trials involving one com-
mercial company have been used to assess the limits of normality on , individuals with a very low probability of
having any disease that would affect the ECG []. Such a task would simply be impossible without automated assistance.
Although the skill of the experienced physician may still be required in reviewing a computer-based ECG interpreta-
tion, the capacity of computer systems to remember various normal limits stratified by parameters such as age, sex, and
race is far beyond that of the individual. A valid second opinion is therefore provided in such cases by the automated
interpretation, which supplements the experience of the physician.

P

a b c

P P

⊡ Figure .

An illustration of threemethods ofmeasuring the P-wave amplitude. They arewith respect to (a) a straight line fitted between

P onset and P termination, (b) QRS onset, and (c) P onset. Clearly the amplitude will differ under the various situations

depicted here.
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. Sources of Error

.. Technical Sources

Improvements in technology, as discussed in>Chap. ,mean that nowadays the accuracy of ECG recording is high. Dig-
ital recording with direct analog-to-digital conversion of the ECGwithin themodern computer-based electrocardiograph
removes a number of sources of potential error in the recording technique.

The approach to population surveying can vary from a straightforward recording of the ECG on paper with manual
measurement through to fully automated ECG recording and measurement of amplitudes, and so forth. In the former,
a significant problem may arise with manual calibration of the ECG recorder. A % error in the setting of the mV
calibration signal might be difficult to avoid. Thereafter, the measurement of wave amplitudes and durations would
be subject to various sources of error, not the least of which would be human error owing to fatigue. With the use of
magnifying glasses for ECG measurement, the baseline written on to the chart recorder naturally appears thick, and
measurement rules [] suggest that amplitudes should be obtained by measuring from the top of the baseline to the
top of the R wave, or from the bottom of the baseline to the tip of the Q wave, for example (> Fig. .). The S-wave
amplitude should be derived by measuring from the foot of the baseline to the bottom of the S wave. Such recommenda-
tions are still relevant when applying the Minnesota code, for example [], to paper-based copies of the ECG. Likewise,
the determination of the onset and offset of various components is extremely difficult using manual techniques, par-
ticularly if only a single-channel recording is available. Calibration errors can be minimized by the use of a correction
factor (CF). For example, if the normal calibration of mV = mm is used, then the correction factor (CF) to be used
would be

CF = /X
where X = actual calibration amplitude (mm). All measured amplitudes would have to be multiplied by this correction
factor.

The use of computers for the measurement of ECG parameters is also not without error. While many of the above
problems, such as thickness of baseline, are avoided, the computer is still more prone to error in defining reference points,
such as P onset and T termination. However, the definition of such reference points can prove troublesome even to
experienced ECG reviewers, as evidenced by data from the CSE study [, ]. For example, given five referees’ estimates
of T termination, the standard deviation of the different estimates about each referee’s individualmean value in a sample of
 ECGs ranged from . to .ms. Similarly, the standard deviation of nine X, Y , and Z computer program estimates
versus the mean of the computer programs ranged from . to .ms. In general terms, it is probably true to say that
the measurement of amplitude by a computer will be more reliable than the measurement of durations. Some computer
programs can measure small Q or R waves of the order of ms duration. This is now the recommended minimum wave
duration [].

If a computer measures an extremely small primary r wave, perhaps of the order of ms duration and μV
amplitude, care has to be taken that any larger following r′ wave is correctly utilized.>Figure . illustrates this concept.

It could be argued that these difficulties are of minor significance compared with the actual repeat and day-to-day
variation in the ECG itself. Each of these points will now be discussed.

.. Repeat Variation

If an ECG is recorded on the same individual twice within a short period of time and if the electrode positions are not
marked on the chest, there can be marked variation in PQRST amplitudes from one recording to another. The source of
this variation can be a result of a number of causes.

A principal source is undoubtedly simply that of the accuracy of placement of electrodes. In population surveys, where
there is only one opportunity of recording the ECG, it is therefore of importance that an experienced technician records
the ECG, paying meticulous attention to electrode placement.
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⊡ Figure .

In this ECG, a small primary r wave leads to the principal deflection being termed an r′ wave. This could lead to an error

in computer diagnoses if criteria for an abnormally high amplitude R wave check only r amplitude and not r′ amplitude in

addition.

⊡ Table .

Day-to-day, beat-to-beat, and percentage variation of QRS amplitude measurements: only upper limit of % variation is

presented. Rx denotes the R-wave amplitude in lead X , and so on

Increased amplitude (mV) Decreased amplitude (mV) Ranges (mV)

Measurement Variation (%) Mean SDa

% day-
to-day
variation Variation (%) Mean SDa

% day-
to-day
variation

%

beat-

to-beat

variation
Maximal
variation

RX  . . .  . . . . .

RY  . . .  . . . . .

RZ  . . .  . . . . .

Maximum
spatial QRS
vector

 . . .  . . . . .

aStandard deviation

Where it has been possible to mark the correct electrode positions on the chest, perhaps with intracutaneous dye
injection, repeat variation is minimized [, ] but by no means eliminated. Using the orthogonal-lead ECG, Willems
et al. [] showed that the day-to-day variation could be reduced by % by usingmarked electrode positions compared to
using unmarked positions. In another study from which the data in > Table . were taken [], the electrode positions
were unmarked. > Table . shows the repeat variation of R-wave amplitudes in the orthogonal leads when ECGs were
repeated twice, ECGs being recorded on three different days. It can be seen that the  percentile day-to-day variation in
component amplitude ranged up to .mV, a sizable change. In a corresponding fashion, the maximum change in the
spatial QRS vector was .mV.

It was pointed out by Simonson [] that patients with coronary heart disease exhibit muchmore variability in repeat
ECGs taken at six-week intervals compared to a similar groupof apparently healthy individuals. For example, the variation
in the frontal plane T-wave axis in patients with coronary artery disease and an abnormal ECG was of the order of ○,
whereas it was only ○ for those with proven coronary artery disease and a normal ECG, while only approximately ○

for normal individuals.
Other factors influencing the repeat variation of the ECG include the phase of respiration in which the ECG is

recorded, cigarette smoking [], drinking of iced water [], proximity to meals [], anxiety [], and so on. While
all of these factors can influence ECG appearances in the one-off situation, by implication they must therefore affect
repeat and day-to-day variation in the ECG. The experienced electrocardiographer will often have a subjective impres-
sion that suspicious appearances in an ECG may be “technical” in origin and will ask for a repeat ECG to be undertaken
to make certain that an abnormality can be confirmed.The term “electrocardiographogenic disease” has been applied by
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Marriott to the situation where a healthy individual may be categorized as having heart disease on account of an “abnor-
mal” ECG []. A knowledge of the causes of day-to-day and repeat variation therefore assists in avoiding heart disease
of electrocardiographic origin.

. Factors Influencing Variability

.. Age

The factor that most influences the variation in ECG appearances is age. While other factors also have a role to play as
discussed below, the effects of age are apparent from birth to death. On the other hand, influences due to the sex of an
individual, for example, tend to be important in young adulthood but have a much less important role to play at either
extremes of age.

As is well known, the ECG varies considerably over the first few days of life as the cardiovascular system adapts
to its new role. In general, QRS voltage tends to increase toward adolescence and then begins to decrease thereafter.
This can be seen in the composite illustration of > Fig. . based on two different studies, one involving children
and the other, adults. While this trend is demonstrated from different age-groups and different samples, the same
conclusion has been demonstrated in a longitudinal study of persons in the Framingham study. ECGs recorded 
years apart from the same individuals show a decrease in QRS amplitude in the second recording compared to the
first. This is shown in > Fig. .. While it has always been assumed by electrocardiographers that the implication of
the results of serial studies in different populations could be applied to the same individual in a longitudinal study,
it is thought that this is the first time that such a finding has been demonstrated (Levy, D., personal communication,
).

As well as influencing ECG amplitudes, age affects intervals on the ECG. It has been shown that the PR interval
increases slightly with increasing age [], and in our study of adults, this finding has been reproduced as shown in
> Table .. Likewise, QRS duration is shorter in older subjects compared to young persons (see > Table .).
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A composite illustration of the upper limit of normal R-wave amplitude in V from birth to  years and over in males. The

peak occurs at age – years. The age-groups are as follows: () – day, () – days, () – months, () – months, () –

years, () – years, () – years, () – years, () – years, () – years, and () over  years.
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⊡ Figure .

Change in the mean R-wave amplitude in V (upper two curves) and in aVL (lower two curves) over a -year period. Solid

curves are from data kindly provided by Dr. D Levy of the Framingham heart study, while the dashed curves are from the

Glasgow database. Framingham data are from the same individuals recorded  years ago; Glasgow data are from different

individuals.

⊡ Table .

Means ± standard deviations and % ranges of PR, QRS, QT, and QTc

Age-group Sex

No. of subjects

(n)
PR interval

(ms)

QRS duration

(ms)

QT interval

(ms)

QTc intervala

(ms)

QTc intervalb

(ms)

– Male  . ± . . ± . . ± . . ± . . ± .
– – – – –

Female  . ± . . ± . . ± . . ± . . ± .
– – – – –

– Male  . ± . . ± . . ± . . ± . . ± .
– – – – –

Female  . ± . . ± . . ± . . ± . . ± .
– – – – –

– Male  . ± . . ± . . ± . . ± . . ± .
– – – – –

Female  . ± . . ± . . ± . . ± . . ± .
– – – – –

 Male  . ± . . ± . . ± . . ± . . ± .
– – – – –

Female  . ± . . ± . . ± . . ± . . ± .
– – – – –

aQTC corrected according to Hodges et al. []
bQTC corrected according to Bazett []
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.. Sex

The second important factor affecting appearances in the ECG is that of sex. Sex differences in the ECG aremost apparent
in young adulthood and tend to diminish to a certain extent thereafter. As an example,>Fig. . shows themean S-wave
amplitude inV formales and females in the authors’ own study. Significant differences exist in the age-group – years,
while by the age of , there tends to be little difference between S-wave amplitudes recorded from males and females.

It is possible that to some extent this difference in the younger age-group is a reflection of the level of physical activity
undertaken by individuals. To investigate this effect, a subgroup of  persons aged – years from the population of
the authors’ study was subdivided into those who undertook regular exercise and those who did not. It was found that
mean amplitudes of S waves in V were lower in the group who did not undertake exercise, but, nevertheless, there were
still significant differences between males and females who engaged in regular training activities and also between males
and females who did not (> Table .).

Another cause of lower ECG amplitudes in women is thought to be a higher fat content [] and the influence of breast
tissue. LaMonte and Freiman [] assessed the effects of mastectomy and noted an increased QRS amplitude in women
following this operation. On the other hand, Rautaharju et al. studied the effect of breast tissue on ECG amplitudes in
women and concluded that there was no significant effect [].

T-wave amplitudes in women also tend to be lower than in men, particularly in the precordial leads, where, apart
from V, the lower limit of the normal T-wave amplitude is positive in both men and women. In the Appendices, data
on T-wave amplitudes show that in V, T-wave inversion is much more prevalent in women than men. Indeed, T-wave
inversion in V and very occasionally in V can be found in healthy women. On the other hand, in the limb leads, it is
well known that apparently healthy young women, and sometimes men, may on occasions exhibit ST-T “changes” (slight
ST depression and/or minimal T-wave inversion), particularly in the inferior leads. Since the T wave in III may often be
inverted in normal persons, it is aVF that assumes more significance in this case. The exact mechanism for such T-wave
changes has never been satisfactorily demonstrated. However, this applies in cases where the QRS complex is mainly
upright. A leftward QRS axis shift may be accompanied by a leftward T axis shift so that an inverted T wave may appear
in aVF in the presence of a dominant S wave but be of little significance. In such cases, the frontal plane QRS-T angle is
small. Increasing the QRS-T angle is associated with increasing degrees of coronary artery calcification in older adults
aged  or over [].
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The mean S-wave amplitude in V stratified by age. Data were derived from the subjects in the Glasgow study.



  The Normal Electrocardiogram and Vectorcardiogram

⊡ Table .

Mean values and % ranges of the S-wave amplitude in V for young men and women aged – years, inclusive, divided

into two groups: those taking exercise and those who did not

Sex

No. of subjects

(n)
Mean value of wave

amplitude (mV)

% range of S-wave

amplitude (mV)

Regular exercise Male  . .–.
Female  . .–.

No regular exercise Male  . .–.
Female  . .–.

Sex differences can also influence the various intervals in the ECG (> Table .). The authors’ study group showed
a shorter PR interval in women ( upper percentile = . s compared to men whose corresponding upper limit was
. s). This might logically be explained on the basis of the average male heart being somewhat larger than that of the
average female, necessitating a slightly longer conduction time between the sinus node and the ventricles. It was also
found that women had a shorter QRS duration (ms, as compared to ms for men) and a longer corrected QT interval
(> Table .). For some unknown reason, these basic facts are not used in ECG interpretation where most cardiologists
will slavishly adhere to ms as the upper limit of normal QRS for males and females and use such a value in clinical
decisions on the use of cardiac resynchronization therapy, for example, irrespective of the patient’s sex and of the accuracy
of QRS measurement [].

.. Race

The influence of race on the ECG has been known for some time but, despite the recent availability of computer
techniques, has not been used to any significant extent in the interpretation of the ECG.

As early as , Littmann [] reported on the “persistence of the juvenile pattern in the precordial leads of healthy
adult blacks.” His study did not involve the use of precordial leads referred to the Wilson central terminal but utilized
bipolar chest leads with the indifferent electrode being on the left leg. Since then, there has been controversy over whether
or not such T-wave findings are truly representative of the black population: For example, Keller and Johnston [], using
precordial leads based on theWilson central terminal, were unable to confirm the findings of Littman. On the other hand,
Walker and Walker [] demonstrated that T-wave inversion was found in young South African Bantu subjects. Recent
work involving over , ECGs recorded from healthy adults living in Nigeria using a digital electrocardiograph, and
analyzed in Glasgow, paradoxically showedmore precordial T-wave inversion (> Fig. .) in healthy black females than
in healthy black males [].

In a comparison between Japanese and North American men and women, Simonson [] showed significant dif-
ferences in most electrocardiographic parameters. In general terms, the Japanese group showed higher voltages in the
precordial leads compared to the American group. The reverse appeared to be true for the limb leads.

In contrast, in a large computer-assisted study involving the authors [], it was found that precordial voltages of
young Chinese men and women were significantly lower than their Western counterparts. This difference diminished
with increasing age (> Fig. .). In general terms, there was little difference between the two populations with respect
to intervals and durations. It should be stressed that the same computer program [] was used for the analysis of all
ECGs in this study. P-wave amplitudes were higher in Caucasians than Chinese, while almost % of Chinese women
aged between  and  years had a negative T-wave component in V. These comparisons were derived from a study
of over  apparently healthy Chinese undertaken in Taipei by Chen et al. [] and from the authors’ own normal data.
More recently, Wu et al. found very similar normal ranges in a large Chinese cohort [].

In the Washington code developed by Pipberger et al. [], different limits of normal are used for white and black
subjects and for males and females. The code was developed partly from a study of  normal men including 
black subjects [] and, probably, a separate study on women, which appeared much later from the same laboratory
[] although racial differences were not considered (despite a significant percentage of black women being included).
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⊡ Figure .

An ECG recorded from a -year-old healthy Nigerian lady. Note the T-wave inversion in V and V. This illustration is

reproduced with permission of Dr. I.A. Katibi, University of Ilorin, Nigeria.
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Variation in theupper limit of normal of theS-waveamplitude inV inwhite andChinesepopulations. Thewhite subjectswere

from the Glasgow study, while the Chinese data were obtained from  apparently healthy Chinese []: (a) whitemales, (b)

Chinese males, (c) white females, and (d) Chinese females.

However, a closer inspection of the published data reveals that with respect to scalar QRS amplitude data from males,
the upper limit of normal voltage differed only in RZ (R amplitude in lead Z equivalent to SV) where the black limit
was almost % higher than the white limit. Many other differences, while of statistical significance, were not of prac-
tical value. The exception to this is the much smaller Q/R ratio found in the lateral (X) and inferior (Y) leads in black
subjects.
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This is one area in particular where the continued development of large databases will lead to further enlightenment
with regard to the effect of race on ECG wave amplitudes and durations.

.. Other Constitutional Variables

Other variables that might influence the ECG are those of height and weight. To a certain extent, these can be related
by the use of various indices, such as weight/height (Quetelet index, [], more commonly known as body mass index)
and so on. While certain variations and correlations in the ECG can be demonstrated between measurements and such
indices (e.g., weight and amplitude []), these have never been used to any significant extent in ECG interpretation.Their
use is complex in that they add an extra complication to the involvement of age and sex in diagnostic criteria. Likewise,
because of the lack of availability of large databases where significant numbers in different groups can be obtained, a full
study of the effect of such variables is still awaited. Matthes and coworkers [] pointed out that some of the variation
in the QRS amplitude could in fact be accounted for by an inverse relationship between body mass index and increasing
age.They used

W × 
H − 

%

as an index (where W is the weight in kilograms and H is the height in centimeters). Data from the authors’ own study
show the relation between the S-wave amplitude in V and the Quetelet index both for males and females (> Fig. .b).
The results are a little confusing. If data for males alone are considered, then there is a significant correlation between
the S amplitude in V and age (r = .), which accounts for almost % of the variation. There was no correlation of
amplitude with height as would be expected, but limited correlation with weight (r = .), which therefore accounts
for only % of the variation: The Quetelet index showed an intermediate relationship to the S amplitude (r = .), and
therefore accounts for % of the variation. Of the two (constitutional) variables, height and weight, the latter is clearly
of more significance within the male group as a whole. A similar pattern was found for females although the correlation
was less in each case, being . for age and . for weight with respect to the S amplitude in V, which was treated as
a negative number.

If males and females are treated as a single group, then the correlation of the S amplitude in V with age changes to
. and not surprisingly height then shows a negative correlation with the S amplitude (r = −.). Conversely, the
correlation of the S amplitude with weight becomes almost zero.

These results strengthen the existing generalized approach of considering only age and sex when interpreting the
ECG. This is also in agreement with the view of Simonson [] who indicated that “over-all, the effect of age on the ECG
is more pronounced and consistent than the effect of relative body weight,” overweight, underweight, and so on.

.. Physical Fitness

The question of fitness affecting the ECGwas alluded to above when dealing with the limits of normal voltage in younger
persons.With the continued interest inmarathon running and the need for individuals to increase the amount of exercise
taken in order to reduce cardiovascular risk factors, there have been a number of studies dealing with the effects of
physical training on the heart. A review by Oakley and Oakley [] specifically dealt with the ECG in athletes. As might
be expected, an increase in precordial voltage was noted in highly trained athletes together with T-wave abnormalities.
It is known from echocardiographic studies [, ] that there is an increase in internal left ventricular (LV) diameter
together with an increase in posterior LV wall thickness and septal thickness in athletes involved in a variety of sports. It
is therefore not surprising that some increase in ECG voltage is obtained. > Figure . shows the ECG from amarathon
runner whose echocardiogram indicated that his LV mass was at the upper limit of normal. T-wave changes can be seen
in several leads.

> Figure . shows the ECG from a -year-old healthy athlete who had a normal echocardiogram and a normal
cardiac magnetic resonance image scan. Marked T-wave inversion can be seen in I, aVL, V, and V. A recent publication
suggested that such individuals are at increased risk of cardiomyopathy in later life [].
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⊡ Figure .a

Scattergram of S amplitude in V versus the Quetelet index, shown for  males. Note that the S amplitude is plotted as a

negative number.

In a balanced sample from an apparently healthy population, the occasional abnormality, such as isolated T-wave
inversion as shown in > Fig. ., would be excluded by the use of the  percentile ranges of normal. Alternatively, in
developing normal ranges, it might be reasonable to exclude highly trained athletes from a sample of healthy persons.
On the other hand, when interpreting an ECG, it is necessary to be aware of the different ECG patterns that can be
encountered in the so-called athlete’s heart. In an editorial on the subject, Oakley [] stated that “there is at present
no published evidence to suggest that training-induced hypertrophy of whatever type represents anything other than
cardiovascular fitness. If a positive diagnosis of cardiomyopathy cannot bemade, the patientmust be vigorously reassured
that he has no abnormality.” Indeed,Oakley’s patients,manyofwhomhad initially been advised to give up training prior to
referral, were subsequently advised to restart training following a detailed investigation including cardiac catheterization.

Unusual, rather than abnormal, ECG findings in sportsmen have been well documented, for example, [, ]. On
the other hand, some countries, particularly Italy, have been very keen to promote guidelines relating to screening of
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⊡ Figure .b

Scattergram of S amplitude in V versus the Quetelet index, shown for  females. Note that S amplitude is plotted as a

negative number.

apparently healthy individuals prior to participation in sport. These have led to internationally approved guidelines []
that involve ECG recording to exclude the presence of left ventricular hypertrophy as well as other adverse signs, such as
the Brugada pattern (see > Chap. ) and long QT (see > Chap. ).

.. Heart Position

Formany years, it was fashionable to describe an ECG as belonging to a particular category based on the orientation of the
QRS axis which, in turn, was supposed to be related to the position of the heart. Wilson et al. in  [] described five
positions of the heart on the basis of ECG appearances.These were horizontal, semihorizontal, intermediate, semivertical,
and vertical. (They also mentioned a sixth indeterminate position.) An illustration of different positions is indicated in
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⊡ Figure .

The -lead ECG from a -year-old healthy male athlete. Note the T-wave inversion in I, aVL, V, and V. There are also deep

but narrow Qwaves in the inferior leads. Both the echocardiogram and cardiac MRI scan were normal in this individual.
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⊡ Figure .

The division of the frontal plane into different regions depending on the orientation of the mean QRS vector. LAD, left axis

deviation; RAD, right axis deviation.

> Fig. .. Later, Simonson [] modified these by suggesting that the semihorizontal and semivertical positions could
be omitted, hence leaving three categories. In essence, if the frontal plane QRS axis were oriented at ○ or more, the
heart was said to be in the vertical position, whereas if it were superior to ○, it was in the horizontal position. ECGs
with a QRS axis between ○ and ○ were said to lie in an intermediate position. Such a definition relates to the QRS
axis in the different leads although when the description was introduced at first, the definitions essentially related to QRS
morphology. Thus, the horizontal heart had a dominant R wave in aVL similar to appearances in V and V, while the
QRS morphology in aVF resembled V and V. On the other hand, in the vertical heart, there is a dominant R wave in
aVF similar to V and V, while the QRS morphology in aVL resembles that in V and V.

Amoment’s reflection will show that there are bound to be statistically significant differences between R-wave ampli-
tudes in aVF in patients with a vertical heart compared to those with a horizontal heart. However, these are of limited
practical significance. What is probably of more value is the relation between the QRS and T axes in these groups.
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⊡ Table .

Labels of the three positional groups according to the direction of the frontal Q axis and characteristic features in the ECG

Label of positional group Mean frontal Q axis Number of Q waves in extremity leads Q wave in aVL Qwave in III

Q left <○ – + −
Q intermediate – ○ – ± ±
Q right >○ – − +

For example, a T-wave axis around ○ is not uncommon in subjects with a horizontal heart, whereas in a patient with a
vertical heart, such a T-wave axis is often regarded with much more suspicion. In other words, the QRS-T angle is larger
in this latter situation. Lundh proposed a new classification system [] for the normal ECG that included a knowledge of
the heart position. His positional classification was based on the appearance of small Q waves in the limb leads, leading
to the calculation of the so-called Q axis. The classification is based on the Q axes, as outlined in > Table .. Note that
the presence of a small Q wave in aVL would correspond to a Q axis around −○ (opposite to conventional calculation).

He used this classification to determine different limits of normality for certain electrocardiographic parameters
although the conclusion ultimately drawn was that further clinical work was required to prove that the system could
be of diagnostic value.

. The Normal Electrocardiogram

.. Evolutionary Development of the Electrocardiogram

Almost from birth onward, the ECG changes with time as the heart adapts to its new working environment. A number
of significant changes occur over the first few days of life before the ECG settles for approximately the first year of life.
Thereafter, as the individual continues to grow, the ECG also continues to change likewise until early adulthood when a
period of regression of voltages sets in.

A number of authors (see > Sect. .) have been responsible for assessing normal limits of the pediatric ECG,
and their results are presented in Appendix . In particular, Liebman [] has contributed much to the field of pediatric
electrocardiography and deals with this topic elsewhere in the book (>Chap. ). His data, particularly from orthogonal-
lead ECGs in healthy children, have been incorporated into the Appendix  in this book and are gratefully acknowledged.
Together with others, he has also published on ECGs in premature infants [, ].

Davignon et al. [] have published data on the normal -lead ECG standards for infants and children. They have
chosen to represent their data as a series of charts showing the percentile distributions of various amplitudes and durations
versus age. All of these are presented in Appendix . With respect to the evolution of the ECG, it is helpful to study the
R-wave amplitude in V, as shown in > Fig. .. Here, it can be seen that the upper % limit of normal is maximal
during the first  days of life and, thereafter, steadily decreases over the first month until by the age of – months, its
value is approximately % of that at birth. Over the next – years, this R-wave amplitude decreases to approximately
% of its value at – months. Thus, the change in the upper limit of normal over the first month or two of life is almost
as much as the change over the following  years.

Conversely, in keeping with a clockwise rotation of the cardiac axis in the horizontal plane over the first years of life,
the R-wave amplitudes in the lateral leads increase over the first month and continue to increase more slowly thereafter.

The frontal QRS axis lies between ○ and ○ in % of newborn children [], but by the age of – months,
the corresponding range has altered considerably to ○–○ (see Appendix ). Similar findings have been reported by
others [].

Another important parameter is the T-wave amplitude in V. In newborns, this can either be positive or negative,
although, by the end of  days, it is always negative according to the data of Davignon et al. []. By the age of  years,
a small percentage of children exhibit negative T waves in V. In Davignon’s study, the T-wave amplitude was always
positive in V in the – years age-group. However, it is known from other studies [] that some adolescents have
inverted T waves in V and V, these appearances sometimes being known as the juvenile T-wave pattern.



The Normal Electrocardiogram and Vectorcardiogram  

3.5

3.25

3.0

2.75

2.5

2.25

2.0

1.75

1.5

1.25

1.0

0.75

R
 a

m
pl

itu
de

 (
m

V
)

0.50

0.25

0
0 – 1 1– 3 1– 3 1– 3 3 – 5 5 – 8 12 – 163 – 7

Days Months

3 – 6 6 – 12 8 – 127 – 30

98 %

95 %

75 %

50 %

25 %

05 %

02 %

n
Min
Max

189 177 181 119 115 109 138 192 211 219 230 244
0.36 0.09 0.10 0.25 0.28 0.07 0.14 0.20 0.04 0 0 0
2.92 3.80 2.72 2.30 2.06 2.52 2.10 3.44 2.08 1.48 1.54 1.26

Years

⊡ Figure .

A distribution of the R-wave amplitude in V from birth to  years of age. The various curves denote the different percentiles

of the distribution, while the dots represent the mean values. (After Davignon et al. [], © Springer, New York. Reproduced

with permission.)

Our own study [] of over , neonates, infants, and children found similar data, which are presented in detail
for the first time in the Appendix . The group included  neonates whose ECGs were sampled at  samples/s com-
pared to the  samples/s of Davignon []. These showed some very interesting findings, e.g., the variation in the
S-wave amplitude in V over the first  months of life (> Fig. .) and even a differing QRS duration between boys and
girls from an early age (> Fig. .).

Other significant collections of ECGs from children are those of Rijnbeek et al. [], where , ECGs from children
aged from  days to  years were studied to provide normal ranges, and of Sun et al. [], who recorded , ECGs
in Chinese children. The normal ranges from Rijnbeek et al. tended to show similar trends to those from Glasgow [],
e.g., the QRS duration was slightly longer in boys compared to girls from about  year of age onward. Sun et al. [] also
compared ECG appearances in healthy Chinese infants toNorth American counterparts []. R amplitude in V tended to
be higher in North American children compared to Chinese children, but surprisingly, R amplitude in V demonstrated
the reverse.

The same evolutionary changes can also be seen in the VCG. In the frontal plane, the vast majority of all newborns
show a QRS axis oriented vertically or to the right [], and over the first month or two, it shifts counterclockwise so that
the frontal axis is in the range ○–○, the prevalent direction being ○ []. Similarly, in the transverse plane, there
is clockwise rotation of the main QRS vector over the first few months of life. The T vector in the newborn child in the
transverse plane is tightly distributed between ○ and ○, but by  days this range has expanded, being ○–○ [].
This corresponds to the development of T-wave inversion in V. Note, however, that the normal XYZ-lead ECG does not
always have an upright T in Z (Z being directed positively to the back).

.. Examples of the Normal Electrocardiogram

This chapter has already stressed the variety of factors that affect the appearances of the ECG and by implication, the range
of normality of ECGpatterns. It should therefore be apparent that there is no one ECG or VCG that can be displayed as an
example of normality. To this end, a series of ECGs recorded from apparently healthy individuals, including a newborn,
is shown in > Figs. .–.. These ECGs have been selected to show the range of normality and to illustrate the
influence of age and sex on ECG appearances.



  The Normal Electrocardiogram and Vectorcardiogram

2,200

2,000
Female

Male

1,800

1,600

1,400

1,200

1,000

800

<
24

H 1D 2D 3D

<
1W

K

1W
K

-1
M

1
-3

M

1-
2Y

3
-4

Y

5
-6

Y

7-
8Y

9
-1

0Y

11
-1

2Y

13
-1

4Y

15
-1

6Y

3
-6

M

6
-1

2M

Age

m
ic

ro
vo

lts

⊡ Figure .

The mean S-wave amplitude in V in , healthy neonates, infants, and children. Note that the scale is nonlinear. There is a

remarkable loss of amplitude over the first few days of life followed by a recovery over the first decade. The amplitude then

tails off in females around puberty. Reproduced from [] with permission.
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MeanQRS duration versus age in ,healthy neonates, infants, and children. Note that the scale is nonlinear. There is a clear

separation between males and females from around  year of age. Reproduced from [] with permission.
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⊡ Figure .

ECG froma-day-oldbabygirl. Note thedominant Rwave in VR andV typical of the right ventricular preponderance pattern

found in the healthy newborn. Average beats are presented.

I

V1 V2 V3 V4 V5 V6

II III aVR aVL aVF

⊡ Figure .

ECG recorded froma-year-old apparently healthymale. Note themarked change in appearances betweenV andV,which,

in this case, delineates theso-called transitional zone,which is thepointwhere the rS complex changes to theRsconfiguration.

The QRS axis is ○, and there is a vertical heart. Note how aVL essentially resembles the configuration in V although there

are gross amplitude differences. Likewise, aVF resembles V typically as in a vertical heart. Average beats are displayed.

For those readers who are relatively inexperienced in electrocardiography, it is sometimes of help to consider that
there are only two basic QRST configurations that need to be remembered in the -lead ECG in order to differenti-
ate between normal and abnormal. These two patterns and the leads in which they appear are shown in > Fig. ..
As there is a certain amount of redundancy in the -lead ECG (see > Chaps.  and > ), it is often helpful for the
inexperienced electrocardiographer to consider analyzing only leads I, aVF, V, V, V, and V. Even the experienced
electrocardiosgrapher will be surprised by the amount of information that can be obtained from only these six leads.
With respect to this scheme, leads I, aVF, V, and V tend to have the same pattern, whereas V and V have the other
morphology, as shown in > Fig. .. The only exception to this simplified approach is in V where the T wave may
often be inverted.
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⊡ Figure .

ECG recorded from a -year-old healthy female. Note the slight ST depression in several leads.

I

V1 V2 V3 V4 V5 V6

II III aVR aVL aVF

⊡ Figure .

ECG recorded from a healthy -year-old female. Note the normal T-wave inversion in VI. The QRS axis is ○, which suggests

a horizontal heart. aVF approximately resembles V, while there is a small dominant R in aVL.

⊡ Figure .

Two complexes typifying the principal types of morphology obtained in the normal ECG. The waveform shown on the left is

typically found in I, aVF, V, and V, and thewaveformon the right is generally seen in V andV. Theymay, of course, be found

in other leads, but the use of six leads for the beginner may be helpful. (See text for further discussion.)
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. The Normal Vectorcardiogram

.. Examples of the Normal Vectorcardiogram

The normal VCG also has a wide range of appearances. Some examples are shown in > Figs. .–.. In general,
however, its appearance in the three different planes (see > Chap. ) can be summarized as follows.

Frontal Transverse R sagittal

⊡ Figure .

The VCG from thenewbornwhose -lead ECG is shown in > Fig. .. In this case, the VCG loops havebeen derived from the

-leadECGusing the inverseDower technique (see> Chap.  for furtherdetails). All three loops showclockwise inscriptionof

the (normal) QRS loop. The transverse loop indicates the almost total anterior displacement of the loopowing to normal right

ventricular preponderance at this age. Dots are printed on the QRS loop at ms intervals. (R sagittal denotes right sagittal

plane.)

Frontal Transverse R sagittal

⊡ Figure .

VCG corresponding to the -lead ECG of > Fig. .. The loops were derived using the inverse Dower technique. There is

counterclockwise inscription of the QRS loop in the frontal and transverse planes and clockwise inscription of the R sagittal

plane. The T-wave loop is prominent in the transverse plane being at one extreme of the normal range. Dots are printed at

ms intervals.

Frontal Transverse R sagittal

⊡ Figure .

VCG corresponding to the -lead ECG of > Fig. .. The loops were derived using the inverse Dower technique. Note the

openness of this type of normal VCG loop. Dots are printed at ms intervals. In the frontal and R sagittal planes, the QRS loop

shows clockwise inscription, and in the transverse plane, it shows counterclockwise inscription.
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... Frontal Plane

In the frontal plane, the P loop tends to be inscribed counterclockwise. On the other hand, the QRS loop can be inscribed
either in a clockwise or counterclockwise direction. Chou and Helm [] have suggested that about % of individuals
have a loop that is inscribed in a clockwise direction. On average, the initial QRS vectors in the frontal plane are directed
superiorly to the right, corresponding to small Q waves in X and Y . However, the absence of such small Q waves will alter
the orientation of the initial vectors (the two are intimately related). For example, a Q wave in lead X per se means that
the initial QRS vector is directed to the right, whereas a Q wave in lead Y means that the initial QRS vector is directed
superiorly. There are therefore four possible combinations all of which can occur in the normal VCG.

The T loop in the frontal plane can be inscribed in either direction that need not necessarily be the same as that of
the QRS loop. The maximum T vector is generally directed inferiorly to the left with a mean of around ○.

... Transverse Plane

The initial portion of the P loop in the transverse plane is always described in a counterclockwise direction.Thewhole loop
may be similarly directed although there is often a figure-of-eight appearance. The maximum T vector can lie to either
side of the X axis giving a wide range of normal values. The QRS loop is almost always inscribed in a counterclockwise
direction in this plane. In a very small percentage of subjects, there may be a narrow figure-of-eight configuration where
the initial part of the loop is inscribed in a counterclockwise directionwith the earlyQRS vectors being oriented anteriorly.
Likewise, the T loop is more often than not inscribed in a clockwise direction. Occasionally, however, the loop may be
narrow, there being difficulty in determining an exact direction of inscription at least in one particular plane. In this case,
the explanation is that the loop itself is essentially perpendicular to the transverse plane so that its projection produces a
thin elongated loop.

... Right Sagittal Plane

It is probably true to say that the right sagittal plane is utilized least of all by vectorcardiographers. The reason is that if
appearances in the frontal and transverse planes are available, then the total information is already on display. However,
the redundancy of information is often helpful in confirming impressions gained from other projections. In this plane,
the P loop tends to be oriented vertically with the inscription always being clockwise.The QRS loop also has a generally
inferior displacement and is usually inscribed in a clockwise direction. As with the transverse plane, the initial forces are
directed anteriorly and either superiorly or inferiorly depending on the presence or absence, respectively, of a Q wave in
lead Y . The T loop in this plane is also inscribed in a clockwise direction in most cases.

. Normal Limits

.. Electrocardiographic Parameters

Themethods of measuring ECG variables have already been discussed in> Sect. ... Before presenting and discussing
the normal limits, it remains to describe in more detail the actual measurements to be tabulated. The principal mea-
surements of the ECG waveform are outlined in > Fig. .. Note that these amplitudes and durations are referred to
well-defined onsets and terminations of the component waves. In practice, as shown earlier in > Fig. ., the onset of
the first wave in one lead need not necessarily coincide with the apparent onset in other leads.This leads to the concept of
introducing isoelectric segments within the QRS complex, as shown in > Fig. .. The diagnostic significance of these
segments has not yet been evaluated, but they have a relationship to vector orientations in a certain sense.

When computer analysis is available for the measurement of wave amplitudes and durations, it becomes feasible to
make a number of additional measurements to assist in the characterization of a waveform. While the human eye at a
glance may be able to say whether or not an ST segment is concave or convex upward, it requires several measurements
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⊡ Figure .

Various component amplitudes (subscript a) and durations (subscript d) normally measured by a computer program. Note

that here the reference level for all amplitude measurements is the QRS onset.
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⊡ Figure .

An illustration of time normalization of (a) the P wave, which is divided into four, and the QRS complex, which is divided into

eight, and (b) the ST-T segment, which is divided into eight equally spaced intervals.

to establish this when using a computer program. For this reason, Pipberger and coworkers [] introduced the concept
of time normalization. With this approach, a component of the ECG such as the QRS complex can be divided into eight
equal time intervals and the measurement made at the end of each of these. The ST-T segment can be dealt with in the
same way. It was also subsequently suggested [] that the P wave be divided into four equal time-normalized segments
(>Fig. .).This approachhas certain advantages, but it can suffer fromerrors in determining the onset and termination
of the components.

Another approach for categorizing the P and ST-T segments is to use a simple classification dealing with the number
of components – up to two – together with a sign indicating whether the first component is positive or negative. As shown
in > Fig. ., the P or T waves can be negative–positive or positive–negative in configuration, giving a categorization− or +, respectively. An upright T wave would be classed as +, and an inverted T wave as −. This simple approach can
also be very helpful in automated interpretation.
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–22–11

⊡ Figure .

A simplistic approach to classification of P waves or T waves depending on the number of components present and whether

the first is positive or negative.

⊡ Table .

Expressions for estimation of themagnitude and orientation of the projection of themaximumspatial vector onto the frontal,

sagittal, and transverse planes. X, Y, and Z are the amplitude values of leads X, Y, and Z at the instant the maximum spatial

vector occurs

Plane Magnitude Orientation

Frontal (X + Y)/ tan−(Y/X)
Right sagittal (Y + Z)/ tan−(−Y/Z)
Left sagittal (Y + Z)/ tan−(Y/Z)
Transverse (X + Z)/ tan−(−Z/X)

The use of the VCG leads to many new parameters. While time normalization has been introduced for the measure-
ment of scalar amplitudes, it can, of course, be carried over to vectorcardiography on a one-to-one basis so that vector
magnitudes and orientations at /, /, QRS, and so on can be determined. In vectorcardiography, it has also been a cus-
tom to measure vector amplitudes and orientations at ms intervals following QRS onset and prior to QRS termination.
Such parameters are known as the . s QRS vector, the −. s QRS vector, and so on.

The various vector amplitudes can be described in a number of ways. The amplitude of a vector is calculated simply
from the following equation:

(X + Y + Z)/
where X, Y, and Z represent the amplitude of each of the leads X, Y, and Z at a particular instant in time (see > Chap. ).
It is clear that the leads must be recorded simultaneously to ensure perfect time alignment. While this expression can
be used to calculate the maximum spatial vector, there are a number of other possibilities that arise. For example, with
the use of the three planes described previously, it becomes possible to estimate the magnitude and orientation of the
projection of the maximum spatial vector onto each of these three planes. This can be obtained from the expressions in
> Table ..

Other parameters sometimes utilized are those such as the half area vector, that is, the vector that divides the spatial
loop into two equal areas.The direction of inscription of the loop can be calculatedmathematically from the cross product
of two vectors:

C⃗ = A⃗ × B⃗

where C⃗ is a vector pointing either upward or downward, depending on whether the rotation of the vector between A
to B is clockwise or counterclockwise, respectively. One final parameter of interest in dealing with the VCG is known as
spatial velocity [].

In some ways, this term is a misnomer in that it is supposed to represent the rate of movement of the tip of the cardiac
vector through space, whereas the following equation for spatial velocity, SV, demonstrates that this is not actually the case.

SV = 
Δt

[(ΔX) + (ΔY) + (ΔZ)]/
where ΔX is the change in amplitude of X in time Δt, etc.
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⊡ Figure .

A typical curve of spatial velocity and its time relationship to the ECG.

A simplified estimate [] of this measurement is given by the following equation, which is muchmore suited to rapid
execution on a computer:

SV = ∣ΔX
Δt

∣ + ∣ΔY
Δt

∣ + ∣ΔZ
Δt

∣
Whichever equation is used, the appearance of the spatial velocity is as shown in > Fig. .. Through the years, there
have been various publications [, ] that have suggested that the spatial velocity is of some help in discriminating
between the different diagnostic classifications. In the main, however, it has tended to be used recently within computer
programs in order to define the onset and termination of various ECG wave components. It has undoubted value in
identifying parts of a vector loop where inscription slows.This would be found, for example, in the latter part of the QRS
complex in an RBBB, where descriptive terms such as terminal slowing of the QRS inscription would be utilized.

.. PWave

The normal limits of the P-wave amplitudes in various leads are as shown in Appendix . There are no statistically signif-
icant differences between mean P-wave amplitudes in men and women. In general, there is little tendency for the upper
limits of the P-wave amplitude to decrease with increasing age in adults, as illustrated for lead II in > Fig. .. Of some
interest may be the P terminal force in V, sometimes known as the Morris index [], which is used in some diagnostic
criteria such as the Romhilt-Estes criteria for LVH (see>Chap. ).>Table . shows the normal limits for this estimate
which does have a higher upper limit of normal in men compared to women.

It can also be seen from Appendix  that the P-wave amplitude in children in lead II, for example, varies very little
between birth and  years of age and the upper limit of normal remains essentially static at .mV during this period.

The duration of the P wave is sometimes used in determining whether there is an abnormality of the left atrium.
The normal P wave may often have two components, i.e. it may exhibit an M-shaped complex, and in general terms
it has a duration that is less than . s (> Table .). A duration beyond this may possibly arise from the left atrial
enlargement, causing a delay in the depolarization of the left atrium, or else from an intra-atrial conduction abnormality
(see > Chap. ). Thus, in the presence of broad P waves, there is a tendency to diagnose a left atrial abnormality, that
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⊡ Figure .

The normal upper limit of the P-wave amplitude in lead II. Clearly, there is no age or sex dependence.

⊡ Table .

Mean ± standard deviations and % range of P terminal force in V and P-wave durations

P terminal force (mV ms) P-wave duration (ms)

Age-group Sex No of subjects (n) Mean ± SD % range No. of subjects (n) Mean ± SD % range

– Male  . ± . .–.  . ± .  − 
Female  . ± . .–.  . ± .  − 

– Male  . ± . .–.  . ± .  − 
Female  . ± . .–.  . ± .  − 

– Male  . ± . .–.  . ± .  − 
Female  . ± . .–.  . ± .  − 

+ Male  . ± . .–.  . ± .  − 
Female  . ± . .–.  . ± .  − 

is, a nonspecific interpretation is made.There is a small increase in the P-wave duration with increasing age both in men
and women (> Table .), but this is of limited practical significance.

.. P Vector

The normal limits of the P-vector amplitude are shown in Appendix . In general terms, the P-vector loop is small and
difficult to analyze, so there is not much additional benefit to be gained from the VCG in terms of the diagnostic value of
the P wave.

.. QRS Complex

The means, standard deviations, and upper and lower limits of normal are set out in the various tables and illustrations
in the Appendices. The scalar data relating to children have been taken from the work of Liebman [] and Davignon
et al. [] as well as from the authors’ lab. By way of explanation, a further illustration (> Fig. .) dealing with the
Q-wave amplitude in V is reproduced for illustrative purposes. The graphs depict the percentile ranges of the Q-wave
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⊡ Figure .

The distribution of theQ-wave amplitude in V in normal infants and children frombirth to  years of age. In broad terms, the

Q-wave amplitude increases to amaximum at – years before decreasing again. Note the scale is nonlinear. (After Davignon

et al. []. © Springer, New York. Reproduced with permission.)

amplitude from birth to  years of age. The upper  percentile graph indicates the values within which % of the
population studied had their Q-wave amplitude; for example, in the age-group – years, % of the  children studied
had a Q wave in V that was less than .mV. On the other hand, the lower  percentile curve indicates the value above
which % of the groups studied had a Q-wave amplitude. Thus, in the same age-group of – years, there were %
of the children who had a Q wave that was discernible. Within the meaning of  percentile ranges as discussed above,
the  percentile and  percentile lines contain the % range of the amplitudes. Thus, these values can be regarded as
the lower and upper normal limits of the range. The actual maximum value recorded in the study from which the graph
was drawn was .mV for the age-group of – years. It should be noted that the mean value for the same group was
.mV, which emphasizes the point previously made that the distribution of ECGmeasurements tends to be skewed, that
is, it is not symmetrical about the mean. It is of importance to note that a Q wave in V in excess of .mV is found
in % of apparently healthy children in the above age range. In general terms, R-wave amplitudes tend to decrease with
increasing age in children in the right precordial leads, whereas, as would be expected, they tend to increase in the left
precordial leads.

> Table . summarizes some of the sex differences in R-wave amplitudes found by Davignon et al. in the age-group
of – years. These data would tend to confirm findings of the authors’ study, for example, where highly significant
differences between men and women were found in the precordial leads.

From about the end of the first month of life, the R/S ratio in V begins to decrease from an upper limit of approxi-
mately seven toward the adult value of approximately one. By the age of  years, the upper limit of normal has reduced
quite considerably to a value of two. It is, of course, still very relevant to bear this in mind when interpreting ECGs from
children.The data of Liebman and colleagues are also reproduced in Appendix .These show in numerical form the var-
ious limits of normality as determined manually from different groups of children. The same general trends can be seen
both from the numerical and the graphical representation of results: scalar and vector data are presented.

The normal ranges of the adult ECG will be discussed mainly with respect to the authors’ own data gathered from
a study of apparently healthy individuals in Glasgow, as described in > Sect. ... The results presented mainly in
Appendix  in numerical form have been derived from computer analysis of the ECG, where all leads were recorded
simultaneously. Means, standard deviations, and  percentile normal ranges are presented for different age-groups that
are also stratified according to sex. In order to compress some of the findings for the purposes of discussion, the upper
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⊡ Table .

Sex differences in R-wave amplitudes in the age-group – years. Mean values (mV), standard deviations (SD), and percentile

limits are listed separately for  boys and  girls. D denotes the amplitude difference between the sexes

Percentile limit

Lead Sex Mean

Standard

Deviation % % % % %

aVR female . . . . . . .

Male . . . . . . .

D . NSa

aVL Female . . . . . . .

Male . . . . . . .

D . NS

aVF Female . . . . . . .

Male . . . . . . .

D . NS

V Female . . . . . . .

Male . . . . . . .

D .b

V Female . . . . . . .

Male . . . . . . .

D .c

V Female . . . . . . .

Male . . . . . . .

D .c

V Female . . . . . . .

Male . . . . . . .

D .c

V Female . . . . . . .

Male . . . . . . .

D .c

aNonsignificant difference
bp < .
cp < .

limits of normal for various measurements and different age-groups have been amalgamated into graphs following the
style of Simonson []. In addition, the limb leads have been, on occasion, treated similarly, and the continuity of sequence
in the limb-lead axes, namely aVL, I, −aVR, II, aVF, and III is maintained as shown in > Figs. .–.. The presen-
tation of scalar leads in this sequence was suggested by Cabrera [] and is favored by many Europeans, particularly in
Scandinavia. This presentation was also used by Lundh in his illustrations [].

The upper limits of normal voltage for the QRS complex in the precordial leads decrease with increasing age. This
is more evident for males than it is for females. Conversely, in the limb leads, the upper limit of normal in the lateral
leads I and aVL remains stable although the mean value increases with age, which is in keeping with the rotation of the
mean QRS axis superiorly in the frontal plane. This corresponds to the upper limit of normal of the frontal plane QRS
axis shifting from −○ to −○ as age changes from young adulthood tomiddle age. A corollary of this is that the R-wave
amplitude in aVF decreases with increasing age.

The sum of the S-wave amplitude in V plus the R-wave amplitude in V (one of the Sokolow and Lyon criteria []
for LVH) is often used by electrocardiographers. The illustration of > Fig. . shows that in apparently healthy young
males, the index can have an upper limit of .mV. Thus, the commonly used threshold of .mV for LVH would be
somewhat nonspecific if applied to younger individuals.
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aVR aVL

–aVR

I

IIIII
aVF

⊡ Figure .

The hexaxial lead system showing the relationship of aVR, that is, an inverted aVR to the other limb leads.

V1

V2

V3

V4

V6

V5

aVF

– aVR

II

III

I

aVL

⊡ Figure .

A -lead ECG displayed using the format suggested by Cabrera. All  leadswere recorded simultaneously. Note the presence

of aVR and the sequence of the limb leads in keeping with the order of the lead axes, as shown in > Fig. ..
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The upper limit of the R-wave amplitude in (a) limb leads and (b) precordial leads derived fromapparently healthy individuals

aged – years inclusive. Note the large differences between upper limits for males and females.
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⊡ Figure .

The upper limit of normal of the Sokolow and Lyon index [], that is, SV + RV, for males and females, as derived from the

Glasgow data. Note in particular how this exceeds the classically used limit of .mV, particularly in males.

.. Additional Chest Leads

The use of right-sided chest leads (VR, for example) in adults has been confined to diagnosing right ventricular hyper-
trophy (RVH) and, more recently, right ventricular involvement in inferior myocardial infarction. Data on normal limits
of such leads are sparse, but Andersen et al. [] studied  subjects without evidence of heart disease in order to derive
data on leads VR–VR. The R-wave amplitude and ST junctional deviation are presented in > Table ..

Additional data can be found in the Appendices. Reddy et al. also published a short note on the normal limits of V–V

[]. More recently, in our own lab, normal limits of additional chest leads V–V as well as VR–VR were derived from
 adults []. In broad terms, an upper limit of .mV for the STj amplitude is applicable in all such leads except for
males in VR and VR where .mV is a more specific limit to apply. This work led to such recommendations in a recent
guidelines paper []. A typical set of waveforms from six simultaneously recorded right-sided chest leads is shown in
> Fig. .. In children, VR is used widely even up to adolescence, while some centers also use VR.

The availability of computer methods for the estimation of durations has probably not been capitalized on to any
great extent so far. > Figure . shows the normal range of Q-wave durations in aVF for , adults in our series.
From this, it can be seen that the  percentile upper limit of normal is approximately ms for males and a little less for
females. Conventional criteria [] for interpretingQ-wave durations normally utilize ms or even msQwaves.This,
of course, is a reflection on manual methods of measurement, and our new data would suggest that, together with other
signs of myocardial injury, such as ST- or T-wave change, a Q-wave duration in excess of ms would provide reasonable
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⊡ Table .

Mean and % ranges of r, S, and r′ amplitudes in right precordial leads

Median % fractile values Mean x̄ Range Number n

r-wave amplitude (mm) VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

S-wave amplitude (mm) VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

Secondary r-wave (qr, rSr′) amplitudes (mm) VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

V1

V2

V3

V4

V5

V6

aVL

aVF

aVR

III

II

II

⊡ Figure .

Six simultaneously recorded right-sided chest leads are shown together with the limb leads. These were recorded from a

healthy -year-old male. Note that the labels V–V are equivalent to V, V, VR–VR.
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⊡ Figure .

Scattergramof Q duration in aVF against the Q/R ratio in aVF for , adults in the Glasgow study. The  percentile limits for

each are shown, that is, the bottom left-hand square contains the normal values. M, male; F, female; ∗, more than one value

at the same point on the plot.

grounds for suggesting that myocardial infarction was present.The same figure shows that the upper limit of normal Q:R
in aVF is almost exactly :.

The significance of a Q wave in V has been the matter of some controversy. The authors’ data show that many appar-
ently healthy individuals (.%) have a Q wave in V, while .% have a Q wave in both V and V. On the other hand,
Lundh [] raised the question of whether the Q wave in V might be related to the presence or absence of a Q wave in V.
He suggested that a Q wave in V in the absence of such a wave in V was abnormal. The authors’ own normal data
suggests that this finding has a specificity of %.

The effect of race on QRS amplitudes has already been mentioned in > Sect. ... In this respect, there has been
a dearth of large-scale studies on which to confirm the findings. Data available from studies on , Japanese [] are
presented in Appendix . In this study, published in , data were measured by hand and % ranges were quoted. A
search of the literature has revealed no substantial publications dealing with studies on South Asians, while other studies
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on Chinese individuals [, , , ] have suggested that there may be a modest difference between such populations
and Caucasians with respect to QRS amplitudes and some other measures. This would tend to be at variance with the
larger studies on Japanese individuals.

.. QRS Loop

Thevarious limits of normal for the QRS vectors are detailed in the Appendices.These includemany of themeasurements
that have been discussed above, but it should be noted that the tables are, on occasion, taken from studies where different
lead systems have been used. In each case, the description of the lead system has been clearly indicated, and details of the
different lead systems can be found in>Chap. .The evolution and normal appearances of the VCG have been discussed
in> Sect. .. It must be obvious that the comments relating to age and sex differences of the ECG also apply to the VCG.
The variation of the normal limits of the T-vector magnitude with age and sex are shown in > Fig. .. Again, it can be
seen that the vectormagnitude decreases with increasing age and, in general, is lower forwomen thanmen.Themaximum
T vector in the transverse plane also shifts anteriorly with increasing age, whereas the mean T-vector projection onto the
frontal plane tends to be stable around ○ once the adult pattern develops.

The normal limits of maximum spatial velocity are shown in > Fig. . where a typical normal curve is also con-
trastedwith the curves of spatial velocity in patients with different clinical abnormalities. Sano [] in particular laid great
stress on the value of spatial velocity, although this was never confirmed by others. The work of Macfarlane et al. []
suggested that although there was undoubtedly variation in spatial-velocity curves between one group of patients and
another, these did not lead to improved diagnoses. In other words, since the spatial velocity is a derivative of other leads,
the information contained therein should also be available in the original waveforms.

.. ST-T Wave

The interpretation of the ST-T wave is one of the most difficult aspects of electrocardiography, and it should therefore
be based on a thorough knowledge of the normal limits of this component of the ECG. The ST amplitude is normally
measured at the end of the QRS complex, although, in certain instances, such as for exercise testing, a point  or ms
after the end of theQRS is now commonly used. For the purposes of this chapter, however, the ST junctionwill be regarded
as the end of the QRS complex.
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⊡ Figure .

Mean and standard deviation of the T-vector amplitude in males and females in the Glasgow study. There is little variation

with age but significant differences with respect to sex.
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(a) Representative curves of spatial velocity fromapatientwith ventricular hypertrophy (VH), another withmyocardial infarc-

tion (MI) contrasted with a normal curve. (b) Means and  percentile ranges of spatial velocity from  healthy individuals,

including  under  years of age,  under  years of age, and  aged  and over. (See [] for further details.)
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⊡ Figure .

The upper and lower limits of ST amplitude for apparently healthy males and females: (a) limb leads and (b) precordial leads.

Note the considerable sex differences in the upper limits (UL) and the more negative lower limit (LL) of ST depression in

females, particularly in the limb leads.

Data on ST amplitude variation in children is sparse, though our own data in Appendix  present tables of normal
limits of ST amplitude in this age-group. As expected, the upper normal limit of ST amplitude is generally under .mV
in most leads, though it is higher in some precordial leads.

In general terms, in adults, with the exception of aVR, the ST segment amplitude would be expected to be in excess
of −.mV when the heart rate is less than  bpm. In the limb leads, there is a small difference of the order of  μV
in the upper limit of normal ST amplitude between men and women (> Fig. .) and a small difference with respect
to age (> Fig. .a). On the other hand, in the precordial leads, there are highly significant differences between men
and women and there is a tendency for the ST amplitude to decrease with increasing age particularly for males in the
anteroseptal leads V–V. Some of these changes can be seen in > Fig. .b.The increased ST amplitude in young men
in particular is sometimes related to increased vagal tone (vagotonia) and is of no particular significance. It is always
associated with a normally shaped ST-T complex in healthy young individuals. There are significant differences between
males and females in ST amplitudes in the precordial leads, and also there are significant differences between leads, for
example, the upper limit of normal ST amplitude inmales in V is twice the upper limit in V both inmales (> Fig. .c)
and females (> Fig. .d). This implies that criteria for acute myocardial injury should not be the same in V and V.

ST amplitudes of up to .mV can be found in apparently healthy individuals in the inferior and lateral leads. Some-
times this pattern is referred to as early repolarization. This is often accompanied by a small notch at the end of the QRS
complex, particularly in the precordial leads []. On occasion, it may be difficult to ascertain whether the ST eleva-
tion in a young person is a result of some other abnormality, such as pericarditis, as opposed to being a normal variant.



The Normal Electrocardiogram and Vectorcardiogram  

30–39≤=29
–40

– 20

0

20

40

60

80

a

M
ic

ro
vo

lts

40–49 ≥=50

Age

Max Male

Max Female

Min Female

Min Male

350

M
ic

ro
vo

lts

300

250

200

150

100

50

0

– 50
b ≤=29 30–39 40–49 ≥=50

Age

Max Male

Min Male

Max Female

Min Female

⊡ Figure .a, b

(a) Upper and lower limits of normal ST amplitude in lead I in Caucasianmen andwomen. (b) Upper and lower limits of normal

ST amplitude in V in Caucasian men and women. Note the very significant difference in the upper limit of normal between

malesand females, particularly in theyoungerage-groups. (Reproducedwithpermission fromJElectrocardiol ; (Suppl):

–.)

In such situations, the extent of the ST elevationhas to be considered, it being generally more widespreadwhen associated
with an abnormality such as pericarditis [].

It should also be noted that race can influence ST amplitude. Our own data on Chinese and Caucasian normals
[, ] showed minor differences only, but our most recent work together with Dr. Ibraheem Katibi from the University
of Ilorin in Nigeria [] shows that black males have higher mean andmaximum STj values than Caucasians particularly
in precordial leads such as V, while there is a similar but much less marked trend in females (> Fig. .). The ST
amplitude in lateral leads shows greater similarity.

The normal ranges of ST-segment slope in Caucasians were evaluated for some of the limb and precordial leads and
are presented in the Appendices. Of major interest is the fact that on average, ST slope is always higher in males than
females in the leads studied (I, aVF, V, V, and V). It also decreases with increasing age. It was highest in V and lowest
in aVF though virtually always positive.

The various T-wave amplitudes, normal ranges, and so on are tabulated in the Appendices.The upper and lower limits
of T-wave amplitudes in summary form are illustrated in > Fig. .. T-wave amplitudes vary considerably with age and
sex, as mentioned in > Sect. .. Particularly over the early weeks of life, the T-wave amplitudes in the right precordial
leads vary considerably. While the T-wave amplitude can remain inverted in V throughout life, the T wave in V becomes
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(c) Upper limits of normality for the ST amplitude in the precordial leads for males aged over  years. (d) Upper limits of

normality for the ST amplitude in the precordial leads for females aged over  years. (Reproduced with permission from J

Electrocardiol ; (Suppl): –.)
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A comparison of the mean ST amplitude for V and V in  healthy black males and  females aged – years living in

Nigeria versus data from  healthy Caucasian males and  healthy Caucasian females in the same age range.
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The upper and lower limits (UL and LL, respectively) of normal T-wave amplitude in apparently healthy individuals in the

Glasgow study: (a) limb leads and (b) precordial leads. The most obvious difference is in the upper limits of normal that are

sex dependent.

upright in most people by the age of . Nevertheless, T-wave inversion in V particularly in women can often present a
diagnostic problem.

In general terms as for the ST segment, the T-wave amplitude in men is much higher than in women, particularly in
the precordial leads. Again, however, this difference tends to diminish with increasing age.

From the authors’ own data on  females, it was found that T-wave inversion in V is indeed an isolated finding and
that the lower limit of the normal range for women in this lead is positive. An isolated T-wave abnormality in V in the
absence of any other clinical findings should be regarded as equivocal. The range of T-wave amplitudes in V in women
shows a similar distribution in that in apparently healthy individuals, the T wave is always positive in this lead. On the
other hand, T in V was always positive in men. Similarly, T-wave inversion in the inferior leads, particularly aVF, often
presents a diagnostic problem in apparently healthy young men and women.

Our own data in this respect are shown in> Fig. .. From this, it can be seen that T-wave inversion up to .mV
occurs in about % of healthy women of all ages.This is slightly at variance with the findings of others [], but may simply
be owing to the composition of the different samples. They are, however, in keeping with the data of Simonson [].

Thenormal ranges of the T loop are presented in theAppendices.The various commentsmade for the scalar amplitude
also apply to the T-vector loop. In other words, in the frontal plane in women, the T vector may occasionally be superior
to ○, in keeping with shallow inverted T waves in lead Y.

.. Time Intervals

The advent of simultaneous recording of all  leads means that it is possible to compare the apparent onset of the QRS
complex in V, for example, with the onset in V.There can, of course, be only one true QRS onset relating to the start of
ventricular activation, but because of the projection of the corresponding electrical activity onto the different lead axes,
there can be time delays in the detection of electrical activity in the various leads.> Figure . shows the time intervals
measured between the apparent onsets of QRS in V and V. It would be expected perhaps that the onset in V would
be earlier than in V, since septal activation tends to occur from the left to the right of the septum (though anteriorly),
thereby giving maximum electrical projection on the V axis and almost zero electrical projection in the direction of
V. This indeed was found to be the case in the vast majority of ECGs, but nevertheless, there was a sizable group in
our normals where electrical activity apparently started earlier in V than in V. This, of course, could be a result of
measurement error or of a septal activation vector that was essentially directed to the right, that is, oppositely to V,
producing a small Q wave in V and virtually zero electrical activity in V. As yet, few diagnostic criteria have evolved
from such simultaneous -lead ECG recordings: this is one area of possible development in the future.

The PR interval has diagnostic relevance in relation to the evolution of conduction problems in the heart. In general
terms, the PR interval decreases with the increasing heart rate as can be seen particularly in children (see > Fig. .).
However, at increasingly high rates, it becomes more difficult to determine the precise onset of the P wave, and therefore
a degree of uncertainty then enters into the PR-interval estimation. In general terms, PR interval is less than .ms
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⊡ Figure .

Scattergram of negative T-wave components in a VF with respect to age: M, male; F, female. Note that the larger values of

negative T amplitude (microvolts) are more often present in youngmen than young women.

in children and young adults. However, the upper limit of normal gradually increases from  up to ms as the age
increases from  to  years. On the other hand, considering the variation in the heart rate for a fixed PR interval, it can
also be seen from > Fig. . that the  percentile range for the heart rate, when the PR duration is ms, varies from
approximately  up to  bpm. Conversely, at a rate of  bpm, the PR varies up to approximately ms. In the adult
(> Table .), the authors’ own data suggests that there is a small but significant difference between the upper limits of
normal for males and females, particularly at rates below  bpm. The upper limit of normal for males is ms, while
for females it is ms. No doubt these very small differences result from the smaller heart size in women.

The QRS duration decreases with increasing age and is shorter in women compared to men. The values are shown
in > Table .. Because the upper limit of normal in men is a little higher than in women, some diagnostic criteria for
conduction defects take limited cognizance of this finding []. The authors’ data show ms difference between males
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⊡ Figure .

Scattergram of the difference in time between the QRS onset in V and V. A negative value denotes a later onset in V. The

 percentile range is from − to+ms. The vast majority of individuals clearly demonstrate a later onset in V than in VI.

and females with respect to the mean normal QRS duration. The data for children are shown in the Appendices where it
can be seen that the upper limit of normal QRS duration tends to . s.

In a comparison of white and black subjects, Pipberger et al. [] found that on average the QRS duration was ms
shorter in black men. In the authors’ own comparison of Chinese andWestern subjects, no significant difference in QRS
durations could be detected. Unless identical methods are used, it is probably not meaningful to compare measurements
from different studies. One other QRS interval of some interest is the intrinsicoid deflection or ventricular activation
time (VAT). This is the time from the onset of the QRS complex to the peak of the R wave (see > Fig. .). This time
can be interpreted in a precordial lead as the interval from the onset of ventricular depolarization to the instant that the
activation wavefront reaches the area under the electrode. The term more accurately applies to an epicardial electrode.
A prolonged intrinsicoid deflection (> ms in V) is sometimes used as one of the criteria for LVH.
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⊡ Figure .

The relationship between PR interval and heart rate. The PR interval decreases with increasing heart rate, from ms and

over, to ms as the mean rate increases from approximately  to bpm. (After Davignon et al. []. Springer, New York.

Reproduced with permission.)

VAT

⊡ Figure .

An illustration of the definition of ventricular activation time (VAT), which is the time from the onset of QRS to the peak of the

maximumwave.

.. QT Interval

TheQT interval has enjoyed something of a renaissance in recent times on account of its susceptibility to change following
drug administration and, in certain clinical conditions, for example, following myocardial infarction. Change in the QT
interval is also thought to be a precursor of certain arrhythmias, and this too has stimulated considerable research on this
variable [, ]. The clinical implications associated with the QT interval have been reviewed by Al-Khatib [] and
others. This area of study has grown to such an extent that a separate chapter,> Chap. , has been devoted to this topic.

Accurate determination of the QT interval, whether it be by computer methods or by manual methods, is difficult.
For example, the variation between cardiologists estimating P, QRS, and T reference points in the CSE study [] was the
greatest when theymanually estimated the end of the Twave. Likewise, computer programs in the same study also showed
the greatest variation when finding the T-wave termination. Furthermore, many researchers wish tomonitor QT-interval
changes over a period of time by making use of ambulatory monitoring equipment (see > Chap. ). Older recorders
are susceptible to variations in speed over a period of  h, although the best have time tracks recorded on the tape.
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Variation in mean QT interval with age and sex, as derived from the Glasgow data.

Modern recorders employ digital technology but with varying sampling rates form  to  samples/sec which can
cause variation in QT measurement, for example.

Notwithstanding these various limitations, the mean QT-interval variation with age and sex is shown with respect
to the authors’ data in > Fig. .. From this it can be seen that, in general, there are no significant differences between
men and women, but there is a small increase in the QT interval with age in women.

It is well known that the QT interval varies significantly with the heart rate and a number of formulae have been
derived for correcting the QT interval. The most commonly used is that of Bazett [], where the corrected interval,
QTc, is given by the formula

QTc = QT( rate


)/
This is a nonlinear correction of the QT interval. Hodges et al. [] suggested a linear correction, namely,

QTc = QT + .(rate− )
The distribution of the corrected QT using these formulae is shown in > Fig. .a, b. Hodges et al. showed that the
Bazett formula undercorrects the QT interval at heart rates below  bpm and overcorrects the QT interval at rates above
 bpm.Their own formula was said to “reliably” correct the QT interval over the range of heart rates. Furthermore, with
the use of this formula, there was no correlation between the linearly corrected QT interval and the heart rate, whereas
with the Bazett formula, there was a highly significant correlation between the corrected QT interval and heart rate (see
> Fig. .a), defeating the purpose of correcting the QT interval.The authors recommend the formula of Hodges et al.
in preference to that of Bazett. Although there are no differences betweenmen andwomenwith respect to the QT interval
(see > Table .), there is a definite increase in the QTc of women over the whole age range (see > Fig. .). This is of
the order of ms for QTc (Hodges) and ms for QTc (Bazett).

Another formula that has gained increasing popularity recently is that of Fridericia []. It has the form

QTc = QT( rate


)/
Luo et al. [] compared this with other formulae including those of Bazett and Hodges and concluded that the Bazett
formula was most out of line with the others. Bourdillon [] reviewed several formulae for correcting the QT interval
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⊡ Figure .a

Scattergram of corrected QT interval versus heart rate. The QT is corrected with respect to the Bazett formula, and the corre-

lationwith rate is ., that is, the QT is essentially uncorrected. (M,male; F, female; ∗, more than one value at the same point

on the plot.).

in a study of ECGs incorporated in the CSE project. From this, he showed that the QT interval correlated with the QRS
duration so that for a particular rate and QRS duration, the QT interval could be predicted. Hence, a prolonged QT
could be detected when the measuredQT exceeded the predicted QT by a specified amount.The combination of the R-R
interval and QRS duration accounted for % of the variance in predicting the QT interval. In some ways, this may in
fact be related to Wilson’s concept of the ventricular gradient [] discussed in > Chaps.  and > .

In view of the various factors that impinge on accurate estimation of the QT interval, it is customary for computer
programs to utilize a value of at least ms as the upper limit of normal for the corrected QT interval. Some will extend
this limit to ms for females. This maintains a high specificity, as is evident from > Fig. .b.
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⊡ Figure .b

Scattergram of corrected QT interval versus heart rate. The QT is corrected with respect to the formula of Hodges et al., and

there is essentially no correlation with rate, that is, the QT is highly corrected (M, male; F, female; ∗, more than one value at

the same point on the plot).

. Coding Schemes

.. Minnesota Code

It is well known that ECG interpretation may vary from one observer to another (and from one computer program
to another). Essentially, for the former reason, a coding scheme was developed in  in the University of Minnesota
by Blackburn et al. [], which ultimately became known as the Minnesota code. This set out to describe various ECG
appearances, to which a code number could be ascribed. The first point that must therefore be emphasized with respect
to the Minnesota code is that it is, per se, not a set of diagnostic criteria but rather a set of descriptors.This code has been
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Meanandstandarddeviationof theQTc interval (correctedwith respect to the formulaofHodgeset al. []). Note thedefinite

increase in QTc in women compared tomen.

used inmany studies since , as discussed in detail in>Chap. .More recently, the section on serial changes has been
revised and expanded, while a new manual of procedures for measurement and classification has been published [].

The Minnesota code is published in full in the Appendices. From this, it can be seen that no actual diagnoses are
included with the possible exception of conduction defects and arrhythmias, where the ECG itself provides the objec-
tive evidence upon which the classification can be based (corresponding to type B diagnoses of the American College
recommendations [] on optimal electrocardiography – see Appendix). Thus, code -- in relation to an anterolateral
site involving leads I, aVL, and V specifies a Q/R amplitude greater than /, together with a Q duration greater than
. s in I or V. On the other hand, a -- classification in a posterior (inferior) site follows from a corresponding set of
criteria applied to lead II. Finally, a positive -- code in an anterior lead results from similar criteria being applied to any
of V−V. An ECG exhibiting any of these features would be coded as -- and not necessarily as a myocardial infarction
although that is the implication.

The code certainly has some shortcomings particularly with respect to the lack of use of age and sex in the various cri-
teria, but nevertheless it has stood the test of time as being one of the few methods available where some standardization
of the ECG classification, if not interpretation, can be achieved. A number of computer programs have been developed
for automatically coding the ECG [–] including one in the authors’ own laboratory that also incorporates serial
comparison according to the Minnesota code rules []. From these studies, it has been shown that the accuracy of
programs is similar to that of human coders when compared with an agreed set of codes resulting from a group of experi-
encedMinnesota coders amalgamating their opinions on a set of ECGs []. Nevertheless, in the authors’ laboratory, for
example, in an analysis of over , ECGs from a cooperative study with London University, both the Minnesota code
and conventional -lead ECG interpretations are provided, since in some ways they are complementary. The former is
required for purposes of international acceptance, while the latter is thought to give a more meaningful interpretation of
the ECG that can be returned to the subject’s general practitioner.

.. Washington Code

Pipberger et al. [] published a classification system relating to the orthogonal-lead ECG. This code honored the late
Ernst Simonsonwho had initiated this particular work shortly before his death in . Use wasmade of data on black and
white subjects gathered by Pipberger and coworkers over a number of years [, ]. This code was aimed at producing a
simple classification scheme thatmade use essentially of the scalar amplitudes and durations as well as amplitude ratios of
the X, Y, and Z leads. Apart from the unique feature of having different criteria for men and women, black and white, this
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code also had the novel feature that two different levels of criteria could be established depending on the desired speci-
ficity (see > Tables . and > ., for example). Furthermore, the codes had a definite electrocardiographic diagnosis
assigned. Whereas the Minnesota code classification was designated Q and QS patterns, the corresponding Washington
code  was designated “myocardial infarction.”

Pipberger and colleagues carried out an evaluation of this code in comparison with the Minnesota code and showed
that, in general terms, the Washington code [] was more sensitive than the Minnesota code. This would be expected
on the basis of greater use of race and sex in the former.

.. Punsar Code

A less-well-known code is that of Punsar et al. [] that was used for categorizing the ST-T segment in an attempt to
diagnose ischemic heart disease. Punsar was one of the authors of the original  Minnesota code publication. From
the various ST-T classifications of the Punsar code as shown in > Fig. ., it can be seen that there are essentially three
abnormal categories of ST segment according to this code. In the type labeled ischemic, the ST segment is horizontal or
downward-sloping and can be further subdivided into five different grades depending on the degree of ST depression.
Grade  shows the most depression in excess of .mV, while Grade  shows the least ST depression being less than
.mV.The second category relates to upsloping ST segmentswhere the degree of upslope is somewhat vaguely described
as “slowly ascending.” Again, further four subdivisions are utilized. The third category relates to upsloping ST segments
where there is a more steep slope than in the second category.This group is described as “rapidly ascending” and contains
three subdivisions. The fourth and final group of normal ST segments are those where the ST-junction depression is
less than .mV and where the slope is such that the apparent onset of the T wave is above the baseline, that is, it is
positive.
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The definitions of the Punsar code for the classification of the ST segment. See text for further discussion. (After Punsar et al.

[]. © Finnish Medical Society, Helsinki. Reproduced with permission.)
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.. Novacode

Perhaps one of the most complex coding schemes ever to be developed is the Novacode from the lab of Rautaharju [].
This code is extremely detailed covering all aspects of the ECG and interpretation including progression and regression
of ECG changes. Criteria for hypertrophy are in the traditional voltage-based style with some sex dependence but no
age dependence. However, the scheme is designed to be applied in clinical trials and in population studies where most
individuals would bemiddle-agedor older. Criteria for pathological Qwaves and ST-T abnormalities are based on scoring
techniques.The code is structured in a hierarchical way with the aim of identifying a specific abnormality, which can then
be further refined if required. For example, code . defines LBBB, whereas code .. defines LBBB without myocardial
infarction, and code .. defines LBBB with myocardial infarction. The definitions of .. and .. each require, not
surprisingly, that code . is present. The code has not been used widely in population studies as yet, perhaps due to a
perceived complexity and maybe a need for epidemiologists to cling to Minnesota codes from earlier studies to facilitate
comparisons.

. The Electrocardiogram and Employment

The normal limits of the ECG have been discussed in detail, and their bearing on the development of diagnostic criteria
is clear. A few points remain to be made, however, in relation to employment.

A normal resting ECG does not always imply a normal heart. It is well known to every cardiologist thatmany patients
with ischemic heart disease may have a normal ECG. A normal ECG cannot therefore be used as evidence of cardio-
vascular fitness in supporting an application for a license to carry out a particular occupation when there may be other
clinical signs and symptoms of abnormality.

Conversely, changes in the ECG should not mitigate against the licence when other investigations, including clinical
examination, are normal. Various recommendations have been made which would allow an individual with minor ECG
abnormalities to continue in employment. For example, for airline pilots, a number of recommendations have been pro-
duced [, ]. More recently, an excellent review of matters relating to occupational aspects of heart disease has been
published [].

In conclusion, ECG changes must be assessed in the overall context of other investigations before reaching a conclu-
sion onfitness for employment.There aremanyother techniques for investigating cardiac statuswhich are complementary
to the ECG. Nevertheless, the ECG still contains unique information which mandates that it remains a vital rest in many
situations relating to fitness for employment.
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. Introduction

The normal conduction system and the normal electrocardiogram (ECG) (the resultant of normal conduction of the
electrical impulse through a normal conduction system) have been previously described in > Chaps.  and > .

This chapter deals with conduction defects occurring at the atrial level (intra-atrial or interatrial conduction defects)
and at the ventricular level (intraventricular conduction defects). A more particular type of conduction abnormali-
ties – ventricular preexcitation and Brugada syndrome – is dealt with in > Sects. . and > .. The description of
atrioventricular blocks is presented in > Chap. .

For each type of conduction defect, two main sets of problems are analyzed: () the correct identification of the ECG
pattern and the precise localization of the abnormality within the conduction system and () the clinical importance of
the conduction defect. With regard to the latter, the following questions must be answered:

(a) Is it a “lone electrical abnormality” or an electrical presentation of a more important anatomic (and/or functional)
disease of the heart?

(b) Are there any expected complications (either “electrical,” e.g., brady and tachydysrhythmias; or functional, e.g.,
impairment of the pump performance of the heart)?

(c) Does its presence, by itself, change the prognosis of the patient?

. Intra-Atrial Conduction Defects

Detailed data concerning the sequence of the atrial activation in the human heart are scarce.Three specialized tracts con-
taining Purkinje fibers have been described connecting the sinus node to the atrioventricular (AV) node (anterior,middle,
and posterior internodal pathways) (> Fig. .a). An interatrial pathway (Bachmann bundle) has also been described
between the right and the left atrium. The true role of these specialized pathways (even their existence), in normal atrial
activation and conduction, has not been clearly demonstrated. On the contrary, different techniques suggest a radial
sequence of activation (> Fig. .b) [–], similar to that shown in the dog [, ]. Although zones with thicker atrial
fibers (muscle bands) may have different conduction velocities, this does not imply conduction through individualized
special pathways [, , , ].

SA
node

SA
node

RA RA
M

P

A BB

LA LA
SVC SVC

IVC IVC

AV

node
AV

node

a b

⊡ Figure .

Part (a) is a schematic of the specialized internodal pathways (A, anterior; M, middle; P, posterior) and interatrial Bachmann

bundle (BB). Part (b) is a schematic of radial activation of the atria as opposed to conduction through the individualized

pathways shown in (a) (IVC, inferior vena cava; SVC, superior vena cava; LA, left atrium; RA, right atrium).
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.. Electrical Physiopathology and ECG/VCG Patterns

In the normal sinus rhythm, excitation proceeds from the sinus node, localized in the posterior surface of the high right
atrium, to the low right and to the high left atrium, and finally to the low left atrium.

While initially only the right atrium is depolarized, the cardiac impulse travels rapidly across the atria. Since the right
atrium is anatomically anterior to the left atrium, and the sinus node is located at the right upper portion of the right
atrium, the electrical impulse will spread first inferiorly, then leftward, with resultant vectors that rotate progressively
more leftward and posteriorly, when the activation wave invades the left atrium.

The normal P-wave pattern (contour, duration, and polarity) is determined by the time course and sequence of the
depolarization of the atrial tissue. An increased duration of the P-wave is expected to be present whenever delayed intra-
atrial or interatrial activation (intra-atrial or interatrial conduction defect) occurs.

With either left or combined atrial enlargement, a P-wave of longer duration is observed (> Fig. .). In the presence
of atrial enlargement, stretching or fibrosis of the atrial muscle may justify the intra-atrial conduction defect pattern.

Right atrial enlargement gives rise to peak but not broadened P-waves. The greater duration of right atrial activation
in right atrial enlargement does not surpass the time required for left atrial depolarization.

The pattern of left atrial enlargement (wide P-waves, >. s, with terminal negative forces in lead V > . s, and
with amplitude ≥.mV) has been shown to correspond to delayed activation of the lower left atrium [].

Right atrial enlargement

Left atrial
enlargement

Right atrium

Left atrium

Normal

A B C A B C

V1ΙΙ

⊡ Figure .

Diagram illustrating left and right atrial contribution to the recorded P-wave, explaining the small notch present in P-waves

from some normal individuals. Because right atrial activation is completed before that of the left atrium, right atrial enlarge-

ment will cause higher voltage of the P-wave with a normal duration. (Although the right atrial component may become

enlarged, it will not surpass the normal left atrial component). With left atrial enlargement, the notching will be accentuated

with increased duration of the P-wave. Typical examples of these P-wave patterns in leads II and V.
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It remains uncertain whether local delay (or block) of the atrial activation can result in notching of the P-wavewithout
an increase in its duration. On the other hand, some normal subjects, with no evidence of heart disease, do have a small
notch at the peak of the P-wave, which is probably related to the normal asynchronism of activation between both atria.
The question remains whether or not by itself notching of the P-wave should be considered evidence of intra-atrial or
interatrial conduction defect (usually an interpeak ≥. s is recommended as a criterion for such a conduction defect;
however, this usually occurs in cases that also have an abnormal duration of the P-wave).

Another difficult problem is to define the upper limit for normal duration of the P-wave. Several studies of normal
populations have been published suggesting an upper limit of . s [, ], . s [–], and . s [–]. It must be
remembered, however, that P-wave duration, like other biological values, represents a continuum and consequently, any
dividing line will have some normals on the “abnormal” side, as well as some abnormals on the “normal” side. The best
cutoff point for the upper limit of normal seems to be . s.

Besides prolongation of intra-atrial conduction time (first-degree intra-atrial or interatrial block), more advanced
degrees of block (second and third degree) have been demonstrated by electrophysiological studies [–]. This is also
the case for Wenckenbach phenomenon and for dissociated rhythms of the left and right atria or even of a region of one
of the atria.

The case of the transplanted heart is a most interesting example, where activation of the remnant auricular tissue can
be independent of the activation of the transplanted auricular chambers (> Fig. .).

Some cases of apparent first-degree AV block may actually be a result of intra-atrial or interatrial conduction delay
with normal conduction through the AV node.

Although the more advanced degrees of interatrial block can be important in the genesis of supraventricular
arrhythmias, their identification is not easy using the surface ECG and can only be demonstrated by intracardiac
electrophysiological studies.

The Criteria Committee of the NewYork Heart Association and theWorldHealth Organization/International Society
and Federation of Cardiology (WHO/ISFC) Task Force have proposed the following ECG criteria for the diagnosis of
intra-atrial (interatrial) conduction defects [, ]:

(a) P-wave duration >. s
(b) Notching of the P-wave

N N N N N N

TTTTTTΙΙ

Ι

⊡ Figure .

Simultaneous leads (I and II) in a patient with a transplanted heart. Two independent and dissociated atrial rhythms are well

identified, one without ventricular conduction (remnant native atrial tissue – N) and the other with normal AV conduction

and constant PR interval (transplanted heart-T). (Courtesy of Dr. Queiroz e Melo).
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.. Diagnostic Difficulties

Themajor diagnostic problem is the identification of left atrial enlargement and distinguishing its ECG from intra-atrial
conduction delay alone (without atrial enlargement).

Some of the authors studied  hypertensive patients by ECG and echocardiography, correlating the pattern of ECG
atrial activity with left atrial dimension by echo []. Of  patients in normal sinus rhythm,  (%) showed increased
terminal negative P-wave forces in V (≥. s and ≥.mV) and  (%) had increased duration of the P-wave in lead
II (>. s), without increased terminal forces in V. The other  had normal P-waves.

The former group (increased terminal negative forces in V) had a much greater prevalence of left atrial enlargement
by echocardiography (%) than patients with normal P-waves (%). In our cases, no statistically significant difference
was found between patients with enlarged P-waves in lead II and patients with normal P-waves in the same lead, as far as
left atrial enlargement prevalence (% as opposed to %) ormean left atrium dimension (mm as opposed to mm)
were concerned. In our experience, terminal negative P-wave forces in V can be used to identify left atrial enlargement,
while P-waves of greater duration, in the absence of increased terminal forces in V, do not necessarily imply left atrial
enlargement, and more probably correspond to intra-atrial or interatrial conduction defect.

It is suggested that echocardiography should be used to evaluate left atrial dimension in order to decide whether left
atrial enlargement is or is not the cause of the abnormal ECG pattern (> Fig. .).

.. Clinical Overview

Intra-atrial and interatrial conduction defects are probably more frequent than is usually recognized. In the presence of
an enlarged P-wave, left atrial enlargement should be ruled out (by echocardiography) before the diagnosis of conduction
defect is made.

Much is still to be learned about higher degrees of intra-atrial and interatrial block, which need electrophysio-
logical studies to be clearly understood. However, they may play an important role in some cases of supraventricular
dysrhythmias [, , ].

. Intraventricular Conduction Defects

The normal cardiac specialized conduction system has been described in detail in > Chap. . Normal ventricular acti-
vation is summarized here for convenience and to emphasize those aspects of particular relevance to the topic under
consideration.

The specialized conduction system consists of the sinoatrial (SA) node, the atrial conduction pathways (whatever
their real importance may be), the AV node, the His bundle, the right and left bundle branches (the latter with two main
subdivisions – anterosuperior and posteroinferior), and the Purkinje fibers. Occasionally, a third septal subdivision of the
left bundle (median or centroseptal) may also be identified [–], and in still other cases the branching pattern of the
left bundle is not clearly defined (see > Sect. ..) (> Fig. .).

The initial electrical stimulus of the cardiac muscle activity is generated at the SA node. From there, it spreads across
the atria and reaches the AV node.Within the AVnode, it is physiologically delayedbefore being propagated rapidly along
the His bundle and its right and left divisions and subdivisions, to the Purkinje network. When the wave of activation
reaches the myocardial cells, it causes their depolarization and subsequent contraction.

Durrer et al. [] have investigated the initial ventricular activation in the isolated human heart and found that,
normally, three endocardial areas are synchronously excited at the beginning of left ventricular activation:

(a) An area located high on the anterior paraseptal wall, below the attachment of the mitral valve, extending inferiorly
to the region of the anterior papillary muscle

(b) A central area in the left surface of the interventricular septum
(c) A posterior paraseptal area at about one-third the distance from the apex to the base
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⊡ Figure .

Schematic of the normal IV conduction system. A well-individualized median (or centroseptal) fascicle is represented.

Activation of the anterior paraseptal and central areas is mediated by the anterior division of the left bundle branch.
The posterior division provides conduction to the posterior paraseptal area (sometimes a less-well-defined subdivision
is described providing conduction to the central septum). Since anterior and posterior paraseptal areas are opposite to
each other, the direction of the resultant vectors of excitation, during this phase, will be dominated by the potentials of
the central area.

After the excitation of the septal areas, the electrical stimulus spreads to the myocardium of the apical and the free
wall of both ventricles, which are then activated. As a result of the much larger mass of the left ventricle, the electrical
forces produced by its depolarization largely predominate over the right ventricular potentials.

The basal portion of the septum and the posterobasal portion of the free wall of the left ventricle are the latest regions
to be depolarized, partly because there is a relative rarity of terminal Purkinje fibers in these areas.

This sequence of ventricular activation can be represented by three basic dominant vectors, as below, occurring
sequentially, with their positive extremities inscribing the vectorcardiographic spatial QRS loop.

(a) The initial vector corresponds to the early septal and paraseptal electromotive forces (emfs). The right interven-
tricular septal surface anatomically faces the anterior and right side, either slightly upward or slightly downward
(according to the horizontal or vertical positioning of the heart). Since the septum is depolarized from left to right,
the initial phase of ventricular depolarization and the subsequent spread of activation across the septum cause the
initial vector to be oriented mainly to the right and anteriorly, either upward or slightly downward.

(b) The second vector is the maximal resultant vector related to the activation of the free wall of the ventricles. Left
ventricular emfs dominate and give rise to the leftward, inferior and posterior orientation of this vector.

(c) The terminal vector is related to the activation of the basal portions of the ventricles, which results in electrical forces
oriented posteriorly, and somewhat superiorly, either slightly to the right or slightly to the left.

These three vectors, when projected upon the axis of the limb and precordial leads, produce, respectively:

(a) A small r in V and a small q in leads I, aVL, and V;
(b) A dominant R-wave in I and II as well as V and V with a counterpart in the S-waves of aVR and V;
(c) A small s in V and leads I and II, sometimes an r’ in V.
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The remaining leads will present intermediate patterns, which can be derived from the projection of the QRS spatial loop
upon their own axis of derivation. Leads III and aVF on one side, and aVL on the other, will be predominantly positive or
negative, in normal subjects, according to their body shape (vertical axis in slim individuals and horizontal in the obese).

Anatomic or functional lesions occur at any point of the very sensitive specialized ventricular conduction system, and
may result in delay or interruption of the conduction of the electrical stimulus to the areas forward to the lesion. Since the
several divisions and subdivisions of the bundle branches are largely interconnected, conduction will follow across the
intact divisions and will result in the activation of the whole ventricular mass. However, the sequence of activation will
be different, in each case, from that previously described. Different sequences of activation mean different spatial QRS
loops and different ECG patterns.

It must be emphasized from the very beginning that although the electrical patterns will facilitate an approach to
the identification of the anatomic location of the conduction defect, different locations and different types of conduction
defectsmay result in similar ECGpatterns. For example, a complete left bundle branch block can be caused by a functional
lesion within the His bundle, before the bifurcation; by a complete interruption of the main left bundle branch (either
anatomic or functional); or by lesions located more distally, either in both the left anterior and the left posterior fascicles,
or as a diffuse disease of the more distal ramifications of the left bundle (parietal block). On the other hand, the same
pattern can coexist with multiple and diffuse lesions along the conduction system. In pure pathological terms, it can
sometimes be very difficult to decide which the most important lesions are. Even the determination of the percentage
of injured fibers, in each division or subdivision, by microscopy, has been used to study this problem, although not very
conclusively [, ]. As a matter of fact, such studies are highly demanding and poorly rewarding.

The understanding of intraventricular conduction-defect patterns has evolved through the years. For instance, during
the first decades of electrocardiology, right and left bundle branch block (RBBB and LBBB, respectively) were inversely
diagnosed, on the basis of dog experiments.Much was learned, but even todaymuch controversy still exists around some
of the criteria used in ECG/VCG classification of conduction disturbances.

Great advances were made owing to the concept of fascicular blocks and its correlation with the anatomic and
electrophysiological data,mainly those obtained by endocardial and epicardial mapping, as well asHis-bundle electrocar-
diography. Intermittent or iatrogenic (surgical) conduction disturbances have also been of great help in the understanding
of some ECG patterns.

An important effort was made by a WHO/ISFC Task Force [] who attempted to establish a consensus on interna-
tional criteria for the diagnosis of intraventricular conduction defects. In this chapter, those criteria will be followed and
will occasionally be presented along with other more controversial points of view.

.. Fascicular Blocks

The correlation of the anatomy of the cardiac conduction systemwith electrocardiographic and electrophysiological data,
leading to the concept of fascicular blocks (so-called “hemiblocks”), has addedmuch to our understanding of the mecha-
nisms of electrical activation and of heart block. Despite some arguments as to its validity, the concept of fascicular blocks
has provided a most useful theoretical framework for viewing abnormalities of auriculoventricular and intraventricular
conduction.

As previously stated, the left-sided intraventricular conduction system is usually described as a multiple strand of
fibers emerging from the His bundle itself, at the septal surface (> Fig. .), with twomain subdivisions or fascicles: one
directed anteriorly and superiorly toward the base of the anterior papillary muscle (the left anterior fascicle) and the other
directed inferiorly and posteriorly toward the base of the posterior papillary muscle (the left posterior fascicle). The two
main subdivisions have extensive interconnecting anastomoses between them. Occasionally, a group of the left median
fibers is more clearly identified, constituting a third septal (median or centroseptal) fascicle [–, ] (> Fig. .). This
led to a debate around the concept of a bifascicular or trifascicular left-sided conduction system (and trifascicular against
a tetrafascicular or quadrifascicular system, for the whole conduction apparatus) [, ]. Most probably, the anatomic
network of the left-sided conduction system has a variable distribution within the population as happens with other
anatomic structures (such as the coronary arterial system). Eventually there exists, for the left main bundle, a continuum
from either two or three subdivisions to a nondefined branching type (fanning out as a pencil-like division) of the main
left bundle branch.
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Indeed, a few cases have also been described where false tendons were found running across the ventricle. These
tendons contain conduction tissue, which can therefore alter the activation sequence and contribute to the variation of
the normal pattern and hence of electrical axis [].

In fact, all the above-mentioned structuresmay be involved, organically or functionally, in the aberrations observed in
atrial premature beats,mimicking successively all types of intraventricular conduction disturbances: slight axis deviation,
fascicular blocks of any type, complete bundle branch blocks, and trifascicular or tetrafascicular blocks [, ].

The concept of a conduction disturbance occurring in one of the two left bundle branch subdivisions has been
introduced by Rosenbaum, who used the term hemiblock [, ]. For those who accept a trifascicular left-sided con-
duction system, hemiblock became a misnomer, since there exists three different types of “hemi” blocks – left anterior,
left posterior, and left median [, , ].

“Left fascicular blocks” is probably the best way to refer to these localized conduction disturbances and has become
the internationally accepted terminology. Nevertheless, the term hemiblock has stood the test of time and sometimes is
used even for the third left subdivision – left median hemiblock (for left median fascicular block) [, , , ].

... Left Anterior Fascicular Block

(a) ECG/VCG pattern

The hallmark of left anterior fascicular block (LAFB) is marked left axis deviation in the limb leads (> Fig. .).
Owing to the organic or functional interruption of the conduction through the left anterior division of the left bundle

branch, the electrical impulse must travel through the left posterior division to activate the free wall of the left ventricle.
The inferior and posterior portions of the left ventricular free wall are depolarized in the normal way (via the intact left
posterior subdivision). The activation of the anterior and lateral regions is delayed (by ≈ . s) because the stimulus
cannot be conducted through the interrupted left anterior division. Consequently, the wave of activation will travel in
a retrograde fashion, through the network of the Purkinje system, in order to reach the anterolateral wall. The initial
electrical forces (. s) do not have the component of the anterior paraseptal area, thus resulting in the dominance of
the forces directed inferiorly and to the right. Subsequently, the inferior wall and the apex are activated (forces directed
inferiorly) and only afterward in the anterolateral wall depolarized with a leftward, posterior and superior spread of
excitation. The latter QRS forces become more prominent because, being delayed, they are unopposed.

The VCG spatial QRS loop will be of normal magnitude (if there are no associated abnormalities) although with
slightly prolonged duration of the QRS (not greater than . s). The initial vectors point inferiorly and to the right while
the body of the spatial QRS loop is superiorly and posteriorly displaced, being located in the left superior and posterior
octant.

Typically, in the frontal plane projection, the initial QRS deflection points inferiorly and slight to the right, while the
efferent limb is leftward and is inscribed counterclockwise, invading the left superior quadrant.The maximal QRS vector
and afferent limb of the spatial QRS loop are oriented superiorly and to the left (the maximal QRS vector can rarely point
superiorly and to the right).

As the greater portion of the QRS loop is directed leftward and superiorly, a prominent R-wave is detected in leads
I and aVL, while deep S-waves are registered in II, III, and aVF. The initial deflection, pointing inferiorly and slightly
rightward, projects itself as a small q-wave in leads I and aVL (qR complexes); if they point anteriorly or slightly leftward,
an isolated monophasic R-wave will result in lead I. A small r-wave is always present in leads II, III, and aVF since the
initial deflection is always inferior. The superior displacement of the main portion of the loop explains the abnormal axis
deviation, between −○ and −○. Usually ST- and T-waves remain within the normal range, pointing downward and
to the left. However, the prominent R-wave in aVL may be accompanied by a slightly negative T-wave.

Criteria for left anterior fascicular block are still debatable [–]. Rosenbaum’s original criteria [, ] were the
following:

(a) Frontal plane QRS left axis deviation −○ to −○
(b) QRS duration ≤. s
(c) Small Q-wave ≤. s in leads I and aVL



  Conduction Defects

⊡ Figure .

Left anterior fascicular block: schematic of the spatialmain vectors of ventricular activation resulting from the interruption of

the left anterior fascicle (top left corner) and a diagram of the projections of theQRS loop on the frontal and horizontal planes

and ECG leads and VCG loops of a typical example (F, frontal; H, horizontal; S, sagittal).

As far as left axis deviation is concerned, there is enough agreement [, , ] in that left axis deviation alone should
not be synonymous with LAFB because this shift of electrical forces to the left and superiorly can be observed with
other causes such as extreme obesity, chronic pulmonary disease, thoracic malformations, and inferior and inferolateral
myocardial infarction. The limit of −○, as pointed out by Rosenbaum [, ], mostly eliminates those other causes
but it also eliminates LAFB of lesser degree (as demonstrated in cases of transient LAFB). Thus the limit of −○ has
been used by most groups of investigators [, , ] although some prefer −○, unless transient shift is observed. It is
possible to demonstrate that the axis deviation occurs during the first ms of the QRS complex (especially in cases with
QRS duration beyond . s, owing to other associated intraventricular conduction disturbances – for instance, RBBB
or LBBB).

The small Q-waves in leads I and aVL have also caused some controversy [, , –]. Kulbertus et al. [] found
that the initial ms QRS vectors are almost always directed inferiorly. However, while in % they were directed to the
right, in % they pointed to the left, which in some casesmay provoke aQS pattern inV. Jacobson et al. [] and Burchell
and Tuna [] also concluded that a Q-wave in leads I and aVL is not an absolute requirement for LAFB. However, they
have been found in most cases of transient or paroxysmal LAFB.
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Medrano et al. [] consider that there should be either slurring of the downstroke of the R-wave with delayed R peak
time of at least ms in aVL, or a late slurred terminal R-wave in aVR, or else a slurred S-wave in leads V and V.

In fact, although the QRS duration is normal in isolated LAFB, there may be a slight widening of the QRS complex
of up to . s compared to appearances prior to the development of LAFB.

TheWHO/ISFC Task Force has proposed the following ECG criteria for diagnosis of LAFB []:

(a) Left axis deviation of −○ to ○
(b) qR pattern in aVL
(c) R peak time in aVL ≥ms
(d) QRS duration <. s
When these criteria are present with QRS axis deviation of −○ to −○, the diagnosis of a “possible” LAFB should
be made.

Note that the QRS loop in the frontal plane is inscribed counterclockwise – a feature which may be useful in the
presence of inferior wall myocardial infarction (the peak of the R-wave in lead III occurs before the peak of the R-wave
in lead II).

Lopes [] has proposed VCG criteria for the diagnosis of LAFB as below:

(a) The QRS duration should be <. s
(b) The frontal plane QRS loop should have the following characteristics:

(i) Initial vectors directed inferiorly and rightward
(ii) Counterclockwise inscription
(iii) QRS axis more superior than −○
If themajor axis of theQRS loop is not directed upward, but the late part of the loop invades the left superior quadrant,
“possible LAFB” may be diagnosed.

(c) The horizontal plane QRS loop should have the following features:

(i) Initial vectors oriented rightward and anteriorly
(ii) Counterclockwise inscription in general, but about –% may show a predominant anterior loop with

clockwise inscription, which can represent associated median or centroseptal fascicular block [, , , ]
(iii) Terminal vectors may be normal or located predominantly in the right posterior quadrant

(b) Clinical implications

LAFB has been associated with conduction disturbances in the His bundle, anterior ischemia, anterior myocardial
infarction, Chagas disease, sclerodegenerative disease, cardiomyopathy [], hyperkalemia [], myocarditis, infiltrative
and degenerative diseases, and trauma (its association with incomplete RBBB in ostium primum defect is discussed in
> Sect. ...). It is usually associated with fibrosis in the anterior fibers, although fibrosis is usually widely distributed
over the anterior, mild, and posterior fibers [].

LAFB unassociated with block in other fascicles is usually considered a benign intraventricular conduction distur-
bance. Nevertheless, in one angiographic study [], LAFB was associated with a % chance of having % or greater
occlusion in the left anterior descending artery. However, this was a selected population in which the prevalence of coro-
nary heart disease was high enough to justify a coronary angiographic study. In the Framingham study, the incidence of
progression to bifascicular block was % and to complete AV block, % []. In the ambulatory patient, the prognosis
of LAFB is exceedingly benign [, , ]. As will be seen with other types of conduction defects, prognosis depends
primarily on the severity of the associated heart disease []. In the absence of other cardiovascular abnormalities, LAFB
seems not to affect the prognosis, even in old age.
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(c) Diagnostic difficulties

LAFB may mimic anteroseptal myocardial infarction (QS in V and/or V and sometimes QR with a negative T-wave in
aVL). Sometimes, inferior infarction may also be erroneously diagnosed owing to low voltage of initial R-waves in inferior
leads (distinction can be more easily made by the rotation of the frontal plane QRS loop, which is inscribed clockwise in
inferior myocardial infarction and counterclockwise in LAFB).The appearance of new initial R-waves in the inferior leads
owing to LAFB may hide preexisting inferior myocardial infarction. On the other hand, a recent inferior wall myocardial
infarction may abolish the initial R of LAFB in leads II, III, and aVF, so that QS complexes are recorded. All these aspects
have been well identified in cases of paroxysmal LAFB. Occasionally, secondary ST–T-wave abnormalities (slight ST
depression and negativity of the T-wave in aVL) may also make it difficult to exclude anteroseptal ischemia (> Fig. .).
R-waves tend to be taller in lead I and aVL when LAFB supervenes; this may occasionally render voltage criteria invalid
for left ventricular hypertrophy (false positives).

... Left Posterior Fascicular Block

(a) ECG/VCG pattern

The hallmark of left posterior fascicular block (LPFB) is the right axis deviation in the limb leads (> Fig. .). In fact,
in cases of LPFB, either organic or functional, the opposite of LAFB occurs, that is to say, ventricular excitation proceeds
through the left anterior division to the anterior paraseptal region and midseptum, and from there to the anterior and
anterolateral wall. Activation of the posteroinferior regions of the left ventricle is delayed (proceeding in a retrograde
fashion from the anterior fascicle).

Initial QRS forces (–ms) are directed superiorly and leftward (around −○), with the spatial QRS loop
being inscribed clockwise, invading the inferior octants, first the left then the right, either posteriorly or slightly
anteriorly.

Themain characteristic of LPFB is the inferior and rightward displacement of the spatial QRS loopwith an abnormally
large portion located in the right inferior and posterior octant. Although there may be slight widening, the duration of
the QRS does not exceed . s. The maximal spatial QRS vector is oriented inferiorly and posteriorly and most of the
time to the right.

Initial forces, being leftward, give rise to an initial R-wave in lead I and aVL. Then the rightward displacement of the
QRS loop causes deep S-waves in I and aVL while a qR pattern is obtained in II, III, and aVF.The rightward displacement
of the loop accounts for the right axis deviation of the QRS.

Rosenbaum [, ] first described a QRS deviation ≥ + ○; later, he accepted +○ as a criterion. Serial obser-
vation of the transition to right axis deviation would better support the diagnosis in an individual, more so in cases of
intermittent LPFB.

In the horizontal plane, RS complexes in the left precordial leads cause further difficulty in distinguishing LPFB from
right ventricular hypertrophy.

In practice, the diagnosis of “pure” LPFB is difficult and needs the clinical exclusion of several conditions
which may produce a similar pattern, owing to predominant right ventricular forces, instead of the redistribu-
tion of forces within the electrically dominant left ventricle. Examples are right ventricular hypertrophy, chronic
obstructive as well as acute pulmonary disease, emphysema, extremely vertical heart (habitus asthenicus), and
extensive lateral-wall myocardial infarction. Besides clinical examination, chest x-ray and echocardiography are
mandatory. As a result in part of those difficulties, LPFB is rarely recognized [, –] unless associated with
RBBB.

The WHO/ISFC Task Force has proposed the following ECG criteria for the diagnosis of LPFB []:

(a) Frontal QRS axis of +○ to +○ (in the absence of other causes of right axis deviation)
(b) rS configuration in leads I and aVL associated with qR pattern in inferior leads (Q-wave is obligatory in leads III and

aVF), Q-wave in inferior leads should be ≤. s
(c) QRS duration <. s
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⊡ Figure .

Vectorial display of the -lead ECG in a case of paroxysmal LAFB. In aVL, first and second QRS complexes show conduction

duringLAFB followedbynormal IV conduction in the thirdQRS complex. Notenegative T-waves during LAFBbecomepositive

during normal conduction. Appearance and disappearance of LAFB is not related to significant R−R interval variation (lead II

at the bottom).

Lopes [] has proposed VCG criteria for the diagnosis of LPFB as below:

(a) The QRS duration should be <. s.
(b) The frontal plane QRS loop should have the following characteristics:

(i) Initial vectors inscribed superiorly and leftward
(ii) Clockwise inscription
(iii) QRS axis more rightward than +○
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⊡ Figure .

Left posterior fascicular block: schematic of the spatial main vectors of ventricular activation resulting from interruption of

the left posterior fascicle together with a diagram of the projections of the QRS loop on the frontal and horizontal planes and

ECG leads and VCG loops of a typical case of LPFB (F, frontal; H, horizontal; S, sagittal) (see also > Figs. . and> .).

(c) The horizontal plane QRS loop should have the following features:
(i) Initial vector anterior and leftward
(ii) Counterclockwise or figure-of-eight inscription generally
(iii) Rightward and either posterior or anterior maximumQRS vector

(b) Clinical implications

LPFB is much rarer than block of the left anterior fascicle, because the left posterior fascicle is substantially larger
and apparently better perfused, and therefore less susceptible to damage. Chronic degenerative or fibrotic processes,
ischemic processes affecting this fascicle or the Purkinje system (or the myocardium activated by the fascicle), hyper-
kalemia, myocarditis, Chagas disease, infiltrative disease, and acute cor pulmonale [] have been described as associated
with LPFB.

(c) Diagnostic difficulties

Isolated LPFB may be difficult to recognize. Obviously, it will be most accurately diagnosed when it occurs as an inter-
mittent pattern. LPFB may mimic an inferior myocardial infarction (inferior q-waves). Abnormal Q-waves (>. s)
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support the diagnosis of myocardial infarction; history, echocardiography, and radionuclides may help in the differential
diagnosis. LPFB may also hide lateral infarction (small r-waves and deep S-waves in lead I and aVL).

When LPFB is associated with positive QRS in V (possibly indicating associated left median fascicular block – see
> Sect. ...), right ventricular hypertrophy or even hiddenWolff–Parkinson–White syndrome must be ruled out as a
cause of the ECG pattern. In young people, the diagnosis is often difficult owing to the vertical axis, and more so if there
is constitutional abnormal anatomical position of the heart (extremely vertical).

The tendency for upright T-waves in leads I and aVL may conceal small or slightly inverted ischemic T-wave changes
in these leads. T-waves may become inverted in inferior leads thus mimicking an active ischemic process. Anterolateral
myocardial infarction (counterclockwise rotation in the frontal plane) must be ruled out for the identification of LPFB.
Acute cor pulmonale, as mentioned above, should also be excluded in clinical terms. The SIQIII pattern suggestive of
pulmonary embolism – the McGinn andWhite pattern – has been interpreted as representing “functional” LPFB [].

... Left Median (Centroseptal) Fascicular Block

As mentioned in > Sect. .., left median fascicular fibers do exist and a left median (centroseptal) fascicular block
(LMFB) has been produced experimentally []. Indeed, in cases of intermittent fascicular or bundle branch blocks, an
anterior displacement of the QRS loop, independent of the axis deviation, can be observed and may be a result of the
involvement of centroseptal fibers.

(a) ECG/VCG pattern

The ECG pattern is supposed to show prominent R-waves in the right precordial leads (V −V), similar to those found
in “true” posterior myocardial infarction, concomitant with no abnormal axis deviation in the frontal plane (> Fig. .).
Left median block is rarely identified as an isolated finding (except when paroxysmal – > Fig. .) being confounded
with “normal variation.” It may explain the anterior displacement of the QRS loop (more prominent R-waves in the
right precordial leads) and even the clockwise rotation in the horizontal plane, in cases of left fascicular blocks, RBBB
or RBBB associated with either LAFB or LPFB. In relatives of patients with anteriorly displaced loops accompanying
more conventional blocks, isolated anterior displacement of the QRS loop has been found. It is uncertain whether this
represents normal variation or left median “hemi” block [, , , ].

⊡ Figure .

ECG with dominant R-waves in “right” precordial leads (V and V) with no other ECG abnormalities. Left median fascicular

block would be postulated.
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V1

⊡ Figure .

Paroxysmal left median fascicular block: continuous recording of lead V showing the appearance and disappearance of

dominant R-waves without increase in QRS duration.

(b) Clinical implications

LMFB has been described in patients with ischemic heart disease. It is associatedwith fibrosis of the corresponding fibers,
as well as sclerodegenerative changes of the conduction tissue, although similar lesions can be found simultaneously in
the other fascicles [, , ].

Other etiologies include diabetes mellitus and hypertrophic cardiomyopathy.

(c) Diagnostic difficulties

On the basis of interpreting a single ECG, it is essentially impossible to differentiate LMFB from posterior myocardial
infarction, some types of right ventricular hypertrophy or variants of normal.

.. Incomplete Bundle Branch Block

... Incomplete Right Bundle Branch Block

(a) ECG/VCG pattern

In incomplete RBBB, the transmission through the right bundle is not totally interrupted but only delayed. ECG/VCG
patterns may be similar to complete RBBB (see > Sect. ...) but of lesser duration (<. s). Only after
the left ventricular septum and free-wall activation is initiated are the right interventricular septum and right
ventricular free wall depolarized by impulses which are conducted both through the right and the left bundle
branches.

Similar to what will be seen in complete RBBB, only the late part of the activation process is disturbed, on the surface
ECGand on the special VCG,with orientation of the terminal electrical vectors rightward, anteriorly and either superiorly
or inferiorly. Themore the conduction through the right bundle is disturbed (three subdivisions have been described []
and can be gradually involved in the individual patient), the more prominent these late forces become and the more
similar the spatial QRS loop lock to complete RBBB with a more-or-less prominent terminal “fingerlike” appendage.The
afferent limb and the terminal deflection of the spatial QRS loop become deviated in the anterior and rightward direction.
The T loop is directed leftward and posteriorly.
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⊡ Figure .

ECG leads and VCG loops of a case of typical incomplete RBBB (compare with terminal appendage in horizontal projection of

complete RBBB in> Fig. .): F, frontal; H, horizontal; S, saggital.

The ECG shows typically an R’ wave in lead V and a wider S-wave in lead I and V corresponding to the abnormal
anterior and rightward terminal appendage.The amplitude and width of the R′ in V and of the S-wave in leads I and V

increase with the degree of conduction delay (> Fig. .). By definition, the QRS duration is <. s. T-wave changes
arise from the posterior displacement of the spatial T loop. Consequently, the T-wave becomes isoelectric or eventually
inverted in the right precordial leads (usually no significant ST–T-wave abnormalities can be identified in the limb and
left precordial leads).

TheWHO/ISFC Task Force has proposed the following ECG criteria for the diagnosis of incomplete RBBB []:

(a) QRS duration <. s
(b) Right precordial pattern rsr′, rsR′, or rSR′ or M-shaped with R′ usually greater than initial R-wave; and
(c) Wide S-wave in leads I and V–V

The diagnosis is more evident if the condition occurs intermittently.
The VCG criteria for the diagnosis of incomplete RBBB have been recommended as below.

(a) The QRS duration should be <. s.
(b) The spatial QRS loop should have normal overall amplitude but be typically deformed by a small terminal fingerlike

appendage, which is oriented to the right.
(c) The transverse plane should have the following characteristics:

(i) Counterclockwise inscription of the major part of the loop (sometimes figure-of-eight configuration)
(ii) Initial vector anterior and rightward, with maximal QRS vector leftward and either anterior or posterior
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(iii) Small terminal appendage directed rightward and somewhat anteriorly, and slowly inscribed
(iv) Maximal QRS voltage usually less than normal

(d) The frontal plane should have the following features:

(i) The loop generally long and narrow
(ii) Usually clockwise inscription
(iii) Small terminal appendage directed rightward and either superiorly or inferiorly.

(b) Clinical implications and diagnostic difficulties

An incomplete RBBB pattern in the -lead ECG can be observed as a “normal variant.” Hiss and Lamb [] reported a
prevalence of .% in normal young subjects. Raunio et al. [] found an rSr′ pattern in V in .% of children, .% of
young adults and .% of middle-aged and elderly subjects without evidence of cardiopulmonary disease. Sometimes,
these patterns are no longer evident if V in recorded one intercostal space lower [].

The r′ pattern has been related to the physiological variability of the thickness and distribution of the right ventricular
mass [], with the slight increase of the normal terminal vector described in > Sect. ..

A normal variant QRS loop, more frequent in children and teenagers – with more prominent terminal vectors, giving
rise to a posterior and superior terminal appendage, slightly directed to the right – may produce, in the same way, an r′

in V and aVR as well as a terminal S-wave in leads I, II, III, and V []. This SISIISIII pattern may be explained by distal
delayed activation of the crista supraventricularis in individuals without heart disease.

In a long follow-up study ( years) of middle-aged men, Liao et al. [] found no increased risk of death from
coronary heart disease and cardiovascular diseases for those patients with incomplete RBBB pattern. Nevertheless,
they observed a higher incidence of development of complete RBBB in such cases, which further supports the con-
cept that in middle-aged men, incomplete RBBB can be a manifestation of a primary abnormality of the cardiac
conduction system.

It must be emphasized that themajority of cases diagnosed as incomplete RBBB by ECG alone are not actual examples
of a conduction defect. Some of them represent the normal variant just described, while many others correspond to
moderate right ventricular hypertrophy. One of the first achievements of vectorcardiography (in the early s) was
the demonstration that the so-called “incomplete RBBB pattern” could be caused by right ventricular hypertrophy (in
mitral stenosis, for example), with quite different QRS loops in the horizontal plane, although projecting themselves in
V and V in a manner similar to RBBB [, ] (> Fig. .). In fact, subsequently, incomplete RBBB became almost
synonymous with moderate right ventricular hypertrophy [, ].

Right bundle branch block Right venticular hypertrophy

V1 V2 V3 V4

V5

V1 V2 V3 V4

V5

V6V6

⊡ Figure .

Schematic of the vectorcardiographic loops in the horizontal plane, in cases of RBBB and RVH. Quite different loops, with

clockwise and counterclockwise rotation, project themselves as rSR′ in V and qRS in V (see also > Fig. .).
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Actually, right ventricular hypertrophy, owing to either acquired or congenital heart disease, or even chronic lung
disease, may cause the typical ECG pattern of incomplete RBBB. However, the morphology and sense of rotation of the
spatial QRS loop, mainly its horizontal planar projection, permit an easy differentiation (see the detailed description in
> Sect. ...). In congenital heart diseases, this pattern may be observed in malformations involving hypertrophy of
the crista supraventricularis.

Incomplete RBBB can indeed occur as an isolated congenital electrical abnormality. It is associated with the ostium
secundum type of atrial septal defect and/or anomalous pulmonary venous drainage. When incomplete RBBB occurs
with the ostium primum type of atrial septal defect, especially with endocardial cushion and interventricular septum
defects, there is usually an associated left anterior fascicular block (see> Sect. ..) [].

Echocardiography [], as well as radionuclides and angiography, if needed, may help to make the correct diagnosis
if the incomplete RBBB pattern is found in a patient with suspected myocardial infarction.

Other clinical factors that may induce an incomplete RBBB pattern are skeletal deformities and LAFB. In the former
case, pectus excavatum or straight back syndrome may produce such a pattern. With respect to the latter, sometimes
higher degrees of left axis deviation give rise to an r′ in aVR and in V–V mainly if registered slightly above the recom-
mendedposition. On the other hand, leadsV andV, if recorded lower in the axilla, will exhibit an RS complex instead of
R or Rs, recorded slightly above. Both the r′ in V–V and/or the S-wave in V–V, in cases of LAFB, can be erroneously
attributed to incomplete RBBB (or right ventricular hypertrophy).

... Incomplete Left Bundle Branch Block

(a) ECG/VCG pattern

In incomplete LBBB, the conduction of the electrical stimulus through the left bundle branch is not interrupted.However,
progression of the wave of excitation should occur at a slower rate and, for this reason (somewhat similarly to complete
LBBB –> Sect. ...), the initial activation process will enter through the right bundle.The first area to be depolarized
will be located in the right septal surface; from there the activation process spreads across the septum and activates
the left septal mass from right to left, at a varying degree, because the impulse traveling through the left branch also
arrives. Depolarization of the remaining left ventricular free wall then proceeds in a normal fashion. The spatial QRS
loop, somewhat elongated, is oriented posteriorly, to the left and either inferiorly or superiorly. The time of occurrence of
the maximal QRS vector may be slight delayed (> Fig. .).

Therefore, in incomplete LBBB, the initial QRS pattern may be similar to complete LBBB with absence of normal
“septal” Q-waves in the left precordial leads and lead I, and sometimes absence of initial r-wave in V–V.The conduction
during the late activation period is less affected, as is the remainder of the QRS (> Fig. .).

Themore disturbed the conduction through the left bundle branch, the more the ECG/VCG pattern becomes similar
to complete LBBB (with progressive prolongation of QRS and delayed R peak time) in the left precordial leads. ST and

⊡ Figure .

Appearance of complete LBBB (part (b)) in a patient with previous LVHwith strain (part (a)).
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T vectors are usually opposite to the spatial QRS loop thus producing, in the surface ECG, ST-, and T-wave polarities
opposite to the main direction of the QRS maximal vector. Surprisingly enough, incomplete LBBB is much more rarely
observed than complete LBBB, either as a permanent or as a transient pattern.

A pattern similar to that described for incomplete LBBB can be observed in patients with recognized left ventricular
hypertrophy. The question about it being a real conduction defect has been debated [, –]. Transition within a short
time from normal conduction to serial degrees of incomplete and subsequently complete LBBB has been occasionally
observed and supports the real existence of incomplete LBBB as a conduction abnormality. Although this evolution would
permit a firm diagnosis of conduction defect for the pattern of incomplete LBBB [], this is only rarely observed and
cannot be used for clinical purposes.

The WHO/ISFC Task Force has proposed the following ECG criteria for the diagnosis of incomplete LBBB []:

(a) QRS duration >. s but less than the lower limit for complete LBBB (. s);
(b) Prolongation of the R peak time to ≥. s in the left precordial leads
(c) Absence of normal “septal” Q-waves in leads I, V, and V

(d) Presence of notching, slurring, or both in the ascending limb of the R-wave in the left precordial leads (this is a
criteria for increasing the likelihood of the diagnosis of incomplete LBBB).

The VCG criteria for diagnosis of incomplete LBBB have been recommended as follows:

(a) The spatial QRS loop should have the following characteristics:
(i) Elongated and narrow QRS loop that may be slowly inscribed in the middle and late portion, with a duration<. s
(ii) Practically, the entire loop oriented posteriorly and to the left
(iii) Initial vector anterior and leftward
(iv) Afferent limb superior to the efferent limb

(b) The transverse plane should have the following features:
(i) Long and narrow loop
(ii) Clockwise inscription of the majority of the loop
(iii) Initial vector directed anterior and leftward
(iv) Afferent limb to the left of the efferent limb
(v) Slowing on the VCG that may become evident by ms and continues for the entire loop.

(c) The left sagittal plane is characterized by
(i) A long narrow loop
(ii) Counterclockwise inscription of the majority of the loop
(iii) Afferent limb superior to efferent limb

(d) Frontal plane with the following features:
(i) Small and irregular loop if the spatial QRS loop is almost perpendicular to the frontal plane
(ii) Counterclockwise inscription of the loop with the afferent limb superior to the efferent limb almost the entire

loop on the left

(b) Clinical implications

Incomplete LBBB is associated with the same cardiovascular abnormalities as are usually related to complete LBBB (see
> Sect. ...). Actually, it represents an intermediate step, occasionally observed, from normal intraventricular con-
duction to complete LBBB. Incomplete LBBB is frequently associated with left ventricular hypertrophy [], and has
been used by some authors as a criterion for its presence. Its prognosis is related to the underlying heart disease and to
its severity, as in the other types of intraventricular conduction defects.

(c) Diagnostic difficulties

Difficulties with diagnosing incomplete LBBB are greater than those found with complete LBBB because the QRS
abnormalities are less specific. The following should be considered:
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(a) The pattern in right precordial leads may mimic anteroseptal myocardial infarction.
(b) Inverted T-waves in the left-sided leads may mimic anteroseptal ischemia in the same way that positive T-waves in

the right precordial leads may conceal ECG signs of anteroseptal ischemia.

... Complete Bundle Branch Block

The earliest awareness of importance of the specialized conduction system seems to have been related to the identifi-
cation of the ECG pattern of complete bundle branch block (BBB) resulting from damage caused in the region of the
interventricular septum of the canine heart (Eppinger and Rothberger –) [].

Unfortunately, confusion has resulted from the extrapolation of the patterns identified in the vertical heart of the dog
to themore horizontally positioned human heart. Consequently, the pattern of complete LBBBwas incorrectly diagnosed
as complete RBBB and vice versa. This confusion delayed the correct identification of the conduction defect patterns for
at least  years.

Bundle branch blocks occur in approximately .% of the population and –% of the population over  years of
age. Up to % of patients with BBB do have organic heart disease (coronary heart disease in %) []. Bundle branch
blocks are associated frequently with pathological conditions in the suspected location [] and with a higher mortality
if significant cardiac disease is present [, ].

... Complete Right Bundle Branch Block

(a) ECG/VCG pattern

The hallmark of RBBB is the appearance of an R′ in V with QRS duration ≥. s (> Fig. .). When there is complete
interruption of the impulse conduction in the right bundle branch, the activation of the right ventricle is delayed. Left
ventricular activation will follow the intact left bundle, as in the normal activation sequence.

During the initial phase of the ventricular depolarizationprocess, the early septal and paraseptal activation takes place,
as in the normal activation process, spreading from left to right (and somewhat anteriorly and superiorly according to the
usual anatomic position of the interventricular septum). No electrical forces are generated at this time in the right septal
surface. The activation front then proceeds to the rest of the left septum, and involves the free wall of the left ventricle.
The free-wall electromotive forces dominate, with spatial resultant vectors that are oriented leftward and inferiorly, either
slightly anteriorly or slightly posteriorly.

Thus, in RBBB, in spite of the lack of right septal activation, the initial phases of ventricular depolarization give rise
to potentials and vectors that are rather similar to the normal activation process.

Only aftermost of the left ventricular free-wall depolarization has already occurred are the right septum and the right
ventricular free wall activated, in a delayed and abnormal fashion (slow fiber to fiber conduction across the septum).The
resultant late spatial vectors are then directed to the right and anteriorly and either superiorly or inferiorly. At this time,
they are dominant because they are no longer concealed by left ventricular potentials.

According to this sequence of events, the spatial QRS loop can be divided into two distinct major portions – initial
and terminal.The initial portions remain essentially similar to the normal and consist of the initial deflection, the efferent
limb of the loop, and part of its afferent limb which may, in some cases, be displayed somewhat anteriorly, probably
owing to centroseptal fascicular lesions.The terminal portion, which ismore slowly inscribed, corresponds to the delayed
activation of the right septum and right ventricular free wall. This last portion of the loop takes the configuration of a
“fingerlike” appendage, pointing anteriorly and to the right. In fact, this late portion represents the most characteristic
feature of complete RBBB.

The duration of the QRS loop is ≥. s, with the terminal appendage slowly inscribed (≥. s).
The abnormal activation sequence is followed by an abnormal repolarization course with ST and T vectors directed

leftward and posteriorly, opposite to the terminal QRS forces.
The anterior and rightward initial deflection of the QRS loop, when projected in the horizontal plane, is recorded as

a small r-wave in lead V and a small q-wave in I, V, and V as in the normal individual. If the initial forces are directed
either straight anteriorly or slightly leftward, no Q-wave is recorded in these leads.The body of the loop projects itself as
an S-wave in V, which will be more evident and deeper when the QRS is posteriorly oriented, andmay disappear, giving
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⊡ Figure .

Complete right bundle branch block: schematic of the spatial main vectors of ventricular activation resulting from interrup-

tionof the right bundlebranch togetherwith adiagramof theprojectionsof theQRS loopon the frontal andhorizontal planes

and ECG leads and VCG loops of a typical case of complete RBBB (F, frontal; H, horizontal; S, sagittal).

rise to a single broad bifid deflection if it points leftward (see > Sect. ..). The delayed terminal appendage, which
points anteriorly and to the right, is inscribed as a wide and slurred R’ wave in V and an enlarged S-wave in leads I and
V–V.

ST–T patterns are not used as criteria for RBBB diagnosis.The abnormal repolarization pattern appears in the -lead
ECG as ST-segment depression, as T-wave inversion (or biphasic − +) in V and V, and as upright T-waves in leads I,
V, and V.

Since the delayed activation produces alterations only of the terminal, but not of the initial, ventricular depolarization,
the electrical QRS axis keeps its normal orientation provided that it was normal before the appearance of the conduction
disturbance. In fact, the coexistence of abnormal left or right axis deviation suggests the coexistence of left anterior or left
posterior fascicular block (see > Sect. ..).
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TheWHO/ISFC Task Force has proposed the following criteria for the diagnosis of complete RBBB []:

(a) QRS prolongation to ≥. s
(b) Right precordial patterns should be rsr’, rsR’, or rSR’ or M-shaped with R′ usually greater than initial R-wave

(occasionally a wide and notched isolated R pattern may be seen)
(c) Leads I and V–V pattern must have a wide S-wave (S duration greater than R-wave or >ms in adults)
(d) R peak time >. s in V with normal time in V and V (when a notched dominant R pattern is present in V).

Lopes has proposed VCG criteria for the diagnosis of complete RBBB as below []:

(a) The spatial QRS loop should have normal overall amplitude but is typically deformed by a terminal fingerlike
appendage, which is oriented anteriorly and to the right, and loop duration should be ≥. s.

(b) The transverse plane should show the following characteristics:
(i) Counterclockwise inscription of the major part of the loop, occasionally figure-of-eight or even clockwise

(suspect left median fascicular block – see below)
(ii) Initial vector anterior and rightward, with maximal QRS vector leftward and either anterior or posterior
(iii) Terminal appendage directed anteriorly and rightward with duration of slowing from  to ms
(iv) Maximal QRS voltage usually less than normal.

(c) The frontal plane should have the following features:
(i) In general a long and narrow loop
(ii) Usually clockwise inscription
(iii) Terminal appendage directed rightward and either superiorly or inferiorly

(b) Clinical implications

Complete RBBB, like complete LBBB, is most frequently identified in adulthood. However, it has been said that it has a
higher prevalence in younger subjects than has LBBB []. This has not been confirmed in other series [].

Besides lesions in the right bundle branch, complete RBBB (once more like LBBB) can also occur as a result of
anatomic or functional lesions within the His bundle. RBBB can be part of the presenting features of congenital heart
disease or be a consequence of corrective surgery [–], particularly for pulmonary stenosis, tetralogy of Fallot or large
ventricular septal defect []. The surgically induced form of RBBB may regress [] and has been related to prognosis
[]. In adulthood, complete RBBB frequently coexists with hypertension and/or coronary heart disease (either with or
without myocardial infarction) [, ]. It may appear transiently after primary coronary angioplasty in acutemyocardial
infarction [].

Complete RBBB can also represent a secondary manifestation of several cardiomyopathies, including the hyper-
trophic obstructive type []. In fact, an angiographic study [] performed in  predominantly asymptomatic pilots with
newly acquired RBBB showed that some of those without evidence of significant coronary artery disease had hemody-
namic evidence of amild diffuse cardiomyopathy. However, the number of cases of “isolated” intraventricular conduction
defect which does represent a mild and “insignificant” cardiomyopathy, including ill-defined processes such as bundle
branch fibrosis, remains a matter for speculation.

Fibrosis of the right ventricular conduction system with or without the involvement of the left-sided heart skeleton
of conduction tissue (respectively, Lev’s and Lenegre’s disease) [, ] may also be the cause of RBBB either associated
with ischemia or not. Complete RBBB pattern may also be associated with hyperkalemia [] and chest trauma [–].
Obstructive pulmonary disease [] and acute pulmonary embolism [] often appear with RBBB. In the presence of
pulmonary disease, complete RBBBmay suggest increased systolic andmean pulmonary pressures, thus indicating signif-
icant right ventricular overload.The prevalence of associated relevant heart disease, as well as the prognostic implications
of complete RBBB pattern, differs according to the type of population studied.

In military studies, a very low prevalence of the heart disease and a very good prognosis have usually been found
[, , –]. In a study of , airmen, Rotman and Triebwasser [] identified  cases of complete RBBB. One
hundred cases were younger than  years of age: most of them were asymptomatic (%) and had an otherwise normal
cardiovascular examination (%), % had evidence of coronary heart disease, and %were hypertensive (these percent-
ages are significantly lower than the prevalences reported in the same study for cases with LBBB; see > Sect. ...).
During the follow-up (mean  years), only one case needed pacemaker implantation.
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In hospital-based populations [–], a high prevalence of cardiovascular abnormalities is found, although in
all series, subjects with “lone” RBBB are described [, ]. The presence of associated left fascicular block (see
> Sect. ..) has been described as concomitant with a higher prevalence of heart disease and a worse prognosis,
including greater progression to advanced AV block [, –].

In the Framingham study [] during a follow-up period of  years,  new cases of complete RBBB were iden-
tified. Hypertension was significantly more common in these cases. In %, the identification of the RBBB pattern
was preceded by at least one cardiovascular abnormality – hypertension in %, cardiac enlargement in %, and
coronary heart disease in %. In patients with RBBB, the development of manifestations of coronary heart disease
was twice as frequent and that of congestive heart failure almost four times that in control group. After identification
of RBBB, four of the  cases (%) developed high-degree AV block. No prior evidence of cardiovascular abnor-
malities was found in  cases: % of them remained free of cardiovascular manifestations while % developed
coronary heart disease, % with evidence of congestive heart failure. Although RBBB were as prone as controls to
remain completely free of cardiovascular abnormalities, when heart disease was present there was a higher prevalence
of advanced stages of disease (cardiac enlargement, clinical coronary heart disease, and congestive heart failure). The
more prolonged the QRS duration, the greater the association with cardiovascular abnormalities as well as cardiovascular
mortality.

At each -year interval after onset of RBBB, cumulative mortality was three times greater than in the control group.
Almost one-third of the patients died within  years of onset of RBBB (only % for an age-matched population, free
from RBBB). As in other studies [], cardiovascular disease mortality appeared to be highly dependent on whether
associated cardiovascular abnormalities were present [].

In conclusion, it may be stated that in young subjects with otherwise normal change their prognosis.The same cannot
be said of other subjects. In the presence of underlying heart disease, the prognosis is mostly related to the severity of
the cardiovascular abnormality. Consequently, the identification of an intraventricular conduction defect – RBBB in this
case – should be considered a sign of high priority for a complete M-mode and two-dimensional echocardiographic
evaluation [], the most important noninvasive tool for anatomic and functional analysis of the left ventricle as well as
prognostic evaluation of the conduction disturbance.

(c) Diagnostic difficulties

There are usually no problems in the identification of the Q-waves of transmural myocardial infarction because initial
depolarization is not significantly affected by RBBB. On the other hand, RBBB associatedwith cor polmunalemay exhibit
Q-waves in the right precordial leads (perhaps suggesting right ventricular hypertrophy), or Q-waves in the inferior leads
that may mimic myocardial infarction.

Voltage criteria for left ventricular hypertrophy have a very low sensitivity in the presence of RBBB. The authors
have studied  patients with complete RBBB by echocardiography []. Contrary to what was found in LBBB
with left ventricular hypertrophy (see > Sect. ...(c)), the ECG/VCG (Sokolow–Lyon/Pipberger) criteria were
not able to identify any of the  patients that were found to have left ventricular hypertrophy and/or enlargement
by echocardiography. The Sokolow–Lyon index also showed no correlation with left ventricular mass calculated by
echocardiography.

Thus, it appears that in the presence of complete RBBB, left ventricular hypertrophy cannot be identified either by 
leads ECG or by VCG, at least on the basis of the criteria quoted above.

Right ventricular hypertrophy can be a cause of complete RBBB. Actually RBBB can also be observed in acute overload
of the right ventricle (pulmonary embolism), possibly owing to the distention of the right bundle.

... Complete Left Bundle Branch Block

(a) ECG/VCG pattern

When the conduction of the electrical impulse through the main left bundle branch (or through its two or three subdi-
visions) is interrupted or severely delayed by any type of disease process, the ventricular excitation wave is conducted
through the right bundle branch (> Fig. .). Activation will then begin low on the right septal surface, in the region
corresponding, on the left side, to the base of the anterior papillary muscle. From there, the wave of excitation spreads
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⊡ Figure .

Complete left bundle branch block: schematic of the spatialmain vectors of ventricular activation resulting from interruption

of the left bundle branch and a diagramof the projections of theQRS loopon the frontal and horizontal planes, and ECG leads

and VCG loops of a typical case of complete LBBB (F, frontal; H, horizontal; S, sagittal).

to the right ventricle and transeptally to the left ventricle, which is reached from right to left, at a much lower speed, by
conduction from one muscular fiber to another. In this situation, the initial vectors of ventricular activation have their
origin on the right side of the septum and are directed mainly to the left, and most often anteriorly and inferiorly, in
agreement with the way the activation wave spreads, from right to left, to depolarize the left septal mass. Only afterward
does the myocardium of the free wall of the left ventricle begin to be depolarized, either from cell to cell or reutilizing the
peripheral fascicles of the subdivisions of the left bundle branch.This late activation of the left ventricular mass generates
electrical forces directed toward the left, posteriorly, and inferiorly. The leftward orientation remains until the end of the
depolarization process, the last vector being directed, as is usual, posteriorly and somewhat superiorly.
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According to the spatial orientation of the electromotive forces of ventricular activation, in LBBB, the major portion
of the QRS loop is located posteriorly and to the left, pointing either inferiorly or somewhat superiorly (> Fig. .).

The leftward orientation of the initial forces accounts for the absence of the normal “septal” Q-waves in lead I and left
precordial leads. The initial forces, being slightly anterior, may or may not inscribe a small r-wave in lead V (posterior
orientation of the initial forces is rarely seen).The body of the QRS loop is elongated and oriented mainly posteriorly and
so produces increased amplitude of the S-wave in V and somewhat decreased amplitude of the R-wave in V.

The slower velocity of left ventricular activation (fiber to fiber) results in a greater duration of the QRS loop being
slowly inscribed in the middle portion and in the terminal portion, with broader QRS complexes in all ECG leads, along
with slurring and notching which are more evident in the R-waves of the left-sided leads (M-shaped RR′ complexes).The
time required to complete the ventricular activation process is obviously greater than usual, the QRS duration being by
definition ≥. s.

The altered ventricular depolarization accounts for secondary abnormal repolarization forces, with ST and T vectors
directed opposite to the main QRS vector.

In the surface leads, the ST-segment is usually depressed and T-waves are negative in the left-sided leads (V, V, I,
and aVL), in the opposite direction to the widened R-waves. On the contrary, in leads V and V, deep S-waves coexist
with ST-segment elevation and positive T-waves.

The WHO/ISFC Task Force has proposed the following ECG criteria for the diagnosis of complete LBBB []:

(a) QRS duration prolonged to ≥. s;
(b) Left-sided leads (V, V, I, and aVL) with slurred and broad R-waves
(c) Absence of Q-waves in left-sided leads (possible exception of aVL)
(d) R peak time prolonged to more than . s in V and V (normal in V and V, when it can be determined)
(e) Right precordial leads with very small r-waves followed by deep and broad S-waves (occasionally broadQS complexes

in V and V, rarely in V) and the transition zone in the precordial leads displaced to the left.

Lopes has proposed VCG criteria for the diagnosis of complete LBBB [] as below:

(a) The spatial QRS loop should have the following characteristics:
(i) Elongated and narrow QRS loop that is generally larger than without block (slowly inscribed in middle and late

portions), duration of the loop ≥. s;
(ii) Practically the entire loop oriented posteriorly and to the left
(iii) Initial vector anterior and leftward
(iv) Afferent limb superior to the efferent limb

(b) The transverse plane should have the following features:
(i) Long and narrow loop
(ii) Clockwise inscription of the majority of the loop
(iii) Initial vector anterior and leftward
(iv) Afferent limb to the left of the efferent limb
(v) Slowing on the VCG, usually evident by ms and which continues for the entire loop, being most marked in

the midportion
(c) The left sagittal plane is characterized by

(i) Long narrow loop
(ii) Counterclockwise inscription of the majority of the loop
(iii) Afferent limb superior to efferent limb

(d) The frontal plane should show
(i) A small and irregular loop owing to the spatial QRS loop being almost perpendicular to the frontal plane
(ii) Counterclockwise inscription of the loop with the afferent limb superior to the efferent limb with almost the

entire loop on the left

(b) Clinical implications

Complete LBBB is most frequently identified in adulthood. Its occurrence in “normal” healthy infants may be
anecdotal owing to isolated congenital malformation of the conduction system. Besides lesions (either anatomic
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or functional) of the left bundle branch itself, LBBB can be a result of lesions within the His bundle or of
more peripheral lesions (affecting simultaneously the two or three left bundle subdivisions). LBBB has been pre-
dominantly associated with hypertensive heart disease, particularly with left ventricular hypertrophy, and with
coronary heart disease [–] (with or without myocardial infarction). It frequently occurs as a “lone” abnor-
mality as well. It has also been identified in the setting of myocarditis [, ], valvular heart disease (par-
ticularly aortic valvular disease) and cardiomyopathies, including the obstructive type []. Rarely, LBBB can
be associated with other conditions such as hyperkalemia [], bacterial endocarditis [], and digitalis toxic-
ity [].

Similar to other types of intraventricular conduction defects, the published prevalence of associated cardiovascular
abnormalities, as well as the prognosis, vary largely according to the characteristics of the population under evalua-
tion; for example, hospital populations, asymptomatic ambulatory patients or large community studies. Rotman and
Triebwasser [] published a revision of over , mostly asymptomatic subjects. Complete LBBB was identified in
 cases, with a mean age of  years; only  subjects were younger than  years. In their group of  LBBB sub-
jects, a low prevalence of coronary heart disease (%) and hypertension (%) was found (although greater than that
for the subjects with RBBB). Most patients were asymptomatic (%) and had an otherwise normal cardiovascular
examination (%).

In a study on , asymptomatic USAF cadets, Lamb [] found  cases with complete LBBB (mean age  years)
all of them with no demonstrable evidence of cardiovascular disease.

Important information has been published by the Framingham study group [] concerning the clinical significance
of the appearance of LBBB pattern not previously found. During  years of follow-up,  subjects developed new LBBB;
the mean age of appearance of LBBB was  years. These patients had a high prevalence of previous hypertension (%),
cardiomegaly by chest roentgenogram (%), and significant excess of antecedent coronary heart disease.

During the follow-up period, patients who developed LBBB had twice the incidence of coronary heart disease and
seven times the incidence of congestive heart failure found in the general population. There was also a highly signifi-
cant excess of cardiac enlargement by chest x-ray. One-third of the patients free of cardiovascular abnormalities prior to
LBBB appearance developed coronary heart disease (more than three times the observed incidence in the control group).
Their data suggest that the appearance of new LBBB is usually associated with advanced organic heart disease (and not
asymptomatic or milder symptomatic stages of the disease). One-half of those with new LBBB died of cardiovascular
disease within  years of the onset of LBBB (compared to only .% in an age-matched population free from LBBB).
Only % of the LBBB subjects remained free of cardiovascular abnormalities for the whole follow-up period (% in the
control group).

These results contrast with those obtained in follow-up studies of newly acquired LBBB in young military popula-
tions, which have suggested a relatively benign clinical prognosis [, , ]. As previously stated, these differences can
probably be explained by the high predominance of young men without risk factors found in the military studies (even
hypertensive and diabetics were usually excluded).

LBBB in a younger subject with an otherwise normal cardiovascular observationmay thus carry a very good prognosis
[, ]. In older patients with acquired LBBB, careful evaluation and follow-up seems justified because the development
of other cardiovascular abnormalities is strongly expected []. In the presence of associated organic heart disease, the
prognosis is related to the severity of the underlying process [].

Besides clinical and x-ray evaluation, the identification of LBBB should be considered a high priority for complete
M-mode and two-dimensional echocardiography [].

LBBB and its durationwas recently acquired a new clinical importance, particularly in patients with heart failure [].
In these patients, the duration of LBBB is an important determinant for resynchronization therapy, which consists of the
implantation of a bi-ventricular pacemaker which allows improving ventricular performance []. This device altered
prognosis in patients with advanced heart failure [].

(c) Diagnostic difficulties

As previously described in > Sect. ...(c), LBBB may mimic or conceal other ECG patterns, namely, myocardial
infarction [–]. A QS pattern in V (and sometimes V and V) is occasionally registered in the presence of LBBB
without anteroseptal myocardial infarction (cases of intermittent LBBB are occasionally seen which show a QS pattern
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in V–V with reappearance of normal R-waves when they return to normal conduction). The same may be observed in
inferior leads [] although it may occasionally represent true loss of inferior forces. Havelda et al. [] indicated that
inferior Q-waves in the presence of LBBB were highly specific for myocardial infarction, though not sensitive. On the
other hand, anteroseptal or inferior Q- or QS-waves [] may no longer be seen when LBBB develops [, ].

Noninvasive techniques, in particular echocardiography, and isotopic studies can be of great help in identifying local-
ized hypokinesia related to oldmyocardial necrosis [, , ]. Single photon emission computed tomography (SPECT)
can also be used for differential diagnosis [, ].

LBBB by itself has an abnormal repolarization pattern which usually does not enable easy identification of super-
imposed primary ischemic abnormalities. Nevertheless, serial changing patterns of ST–T, correlated with clinical signs
and symptoms, may give important clues concerning myocardial ischemia in the presence of LBBB (sometimes evolving
myocardial infarction) [, ].

Depending mainly upon leads, the appearance of LBBB may cause a decrease [] or an increase [] in voltage,
thus making the voltage criteria less accurate for left ventricular hypertrophy.

It is generally recognized that the ECG pattern of LBBB does not allow the differentiation between the presence
or absence of left ventricular hypertrophy. However, the authors have found [], with the help of echocardiography,
that voltage criteria may in fact maintain similar accuracy, with similar predictive value, because the negative voltage
of the S-wave in V increases, while the positive voltage of the R-wave in V and V correspondingly decreases [].
Of the patients with left ventricular hypertrophy and/or enlargement detected by echocardiography among  patients
with LBBB diagnosed by ECG/VCG, the Sokolow–Lyon criteria correctly identified % (/) with a false-positive rate
of % (/). These percentages are similar to those achieved in a population of hypertensive patients without LBBB
[]. In five cases with transient LBBB the described variation was observed; that is to say, the appearance of LBBB was
accompanied by deeper S-waves in V while the amplitude of the R-wave in V–V decreases – thus maintaining similar
diagnostic accuracy for the Sokolow–Lyon index (> Fig. .).

ECG in paroxysmal LBBB
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⊡ Figure .

Five cases of paroxysmal LBBB. Graphic representation of the observed increase in S-wave amplitude in lead V and corre-

sponding decrease in R-wave amplitude in leads V–V, maintaining comparable values for the Sokolow–Lyon index.
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.. Bundle Branch Block Associatedwith Fascicular Block (Bifascicular Block)

According to the fascicular division concept, conduction abnormalities in two of the described fascicles would result
in so-called bifascicular block. If LAFB and LPFB occur together, a complete LBBB pattern should result. Some of the
cases of complete LBBB may in fact be a result of this type of bifascicular block although, as previously said, the same
pattern can also be obtained with other locations of the lesions that cause the block.The combination of RBBBwith either
left anterior or left posterior block is usually given the designation of bifascicular block. The most common pattern of
bifascicular pattern of bifascicular block I that of RBBB with LAFB.

A word must be said about left centroseptal fibers. In some cases of RBBB together with left anterior or posterior
fascicular block, the spatial QRS loop is dislocated anteriorly, either counterclockwise or even clockwise in the horizontal
plane (> Fig. .). In chronic cases, right ventricular hypertrophy or old posterior myocardial infarction may be con-
sidered as being the cause of the positive R-waves in the right precordial leads. However, in intermittent blocks (as in the
first example that attracted the attention of Rosenbaum, who did not notice this phenomenon) besides the axis deviation
in the frontal plane, there can be seen the same anterior displacement thatmade the authors refer to a third type of “hemi”
block, namely, left median fascicular block (see > Sect. ...). Trifascicular block (in a tetrafascicular system) should
presumptively be considered in such cases [, , , ].

It is still debatable whether, electrocardiographically, LBBB can coexist with LAFB. However, it is conceivable that, in
cases of complete LBBB, when the wavefront reaches the left side of the septum, it may find either the left posterior or the
left anterior fascicle accessible. If the activation follows one of these high-speed paths of excitation, the pattern of block
in the other, i.e., LAFB or LPFB, can be mimicked.This can be one explanation for the cases with marked, either right or
left, axis deviation [–].

... Right Bundle Branch Block and Left Anterior Fascicular Block

(a) ECG/VCG pattern

The ventricular activation in RBBB together with LAFB reflects the combination of the two conduction abnormalities
giving rise to the pattern of LAFB, with marked left axis deviation, associated with the characteristic rightward and ter-
minal delay of complete RBBB, with no change of the initial QRS vector, or of the maximal QRS vector and direction of
inscription of the QRS loop in the frontal plane (> Fig. .).

Owing to the double block (RBBB + LAFB), activation must pass through the noninvolved division (in this case
the left posterior fascicle). Initial activation will begin in the posterior paraseptal area of the ventricle (and part of the
mild-left septum) with initial forces directed inferiorly, anteriorly, and to the right.The impulse then spreads through the
inferior wall and apex with electromotive forces directed inferiorly, leftward and somewhat anteriorly. Subsequently, the
activation wave proceeds to depolarize the anterolateral and the posterobasal regions with vectors pointing posteriorly,
leftward and superiorly, similar to isolated LAFB. Lastly, the activation of the right septum follows, with late activation of
the right ventricle caused by RBBB, with slowly inscribed forces directed anteriorly and to the right.

Thus, there are two distinct portions of the spatial QRS loop (> Fig. .):

(a) Themain portion is located mostly to the left, superiorly and somewhat anteriorly, with the initial deflection and the
efferent limb reflecting the LAFB. However, the afferent limbmay be slightly displaced by the associated right bundle
branch abnormality (or else by associated lesions on the left middle septum – LMFB) [, , , ].

(b) There is also a slowly inscribed terminal appendage similar to that described for isolated RBBB.

The maximal QRS vector is directed leftward, and superiorly (and somewhat anteriorly) with total QRS duration ≥. s.
ECG leads I and aVL usually have a qRS or RS pattern. The small q-wave is caused by the initial rightward activation

while the tall R-wave reflects the superior displacement of the spatial loop owing to the LAFB. The broad and slurred
S-wave is related to the terminal delay caused by the RBBB (> Fig. .).

ST–T-waves are similar to those observed in isolated RBBB.



  Conduction Defects

⊡ Figure .

ECG leads and VCG loops of a patient with bifascicular block (RBBB + LPFB). Left median fascicular block (prominent anterior

forces) may be postulated.

TheWHO/ISFC Task Force has proposed the following ECG criteria for the diagnosis of RBBB + LAFB []:

(a) QRS prolongation to ≥. s;
(b) Left axis deviation of −○ to −○ (when QRS axis is −○ to −○, the diagnosis of “possible” associated LAFB

should be made)
(c) qR pattern in aVL
(d) rsr′, rsR′, or rSR′ M-shaped right precordial lead pattern with R′ usually greater than initial R-wave (occasionally a

wide and notched isolated R pattern may be seen)
(e) Wide S-wave in leads I and V–V (S-wave duration greater than R-wave or >ms in adults).
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⊡ Figure .

Bifascicular block-RBBB+ LAFB: schematic of the spatial main vectors of ventricular activation resulting from interruption of

the left anterior fascicle as well as the right bundle branch, together with a diagram of the projections of the QRS loop on

the frontal and horizontal planes, and ECG leads and VCG loops of a typical case of RBBB + LAFB (F, frontal; H, horizontal; S,

sagittal).

Lopes has proposed VCG criteria for the diagnosis of RBBB + LAFB as below []:

(a) The frontal plane should have the following characteristics:
(i) Initial vectors rightward and inferior
(ii) Counterclockwise inscription
(iii) QRS axis more superior than −○
(iv) Terminal conduction delay oriented rightward and usually superiorly

(b) The horizontal plane is characterized by
(i) The initial vector being oriented anterior and rightward
(ii) Counterclockwise or figure-of-eight inscription
(iii) The maximal QRS vector being oriented leftward
(iv) The terminal slowing defect being rightward and anterior

If the body of the QRS loop is anteriorly displaced, the centroseptal fascicle may be involved (associated left main
“hemi” block) [, ]. Note that accepting three subdivisions of the left bundle branch (tetrafascicular or quadrifascicular
conduction system) means that this type of block would actually be trifascicular.
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(b) Clinical implications

Most oftenRBBB+ LAFB is associatedwith sclerodegenerative involvement of the specialized conduction system,mainly
in the elderly [], with or without accompanying hypertension [] or ischemic heart disease, including myocardial
infarction [, ]. Pathologically, fibrosis and degenerative changes are usually identified within several zones of the
cardiac conduction system [, ], including bundle branches and fascicular subdivisions.

RBBB + LAFB may also be a result of a congenital abnormality, either isolated [, ] or associated with progres-
sive ophthalmoplegia [], sometimes being part of a familial disorder associated with syncope and high incidence of
sudden death [–]. It is routinely part of the electrocardiographic picture of congenital defects in the area of the
auriculoventricular canal, namely, ostium primum or cushion defects. Other etiologies include Chagas disease, chest
trauma [, ], hyperkalemia [], miocarditis, aortic valvular disease, cardiomyopathy, sarcoidosis [], and other
granulomatous diseases.

RBBB+ LAFBmaybe caused by surgical repair of congenital malformations (namely tetralogy of Fallot or ventricular
septal defect). In these cases, LAFB would be related to damage to the conduction system, while isolated RBBB may be
produced by involvement of the peripheral Purkinje system []. Surgically induced RBBB + LAFB may be a poor risk
indicator requiring an artificial pacemaker [] but may have a long survival if there is no evidence of trifascicular
block [].

As in other fascicular conduction disturbances, the prognosis differs significantly between hospitalized and asymp-
tomatic patients. Asymptomatic patients have a good prognosis [] but hospitalized patients have a significant risk of
sudden death and/or development of complete AV block [, , ] especially if the His-ventricular (HV) interval is
markedly prolonged [].

In the Framingham study [], a QRS duration ≥ms associatedwith a QRS axis between −○ and −○ identified
those patients most likely to have associated cardiovascular abnormalities.

Studies of young military populations [, ] showed a lower prevalence of RBBB with marked left axis deviation
than of RBBB with normal QRS axis. In other studies, no difference in the prevalence of associated cardiovascular abnor-
malities was found. However, in the study of Whinnery et al. [], a higher prevalence of coronary heart disease was
found in patients in whom RBBB was associated with left axis deviation.

(c) Diagnostic difficulties

The diagnostic difficulties are the same as described for each of the two isolated conduction defects (see > Sects. ...
and > ...).

... Right Bundle Block and Left Posterior Fascicular Block

(a) ECG/VCG pattern

RBBB together with LPFB is manifested as RBBB with otherwise unexplained marked right axis deviation (> Figs. .
and > .).

As in isolated LPFB, initial activation of the left ventricle involves the anterior paraseptal area with a vector directed
anteriorly, superiorly and leftward, and thereafter progresses to the anterior and anterolateral wall. Then the activation
proceeds in a retrograde fashion to the area of the posterior fascicle, that is to say, the inferior and posterobasal areas of
the left ventricle, with forces that are inferiorly oriented and to the right. Late terminal forces will be directed anteriorly
and to the right, reflecting the delayed activation of the right septum and right ventricular free wall.

Similar to RBBB + LAFB, two main portions of the spatial QRS can be identified (> Fig. .).

(a) Themain body is located in the inferior left and inferior right octants, with the initial deflection and the efferent limb
reflecting the LPFB. The afferent limb is modified by the combined effect of the RBBB (and possibly LMFB).

(b) The terminal appendage is similar to that described for isolated RBBB.

Themaximal QRS vector is directed inferiorly, either leftward or rightward, as well as either slightly anteriorly or slightly
posteriorly. The total duration of the QRS loop in increased to ≥. s.
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Bifascicular block − RBBB + LPFB: schematic of the spatial main vectors of ventricular activation resulting from interruption

of the left posterior fascicle as well as the right bundle branch, together with a diagram of the projections of the QRS loop on

the frontal and horizontal planes, and ECG leads and VCG loops of a typical case of RBBB + LPFB (F, frontal; H, horizontal; S,

sagittal; same patient as in> Figs. . and> .).

ECG leads I and aVL have a small r-wave followed by a deep S-wave which is abnormally broad, with delayed inscrip-
tion of the late part of the S-wave. In inferior leads, III and aVF, a qR or qRS pattern is present with slurring of the last
portion of the R or the S-wave. Abnormal right axis deviation (determined from the first part of the QRS, before the slur-
ring wave) is present. Right precordial leads have an RsR′ pattern (small or absent S-wave). In the left precordial leads,
R-wave amplitude is reduced and the S-wave is slurred in its late part (> Fig. .).

TheWHO/ISFC Task Force has proposed the following ECG criteria for the diagnosis of RBBB + LPFB []:

(a) QRS prolongation to ≥. s;
(b) Frontal QRS axis of +○ to +○ (in the absence of other causes of right axis deviation)
(c) rS configuration in leads I and aVL associated with qR pattern in inferior leads (Q-wave obligatory in leads III and

aVF) in which Q-wave should be ≤. s
(d) rsr′, rsR′, or rSR′ M-shaped right precordial pattern with R′ usually greater than initial R-wave (occasionally a wide

and notched isolated R pattern may be seen)
(e) Wide S-wave in leads I and V–V (S-wave duration greater than R-wave or >ms in adults)
(f) R peak time >. s in V with normal time in V and V (when a notched dominant R pattern is present in V).
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⊡ Figure .

Transition from isolated LPFB to LPFB+RBBB (nonsimultaneous leads). No significant R−R interval variation is observed (same

patient as in> Figs. . and> .).

Lopes has proposed VCG criteria for the diagnosis of RBBB + LPFB as below []:

(a) The frontal plane should have the following characteristics:
(i) Initial vectors that are leftward
(ii) Clockwise inscription
(iii) QRS axis > + ○ (others admit +○)
(iv) Terminal slowing directed rightward

(b) The horizontal plane should show the following:
(i) Initial vectors anterior and leftward
(ii) Figure-of-eight or clockwise inscription (possible associated LMFB) []
(iii) Maximal QRS vector oriented rightward
(iv) Terminal slowing oriented rightward and anteriorly

(b) Clinical implications

RBBB+ LPFB is usually related to sclerosis of the conduction systemmost often in the presence of coronary artery disease
and/or hypertension.This type of bifascicular block is only about % as frequent as the combination of RBBB with LAFB.

It has been said that this association is found more rarely because the left posterior fascicle is broader and so is more
resistant. On the other hand, it would have a more ominous prognosis with progression to complete AV block than if the
more fragile left anterior fascicle were involved.

(c) Diagnostic difficulties

Difficulties are the same as described for each of the isolated conduction defects (see > Sects. ... and > ...).

... Left Bundle Branch Block with Left Fascicular Blocks

When LBBB is associated with either marked left axis deviation or marked right axis deviation, the suspicion may be
raised of associated left fascicular block. The abnormal sequence of septal depolarization owing to the LBBB makes it
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difficult to identify any type of initial vector alteration. As previously mentioned, the depolarization of the left ventricular
free wall may proceed reutilizing the peripheral subdivisions. In this way, it is understandable that block in one of them
will alter the sequence of activation in a way similar to isolated fascicular blocks. Some series seem to reflect poorer
prognosis when left or right axis deviation is observed in LBBB (corresponding to more extensive lesions either in the
conduction system (associated fascicular block) or in the parietal muscle (mural or “distal” block)) [–]. Others did
not confirm this finding.

... Progression of Bifascicular Blocks (and Other Intraventricular Conduction Defects) to

Advanced AV Block

One particular clinical problem, because of its implications, deserves separate consideration: the possible progression of
intraventricular (IV) conduction defects to complete AV block. As a result of the high prevalence of bifascicular blocks,
it seems appropriate to include this discussion in this section. However, the conclusions to be reached are relevant to
trifascicular blocks as well.

Two different clinical settings must be considered: first, chronic IV conduction defects, and second, IV conduction
defects in the setting of acute myocardial infarction.

(a) Chronic IV conduction defects

IV conduction defects are considered to be a risk factor for the development of advanced AV block and eventually pro-
phylactic implantation of a pacemaker is considered. The more advanced the conduction defect (unifascicular block,
bifascicular block, or trifascicular block), the larger is the risk of occurrence of complete AV block.

Several studies have demonstrated that a significant number of patients with complete AV block had had prior ECG
with patterns of bifascicular block [, , –]. However, quite different risks of progression to advanced AV block
have been published – between % and % for RBBB with LAFB [, , –], but much higher (–%) for RBBB+ LPFB [].

In a long-term follow-up study byMcAnulty et al. [],  patients with various types of bifascicular or trifascicular
blocked were included.The incidence of progression to complete heart block over  years was only approximately % per
year. Most patients with bifascicular block who died suffered ventricular fibrillation rather than complete AV block. An
artificial pacemaker was recommended only if symptomatic bradyarrhythmias could be demonstrated.

In the follow up of asymptomatic subjects [], a very low incidence of advanced AV block was also observed. Other
prospective data [, ] confirm the low ratios of progression of bundle branch block to complete AV block even for
cases with bifascicular block.

Attention has been drawn to the PR interval. Prolongation of the PR interval in the presence of bifascicular block was
pointed out as evidence of delay in the other nonblocked fascicle, and thus would represent an indication for pacemaker
implantation []. Rosen et al. [] described PR prolongation correlating with His-ventricular prolongation in patients
with bifascicular block. However, subsequently, Levites andHaft [] have shown it to be a poor predictor of trifascicular
disease.Denes et al. andDhingra et al. [, ] have also agreed that surface electrocardiographic patterns do not predict
high-risk groups.

Scheinman et al. [] noted that a marked prolongation (≥ms) of the HV interval in patients with transient
neurological symptoms was a risk indicator of sudden death. However, they later [] suggested that only patients with
moderate or severe congestive heart failure and HV > ms were at higher risk of sudden death. It must be remembered
that many of their patients had suffered a significant bradyarrhythmia within  weeks of admission into the study and
thus represent a special subset of patients with transient neurological symptoms.

Dhingra et al. [] found that anHV ≥ ms did not predict high risk of suddendeath.McAnulty et al. [] observed
only a trend suggesting that patients with HV > ms were at greater risk of sudden death. Nevertheless, most deaths in
this study were not a result of AV block.

A high prevalence of HV prolongation is found in patients with bifascicular block. AlthoughHV prolongation usually
indicates more severe heart disease and increase risk of mortality, it has not been proved to be a good predictive sign for
complete heart block. Accordingly, in asymptomatic patients with bifascicular block, it cannot be used to decide whether
or not prophylactic pacemaker implantation should be undertaken.
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Thus, the incidence of advanced AV block in patients with bundle branch block or bifascicular block is relatively
small, and BBB or bifascicular block per se, without other symptoms (syncope) or signs (dynamic ECG) does not warrant
consideration for prophylactic pacemaker implantation [].

(b) Acutemyocardial infarction

In a study by Hindman et al., the prognosis of patients with acute myocardial infarction associated with BBB correlated
with the degree of heart failure.The prognosis of anterior and indeterminatemyocardial infarctionwasworse than that for
inferior or posterior infarction. RBBB + LAFB [] developing in the setting of acute anteroseptal myocardial infarction
significantly changes the prognosis for surviving the acute episode (especially if the HV interval is prolonged) []. It
usually corresponds to a large mass of infarcted tissue.

Although AV block may develop, death is usually caused by pump failure and cardiogenic shock. However, in spite
of the fact that a prophylactic pacemaker may not change the prognosis, its implication is considered advisable, since it
may benefit some individual patients []. This strategy has been suggested even in cases in which RBBB existed prior
to the myocardial infarction []. The same recommendation is also valid for RBBB + LPFB and may be extended for
isolated RBBB or LBBB.

The occurrence of isolated fascicular block per se, in the setting of acutemyocardial infarction, is not an indication for
pacemaker implantation [, , , ]. However, if the conduction defect persists and especially if transient second- or
third-degree AV block is observed [, , ] permanent pacing may prolong life [, , ] and is indicated [].

.. Other Associated Intraventricular Conduction Defects

... Trifascicular Block

Trifascicular block is the term used for the possible combination of complete or incomplete block in the right bundle
branch associated with conduction disturbances either in the two main divisions of the left bundle branch or one of
them plus a Hisian delay. Usually, this result in one of the bifascicular blocks previously described, associated with first-
or second-degree AV block. In order to avoid semantic errors, it has been recommended that each of the individual
conduction defects should be listed separately. The existence of three fascicular subdivisions of the left bundle branch
only adds to the confusion if this type of designation is to be maintained without clarification of the real defects present.

Simultaneous complete RBBB and block in the main left fascicles will result in complete AV block.

... Bilateral Bundle Branch Block

The combination of complete BBB on one side (either right or left) with first- or second-degree AV block has been fre-
quently designated “bilateral bundle branch block,” assuming that there is incomplete block in the other bundle. However,
this is a diagnostic abuse as the block can be located either in the AV node or in the His bundle and not necessary in
the contralateral bundle branch. Electrophysiological studies are mandatory for its identification. The designation bilat-
eral BBB should probably be reserved for cases where alternating conduction impairment is observed, with sequential
evidence of RBBB and LBBB (> Fig. .).

Simultaneous complete RBBB and LBBB would cause complete AV block.

... Nonspecific IV Block

When the QRS duration is prolonged to ≥. s, without any of the criteria previously described for right or left incom-
plete or complete bundle branch block, it should be referred to as nonspecific (or unspecified) IV block (or IV conduction
delay). Arborization blocks or peri-infarction blocks [] may fall into this category and the same applies to mural
(parietal) blocks.
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Bilateral bundle branch block: evolution from a normal ECG ((a), ) to LAFB ((b), ), then to LBBB with normal QRS axis

((c), ) and finally to LAFB + RBBB ((d), ).

Arborization blocks refer to focal lesions located distally in the conduction system, sometimes related to myocardial
necrosis. Castellanos and coworkers, using intracavitary electrograms [, , ] were able to recognize either further
enlargement of “central” RBBB owing to associated peripheral block, or the pattern of complete RBBB without delay in
right ventricular apical depolarization. In the latter case, they assumed that the conduction disturbance occurs “distally”
after the impulse has emerged from the trunk of the right bundle branch.

Mural or parietal blocks, either left or right sided, correspond to delays either in the more peripheral Purkinje ramifi-
cations or in the myocardial fibers.They have been experimentally induced by chemical necrosis [] andmay be a result
of, in clinical cases, areas of myocardial necrosis and fibrosis (peri-infarction block), infiltrative granulomatous diseases
(such as amyloidosis, Chagas disease or sarcoidosis), myocarditis or cardiomyopathies, hyperkalemia, antiarrhythmic
drugs toxicity, and even surgical right ventriculotomy [].

.. Clinical Overview of Intraventricular Conduction Defects

Intraventricular conductions defects are among the most frequent ECG abnormalities found in clinical practice. This
designation encompasses very different types of abnormalities – anatomic and functional lesions either located in the His
bundle or in its main divisions (RBBB and LBBB) or in the subdivisions of the left bundle branch (fascicular blocks –
anterior, median, and posterior) or even more peripherally in the Purkinje system or the myocardial cells (arborization
blocks, parietal blocks, peri-infarction block). Different degrees of conduction delay in such different locations account
for very different paths of electrical activation of the ventricles as well as very different ECG patterns. Although the major
types of IV conduction defects are well recognized, many points of controversy still remain to be completely understood.
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In spite of representing such a heterogeneous group of abnormalities, all of them can appear either isolated or asso-
ciated with other cardiac abnormalities (with different prevalence for each type of conduction defect and each type of
population studied). Although there are anticipated differences in the prognosis of each conduction defect, they all seem
more dependent on the presence and severity of any associated heart disease than on the particular type of conduction
defect per se. For example, isolated fascicular blocks (LAFB being themost prevalent) have an exceedingly benign progno-
sis unless associatedwith an otherwise severe heart disease.Therefore, in the presence of any type of conduction defect, a
complete cardiac evaluationmust be done and should include, as a priority, a complete echocardiographic study, in order
to ascertain accurately and noninvasively the presence and severity of any coexisting cardiac abnormalities as well as their
functional significance.

On the other hand, conduction defects frequently make it difficult or impossible to identify other ECG abnormalities,
namely, those related to coronary heart disease or hypertrophy of the cardiac chambers. In such cases, once again, a
complete cardiac evaluation is mandatory, including a complete echocardiographic study (M-mode, two-dimensional,
and Doppler) as well as radionuclide evaluation in order to obtain the correct diagnosis hidden by the ECG pattern of
the conduction defect.

For certain IV conduction defects, namely, the so-called bifascicular blocks, an ominous prognosis related with the
development of advanced AV block has been described. However, even for bifascicular blocks, the incidence of such a
complication (advanced AV block) is very low and does not warrant prophylactic pacemaker implantation or electro-
physiological study (unless for the evaluation of the specific symptoms such as syncope or hemodynamically distressing
arrhythmias).

On the other hand, in the setting of acute myocardial infarction, the identification of a bundle branch block is a poor
risk and warrants pacemaker implantation, although the majority of such patients will die in pump failure.

Much has been learned about IV conduction defects and the cardiac conductions system since the s. How-
ever, much is still under debate, mainly concerning the underlying abnormalities that are the basis of many paroxysmal
and intermittent conduction defects (some of them rate related) or the more peripheral conduction disturbances at
the Purkinje–muscular fiber level, most of them only accessible to electrophysiological studies as well as epicardial and
endocardial mapping.

. Ventricular Preexcitation

Preexcitation syndromes – conditions in which the conduction disturbance is characterized by earlier activation of the
whole or part of the ventricular myocardium – have been the subject of a huge amount of literature (more dictated by its
electrophysiological interest and the multitude of allied tachydysrhythmias than for its known prevalence in the general
population).Their study has largely contributed to the elucidation of the pathophysiology of reentrant arrhythmias as well
as to the present understanding of the whole conduction system and IV conduction disturbances. Electrophysiological
studies as well as endocardial mapping of these conditions are described in other sections of this book.

TheWolff–Parkinson–White (WPW) pattern – short PR interval preceding a wide QRS complex – is by far the most
typical and well-known preexcitation ECG pattern. Lately, the term has been extended to include other entities where AV
conduction has occurred through other types of anomalous AV connections.

Reference will be made to some cases that have similar anatomic connections (with related arrhythmias) in spite of a
normal ECG.

.. Definition

Ventricular preexcitation can be defined [] as a condition in which, in relation to atrial excitation, all or some portion
of the ventricles are activated by the impulse originating from the atria earlier than would be expected if the impulses
were to reach the ventricles by way of the normal conduction pathway.

This “earlier activation” (preexcitation) can only be possible because the electrical stimulus travels through an anoma-
lous “short circuit” that directly conducts it from the atria to an ectopic ventricular site (or that, at least, bypasses the area
of normal conduction delay). It appears that a few instances are caused by accelerated conduction within the AV node
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Schematic of the more frequent types of anomalous connections in cases of ventricular preexcitation.

itself, without the presence of anomalous conduction pathways (> Sect. ..). Several types of anomalous pathways have
been described.Themajor accessory bypass connections are Kent bundles, James fibers, andMahaim fibers (> Fig. .).

From a histopathological point of view, a distinction between “tract” and “connection” should be made [].
“Connection” should be used as a general term to describe anomalous conduction pathways that insert into working
myocardium while “tract” should be applied to anomalous conduction pathways that insert into specialized conduction
tissue. However, the two designations are normally used synonymously.

Preexcitation can be either constant or intermittent, and occasionally can be found on alternate beats. Some patients
(particularly those with left-sided accessory pathways) may never show preexcitation in sinus rhythm (be it explained
either by enhanced AV conduction or by atrial conduction delay) and only during tachydysrhythmic episodes is the
preexcitation pattern observed.

.. Anatomic Basis

As previously stated, three major types of connection pathways can be described in the human heart [, –]
(> Fig. .):

(a) Bundles of Kent are electrically active muscular fibers which directly bridge the atria and the ventricles. Although
several locations have been identified for these pathways (actually they can be located almost at any point where the
atria and the ventricles are contiguous), they are most frequently identified in a posterior position, connecting the
left atrium with the left ventricle [].

(b) James fibers are presumably continuations of the internodal pathways (connecting the sinus node with the AV node)
and connect the atria with the His bundle (atriofascicular accessory pathways) []. In this way, they completely
bypass the AV node. There is, however, still some dispute on the existence of internodal pathways (see > Chap. ).

(c) Mahaimfibers are accessory pathways between the ventricularmuscle onone side and theAVnode (nodoventricular)
or the His bundle or either of the bundle branches (fasciculoventricular) on the other side.They deviate the electrical
impulse from its normal course activating the septal muscle prematurely.
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Longitudinal dissociation of the AV node and dual AV nodal pathways have also been described and can present with
similar ECG patterns as well as clinical dysrhythmias. Only electrophysiological studies permit the correct diagnosis.

Instead of the above eponyms (Kent, James, Mahaim), which allow some confusion, it is preferable to refer to the
several types of connections according to their anatomic location; that is, atrioventricular, nodoventricular, fasciculoven-
tricular, atriofascicular, and intranodal. This is nowadays the accepted classification.

For some cases of preexcitation, an “acquired” theory has been claimed because these syndromes are more frequently
identified in adulthood. Nevertheless, it is well known that some accessory pathways remain concealed in sinus rhythm
until a precipitating event occurs.

A truly acquired etiology has never been unequivocally demonstrated. However, a case was published by one of the
authors [] in which intermittentWPW, with “concertina” effect (variable shortness of PQ interval as well as a parallel
variable enlargement of the QRS []) was registered throughout  day, in the setting of acute rheumatic fever, to be
followed the next day by first-degree AV block (prolonged PR) which later returned to normal.

.. Wolff–Parkinson–White Syndrome

... Classification

The classic WPW electrocardiographic pattern was described by Wolff, Parkinson, and White as early as  []. It
is associated with an AV connection (bundle of Kent) and is estimated to occur in the general population in .–%
depending on the population studied []. This estimate is probably low because some pathways do not conduct in the
anterograde way and others only have intermittent conduction (see below) and may not be diagnosed [–].

Classically, WPW pattern refers to the ECG originally described as consisting of []:

(a) Short PR interval <. s during sinus rhythm
(b) The presence of an initial slurring of the QRS (“delta wave”) that represents early ventricular activation
(c) An abnormally wide QRS complex ≥. s
(d) Secondary ST-segment and T-wave changes “in healthy young people prone to tachycardia.”

Care should be taken to distinguish the WPW pattern and the WPW syndrome []. WPW syndrome implies that the
patient with the WPW pattern also suffers episodes of tachydysrhytmia.

The QRS pattern will be different according to the specific location of the AV bypass tract, as well as the amount
of muscle activated through the accessory pathway. The QRS complexes in preexcitation syndromes can be considered
special types of “fusion beats” in which a portion of the activated ventricle is depolarized through the accessory path-
ways and another portion is activated by the normal pathway. However, if significant delay occurs through the normal
pathway, the whole ventricle may be depolarized through the accessory pathway. Some accessory pathways do not con-
duct anterogradely, either transiently or not, and the whole ventricular activation will always follow the normal pathway.
When the “concertina” effect is observed, different types of “fusion beats” will be registered (e.g., nine in the case referred
to above []) depending upon the gradual increase or decrease of the areas depolarized either normally or through
the anomalous pathway. Multiple accessory pathways can coexist in the same patient and give rise to a more complex
activation pattern or patterns.

Rosenbaum et al. [] separated WPW into type A and type B. Type A (> Fig. .) was related to a bypass tract
between the atria and the posterior left ventricular free wall (left-sided bundle of Kent), which causes an initial anteriorly
and rightward delta wave, with an ECG pattern showing predominant or exclusive R-waves in leads V and V, in a
way similar to RBBB. Conversely, when an anterior bundle of Kent is present, the electrical impulse will pass from the
atrium to the anterior right ventricular free wall. In this case (type B WPW) (> Fig. .), the delta wave will point
posteriorly and to the left and an ECG pattern similar to LBBB (with a dominant S-wave in V) will be registered. Other
accessory pathways locations (e.g., left septal) were not considered in this classification and were progressively identified.
For example, cases with positive delta wave in V trough V but negative in V and V were called type CWPW (related
to an abnormal connection on the lateral wall of the left ventricle [, ]).



Conduction Defects  

⊡ Figure .

ECG leads and VCG loops of a typical example of the classic WPW pattern type A (H, horizontal; S, sagittal; F, frontal). See text

for description.

In fact, limb leads contain important data as well. In type A, the delta wave is positive in leads II, III, and aVF and
negative in I and aVL. On the contrary, in type B, the delta wave is positive in I and aVL and negative in II, III, and aVF.
Using the information contained in the limb leads together with the precordial leads, it is possible to verify that the spatial
direction of the initial forces is highly variable.

Fitzpatrick et al. propose an algorithm for accessory atrioventricular pathway localization using a -lead ECG
(> Fig. .) []. In this algorithm, if the precordial QRS transition was at or before lead V, the pathway had been
ablated on the left side. If it was after lead V, the pathway had been ablated on the right side. If the QRS transition was
between leads V and V or at lead V, then if the R-wave amplitude in lead I was greater than the S-wave by ≥.mV, it
was right sided; otherwise, it was left-sided (sensitivity %, specificity %).

The right-sided pathways can be subdivided according to (sensitivity %, specificity %) the following:

. If the QRS transition was between leads V and V, the pathway was right septal.
. If after lead V, it was right lateral.
. If it was between leads V and V:

(a) If the delta wave amplitude in lead II was ≥.mV, it was right septal.
(b) Otherwise, it was right lateral.

Right-sided pathways can be further subdivided (see > Fig. .).
The left-sided pathways can be subdivided according to (sensitivity %, specificity %):

. Two or more positive delta waves in the inferior leads or the presence of an S-wave amplitude in lead aVL greater than
the R-wave, or both, discriminated left anterolateral pathways.
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⊡ Figure .

ECG leads and VCG loops of a typical example of the classic WPW pattern type B (S, sagittal; H, horizontal; F, frontal). See text

for description.

. If the R-wave in lead I was greater than the S-wave by ≥.mV, and the sum of inferior delta wave polarities was
negative, the location was posteroseptal.

. Otherwise, it was postero-lateral.

However, it must be stressed that any classification of preexcitation pathways based exclusively on standard ECG has
important limitations [] and should be used only as a presumptive clinical approach. The causes of misclassification
include []:

(a) Coexisting alterations in the QRS complex related to associated congenital or acquired heart abnormalities
(b) The occasional presence of multiple accessory pathways
(c) Variable degrees of “fusion” between normal and accessory conduction
(d) Superimposition of the terminal P-wave with the initial delta wave
(e) Endocardial versus epicardial location of the pathway

With recent advances in the radiofrequency catheter ablation or surgical methods of treatment of refractory dysrhythmias
in patients with preexcitation, precise location of the accessory pathways was sought and obtained with special
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⊡ Figure .

Algorithm for defining location of accessory pathways causing preexcitation of the baseline -lead electrocardiogram (ECG).

Pathways are initially separated into left and right sided. Right-sided pathways may then be separated into five septal or

right lateral locations around the tricuspid valve annulus and left-sided pathways into three septal and lateral locations

(reproduced from Fitzpatrick et al. []).

electrophysiological techniques.These studies have shown a wider variation than expected in the location and functional
features of the accessory pathways.

Further discussion on the classification of the WPW pattern using body-surface mapping is given in > Chap. .

... Associated Arrhythmias

The prevalence of tachyarrhythmias described in patients with WPW is related to the selection of the population studied
and recent studies indicated that his frequency augments with age []. Values from % to %have been published [].
The most typical and frequent arrhythmia in the setting of WPW syndrome is reciprocating (reentrant) tachycardia with
anterograde conduction over the AV node and His bundle, and retrograde conduction through the accessory pathway
(> Fig. .).

As previously stated, during sinus rhythm, conduction spreading normally as well as through the accessory pathway
produces two wavefronts which merge to form a ventricular “fusion beat.” Most frequently the refractory period of the
accessory pathway, during sinus rhythm, is greater than that of the normal conduction system, although conduction time
is usually shorter for the anomalous pathway. With the appearance of a premature atrial beat – the usual precipitating
factor – the conduction may be blocked anterogradely through the accessory pathway, but be propagated to the ventricle
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a b c d

⊡ Figure .

Schematic of initiation of orthodromic tachycardia in patients withWPW. A right-side AV (Kent) pathway is represented. Dur-

ing normal sinus rhythm (a), conduction spreads through the accessory pathway as well as through the normal conduction

system, producinga “fusionbeat”with the classicWPWpattern.With apremature atrial beat (b), the stimulusmayfindantero-

grade conduction through the accessory pathway blocked but is conducted through the normal conduction system. Then,

retrograde conduction through the accessory pathway (c) may allow the establishment of a reentry circus rhythm (d) (narrow

QRS tachycardia).

as usual, through the normal conduction system (thus resulting in a normal QRS complex). This dissociation between
the refractory period of the normal and the accessory pathways (precipitated by the occurrence of a premature beat)
allow reentry to ensue. Conduction through the ventricle will find the accessory pathway excitable in the retrograde
direction, allowing the impulse to go back to the atria, thus establishing a circus rhythm: anterograde conduction through
the normal conduction system (normal QRS) and retrograde conduction through the accessory pathway (orthodromic
AV tachycardia). The precipitating factor is usually a premature beat which arises in the atrium but which can also be
generated in the AV junction or in the ventricles.

Some accessory pathways are only capable of retrograde conduction [–, ]. Such pathways are usually classi-
fied as concealed pathways. Patients with this abnormality may experience paroxysmal supraventricular tachycardia but
have no delta wave on their standard ECG.The tachycardias are usually attributed to reentry within the AV node but they
are actually a result of the accessory pathway [, , –]. Only complete electrophysiological studies can disclose
the correct cause of tachydysrhythmia in these patients. If such a connection is identified, they should be managed like
any other patients with WPW and tachyarrhythmias. Interestingly enough, they are “protected” against life-threatening
rapid ventricular response rates in the setting of atrial fibrillation.

The occasional patient with an accessory pathway that conducts only in the anterograde direction [, –] will
not have the classic form of recurrent AV tachycardia with narrow QRS.

In someWPWpatients, the reciprocating rhythm can also occur in the reverse direction, termed “antidromic recipro-
cating tachycardia” []. Anterograde conduction is through the accessory pathway (wide QRS, mimicking ventricular
tachycardia) and retrograde conduction over the normal conduction system.This appears to be a rare finding but poses
special diagnostic problems (see below) [] (> Fig. .).

Atrial fibrillation (although not atrial flutter), in the setting of WPW, is common, occurring in up to % of the
patients [, , ] (obviously depending on the selection of the population). The high prevalence of atrial fibrillation
in WPW is probably related to the series of predisposing factors given below:

(a) The rate of reciprocating tachycardia in WPW is usually higher than that owing to reentry through the AV node.
(b) There is a possibility that a retrograde impulse arrives at the atria in the vulnerable phase of atrial recovery.
(c) There is nonuniform depolarization of the atria with multiple impulses being conducted at the same time (either

from the sinus node or retrogradely from the ventricle). Actually, transition from reciprocating tachycardia to atrial
fibrillation has been observed.
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a b c d

⊡ Figure .

Schematic of the mechanism for initiation of antidromic tachycardia in patients with WPW. A right-side AV (Kent) pathway

is represented. During normal sinus rhythm (a), conduction spreads both through the accessory pathway and through the

normal conduction system, producing a “fusion beat” with the classic WPW pattern. With a premature atrial beat (b), the

stimulus may find anterograde conduction through the AV node blocked but is conducted through the accessory pathway.

Then, retrograde conduction through the normal conduction systemmay ensure (c) and allow the establishment of a reentry

circus rhythm (d) (wide QRS tachycardia).

The most important problem concerning atrial fibrillation or flutter associated with WPW is the risk of progression
to ventricular fibrillation. Owing to the presence of an accessory pathway with short refractory period, a very rapid
ventricular rate of response may be observed. Its degeneration to ventricular fibrillation and sudden death has been
described [–].

It is important to remember that digitalis will not slow AV conduction in cases of atrial fibrillation in which there is
anterograde conduction through the anomalous pathway. In fact, cardiac glycosides may shorten its anterograde refrac-
tory period, thereby accelerating ventricular response. For practical purposes, digitalis should be contraindicated in
WPW patients with either atrial fibrillation or flutter.

... Associated Congenital Abnormalities

The association of WPW pattern with congenital heart disease has been frequently reported.The most frequent associa-
tions are with Ebstein’s anomaly and mitral valve prolapse [, , ]. It is still debatable whether these associations
have an embryological basis [] or not.

Association has been reported with other congenital and acquired heart diseases as well [], namely, corrected
transposition of the great vessels. A familial form of WPW has been reported and may be associated with congestive or
hypertrophic cardiomyopathies [].

... Diagnostic Difficulties

Besides the incidence of tachyarrhythmias, preexcitationhas interested investigators for a long time because it is a frequent
cause for difficult ECG differential diagnosis. First, classic type A WPW (left-sided bundle) has been misdiagnosed as
RBBB, true posterior myocardial infarction and right ventricular hypertrophy, while type B WPW pattern (right-sided
bundle) may resemble LBBB, anterior myocardial infarction or left ventricular hypertrophy. Second, a PR at the lower
limit of normal coexisting with either right or left complete bundle branch blockmaymimicWPW.Third, preexcitation of
the diaphragmatic surface of the heart results in superiorly oriented activation forces thusmimicking inferior myocardial
infarction []. Fourth, following the abnormal depolarization sequence, the repolarization is also modified. Thus an
abnormal ST–T-wave pattern may be falsely diagnosed as ischemic. Fifth, WPW is one of the reported causes of a false
positive exercise test [], even in cases in which the conduction abnormality may disappear with exercise, and finally,
as previously stated, the tachydysrhythmias associated with WPW are also a cause of difficult diagnosis.
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... Electrophysiological Evaluation

Electrophysiological examination with intracardiac recording and pacing as well as epicardial mapping, and its full indi-
cations and usefulness, is dealt with in > Chaps.  and > . Intracardiac recordings provide the only possibilities of
diagnosing, for example, concealed WPW as well as most cases of WPW associated with either RBBB or LBBB.

Electrophysiological studies are clearly indicated in WPW patients with distressing symptoms or syncope owing to
recurrent attacks of tachycardia, or rapid anomalous pathway conduction during episodes of atrial fibrillation or flutter,
and in the evaluation of the acute response to drugs inmedically refractory paroxysmal tachycardias, and in the last years
the electrophysiological laboratory also makes possible ablation of the anomalous pathway, with great success (>%)
and is now the first line of therapy for WPW syndrome []. In patients in whom the surgical therapy is contemplated,
electrophysiological study will permit not only the confirmation of the presence of the preexcitation and its functional
behavior in the clinically observed tachyarrhythmias, but also the location with certainly of the accessory pathway (and
sometimes the identification of multiple accessory pathways).

Asymptomatic or mildly symptomatic patients, as well as those with good clinical response to medical management,
will not require an electrophysiological study. Fortunately, they form the majority.

.. Other Forms of Preexcitation

... Short PR Syndromes

In cases of atriofascicular accessory pathways (James fibers), the AV node zone of physiological delay is bypassed and the
ventricular activation follows its normal path.Thus a short PR interval with normal narrowQRS pattern will be registered
[, ] (> Fig. .).

a

b

⊡ Figure .

Typical case of LGL syndrome. Part (a) shows an ECG pattern with short PR interval and normal QRS. Part (b) is an ECG during

an episode of supraventricular tachycardia.
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This ECGpatternwas first described byClerc et al. [] in , but its associationwith paroxysmal tachyarrhythmias
was identified only in  by Lown et al. [].The designation of this syndrome (LGL syndrome or short PR syndrome)
should be reserved for those cases with tachyarrhytmias associated with the corresponding basal ECG pattern.

Although Lown et al. [] reported a .% prevalence of paroxysmal tachycardia in patients with short PR interval
and normal QRS complex, the actual incidence of supraventricular tachycardia in unselected patients with this ECG
pattern remains unknown. Ventricular tachycardia can occur [, ]. Actually, two of the patients originally described
by Lown et al. with atrial fibrillation died suddenly.

Accelerated conduction through the AV node will give a similar pattern and may represent the electrophysiological
substrate of most cases of LGL syndrome. This concept of enhanced AV nodal conduction (EAVN) was proposed for
patients found in electrophysiological studies to have little or no prolongation of AV nodal conduction in response to
right atrial pacing [, ]. EAVN could be explained either by partial bypass of the AV node, or by an underdeveloped
or anatomically small AVnode, or else by an anatomically normalAVnodewith rapid conductionproperties (functionally
or as a consequence of autonomic tone).

... Nodoventricular Connections

As previously stated, a nodoventricular connection is one of the Mahaim fibers connecting the AV node with the ven-
tricular muscle []. The basal PR interval and degree of preexcitation will depend on the relative location of the point
where the fiber leaves the AV node to the area (and degree) of AV nodal physiological conduction delay.These fibers can
be demonstratedby electrophysiological study. Typically [], at faster heart rates or with close coupled atrial extrastimuli,
the QRS widens and assumes greater degrees of LBBB morphology.

There may be no evidence of ventricular preexcitation in sinus rhythm, becoming manifest only during atrial pacing
(because prolonged AV nodal conduction time is produced).

The mechanism of tachycardia involving nodoventricular pathways is not completely understood. Prystowsky et al.
[] suggest that most likely it involves either macroreentry following the nodoventricular fiber, His–Purkinje system
and AV node, or AV nodal microreentry with associated anterograde conduction over the nodoventricular connection
(> Fig. .).

Nodoventricular
fiber

Nodoventricular
fiber

a b

⊡ Figure .

Schematic of the suggested mechanisms for tachycardia initiation in patients with a nodoventricular fiber. Part (a) shows

macroreentry using the nodoventricular fiber, His–Purkinje system and AV node. Part (b) shows AV nodal microreentry with

associated anterograde conduction through the nodoventricular connection.
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... Fasciculoventricular Connections

A fasciculoventricular connection is a type of the Mahaim fibers that arise from the His bundle (or bundle branches) and
enters into the ventricle [].

The PR interval is normal (unless it coexists with EAVN) and usually only minor slurring of the initial QRS
forces occurs (because His–Purkinje conduction velocity is rapid with little opportunity for more evident ventricular
preexcitation).

In electrophysiological studies, the HV interval is short and during rapid atrial pacing or premature atrial stimulation,
the atrial–His (AH) interval lengthens with no change in the HV interval or QRS width []. No specific arrhythmias
have been causally related to the presence of fasciculoventricular fibers [].

To conclude the electrical curiosities related to preexcitation, it can be quoted that it is theoretically possible to have
an impulse conducted from the atria to the His bundle through James fibers and then to the ventricles by way of Mahaim
fibers, thus producing the classic WPW pattern: a short PR interval with a wide QRS complex with delta wave [].

All the ECG patterns arising from conduction through Mahaim fibers cannot be correctly diagnosed without
performing invasive electrophysiological studies.

. The Brugada Syndrome

.. Classification

In , Pedro and Josep Brugada described a syndromewith an ECG pattern of repolarization and depolarization abnor-
malities in the right precordial leads that was associatedwith suddendeath in individuals with a structurally normal heart
[]. Brugada Syndrome is suspected to be responsible for –%of what had previously been referred to as “idiopathic
ventricular fibrillation” []. The criteria for the Brugada Syndrome were presented in a consensus paper [] which
was subsequently followed by a second consensus paper [] that made some adjustments to the definitions.

The Brugada pattern appears in the ECG as repolarization and depolarization abnormalities in the right precordial
leads; three types of repolarization patterns were initially recognized according to the study group of the European Society
of Cardiology (> Fig. .) [] but only the first was confirmed as definitively being the Brugada pattern []:

● Type  prominent coved ST-segment elevation, displaying a J-wave amplitude or an elevated ST-segment ≥mm (or
.mV) at its peak, followed by a negative T-wave, with little or no isoelectric separation.

● Type  high takeoff ST-segment elevation: in this case the J-wave amplitude ≥mmgives rise to a gradually descending
ST-segment elevation, remaining≥mmabove baseline, followed by a positive or biphasic T-wave, resulting in a saddle
back configuration.

● Type  ST-segment elevation compromising a <mm saddle back or coved configuration (or both).

The PR interval usually is increased and presumably reflects the presence of HV-conduction delay. The QT-interval is
either within normal limits or slightly prolonged.

Conduction defects may be specific or nonspecific for any part of the conduction system. Sometimes pronounced
broad S in leads I, II, and III, giving rise to an extreme left axis deviation, are encountered. A left axis deviation may
indicate left anterior fascicular block. A true RBBB may also be seen. The repolarization pattern type  may mimic a
RBBB pattern, but the absence of S-waves in the left-lateral leads precludes the true presence of a RBBB.

In Brugada pattern, the ST-segment is dynamic; different patternsmaybe observed in the same patient sequentially or
following the introduction of specific drugs. In the first few hours after DC shock, ECG patterns characteristic of Brugada
Syndrome cannot be taken as diagnostic.

This disorder is inherited with an autosomal dominant mode of transmission with incomplete penetrance and an
incidence ranging between  and  per , []. An incidence of  per , was quoted for the Type  pattern in
Japanese individuals but it was the Type  and Type  patterns with an incidence of  per , that were much more
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⊡ Figure .

Precordial leads of a resuscitated patient with Brugada syndrome. Note the dynamic course of a couple of days. All three

patterns are shown. Arrows denote the J-wave (reproduced from Horan et al. []. © American College of Chest Physicians,

Northbrook, IL).

common in this population []. The only mutations linked to the syndrome appear in the gene that encodes for the
sodium channel SCNA [].

The second consensus conference revised the initial definition. Brugada syndrome is said to be definitively present
when the patient has theType  ECGpattern in the presence or absence of a sodiumchannel blocking agent and at least one
of the following clinical characteristics []: documented ventricular fibrillation, polymorphic ventricular tachycardia, a
family history of SCDbefore age , coved-type ECGs in familymembers, electrophysiological inducibility of a ventricular
tachycardia, syncope, or nocturnal agonal respiration.The appearance of the ECG features, without these clinical features,
is sometimes referred to as an idiopathic Brugada ECG pattern.The second consensus paper stated that Type  and Type
 patterns are not diagnostic of the Brugada pattern.

A diagnosis of Brugada syndrome can also be made if a Type  or Type  pattern is found in more than one right
precordial lead but which changes to a Type  pattern after sodium channel blocker administration [].

.. Molecular Genetics

Brugada syndrome is often inherited with an autosomal dominant mode of transmission [].
About –% of Brugada patients have documented SCNA mutations []. Genetic studies have demonstrated

that some cases of Brugada syndrome and chromosome -linked long-QT syndrome are allelic disorders of the cardiac
sodium channel gene (SCNA, p).

Three types of SCNA mutations have been identified in the Brugada syndrome: splice-donor, frame-shift, and
missense []. All of these mutations lead to a reduction in the fast sodium channel current.
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.. Associated Arrhythmias

Brugada syndrome has been associated with sudden death related to arrhythmias like VT or VF. Ventricular tachycardia
usually starts with a short coupling interval, and rapid polymorphic VTs are responsible for syncope and sudden cardiac
death in a majority.

It has been suggested that there is a higher than normal incidence of supraventricular tachyarrhythmias, including
atrial and AV reentrant tachycardias in the Brugada population. Monomorphic VT is rare [].

.. Diagnostic Difficulties

There are many conditions that can lead to ST-segment elevation in the right precordial leads. In order to establish a
diagnosis of Brugada syndrome, it is necessary to exclude all these conditions, namely, arrythmogenic right ventricular
cardiomiopathy (ARVC) and the early repolarization syndrome [].

ARVC may mimic Brugada syndrome and, in some cases, structural abnormalities may only be found at autopsy.
Drug challenge with sodium channel blockers (flecainide, ajmaline, or procainamide) may be useful in discriminating
between these two entities.

The early repolarization syndrome maymimic a type  or type  Brugada ECG pattern. Once again, a drug challenge
might provide the clue for a proper diagnosis.

Other causes of ST-segment elevation must be ruled out including epicardial injury, pericarditis, or electrolyte
abnormalities.

.. Drug Challenge

Intravenous administration of certain drugs, like sodium channel blockers (ajmaline, flecainide, or procainamide),
unmask or exaggerate the ST-segment elevation. Some discussion exists about the sensitivity and specificity of this test.
Procainamide has a very low sensitivity. Reproducibility of the test according to recent studies might be near % but is
not well established [].

The patient should be monitored while the drug challenge is performed and a defibrillator should be nearby. Drug
administration should be stopped when the test is positive (J-wave amplitude >mm in lead V and/or V or V with
or without RBBB) and/or when ventricular arrhythmias, including ventricular premature complexes, are evident or QRS
widening ≥%.

Drug challenge is indicated in patients with Brugada syndrome pattern Type  or  in order to clarify the diagnosis
(conversion to Type  is considered positive as indicated previously).

The more that sodium channel blockade is needed to elicit Brugada syndrome, the less the patient is at risk under
baseline conditions.

.. Electrophysiological Evaluation

Electrophysiological studies (EPS) may be useful in risk stratification and in establishing the diagnosis [].
Brugada [] suggested that an EP study is not required in individuals with the Brugada pattern and syncope

or aborted sudden death, i.e., an implanted cardioverter defibrillator (ICD) is required. An ICD is also required for
patients with a Brugada ECG and an inducible arrhythmia at EPS, e.g., VF. Asymptomatic individuals (a) without an
inducible arrhythmia or (b) with a Brugada ECGwhich appears only after drug challenge are at low risk and only require
follow-up.

EPS is recommended in all symptomatic patients as well in asymptomatic patients when there exists a positive family
history for sudden cardiac death. The necessity for EPS is questionable in patients displaying the Brugada ECG pattern,
but who are asymptomatic and have a negative family history.
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. Introduction

Cardiac hypertrophy is an increase in the mass of the heart owing to the enlargement of existing muscle fibers. It
may be localized to the apex or septum, for example, or may be diffuse with the latter form being further subdi-
vided into concentric and eccentric hypertrophy depending on whether the chamber size is normal or dilated. Chronic
pressure overload as in aortic stenosis or hypertension often results in concentric, diffuse, or global left ventricular
hypertrophy (LVH). In contrast, eccentric or dilated hypertrophy is more frequently associated with volume overload,
for example, aortic or mitral regurgitation. The terms systolic overload LVH and diastolic overload LVH also have
been used as alternatives to pressure and volume overload, respectively [, ]. The different types are summarized in
> Fig. ..

No single set of electrocardiographic criteria can identify such variable types of hypertrophy. Since electrocardio-
graphy relies on electrical phenomena to make inferences about anatomy, it is not surprising that any ECG changes
which might occur, such as an increase in QRS voltage, have only a moderate relationship with LV mass []. The two
most commonly used techniques for defining LV hypertrophy or mass have been assessment of mass at postmortem and
echocardiographic determination in vivo of cavity and wall dimensions fromwhichmass can be calculated. Eachmethod
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⊡ Figure .

The relationship between concentric and eccentric hypertrophy as illustrated on a nomogram for the determination of LV

mass from M-mode echocardiographic (ECHO) measurements. The vertical axis is the mean of LV posterior wall thickness

(LVPW) and the interventricular septal thickness (IVS). The horizontal axis is the LV chamber diameter (LVD). The curves rep-

resent various LV masses: (a) g, (b) g, (c)  g, (d)  g, and (e)  g. The shaded area above curve c (bold) reflects

an abnormally increased ECHO LVmass according to criteria ofWoythaler et al. []. This valuewas related by regression anal-

ysis to a mass of  g at postmortem. At the upper extreme in the shaded area are measurements that suggest concentric

LVH, where there is increased thickening of the chamber walls without dilation. Toward the middle and lower portions of

the shaded area, there is dilation of the LV chamber in proportion to the thickening of the ventricular walls. These echocar-

diographic measurements were obtained using the recommendations of the American Society of Echocardiographers rather

than the Penn convention. (After Woythaler et al. []. © American College of Cardiology, Bethesda, MD. Reproduced with

permission.)
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is discussed in turn in view of its relevance to the establishment of ECG criteria for hypertrophy. Although magnetic
resonance imaging (MRI) of the heart has also been utilized for this determination of LV mass and hypertrophy [], it
has not as yet played a significant role in the development and/or validation of ECG criteria for LVH.

.. Anatomic Standards for Hypertrophy

The chamber-partitioning technique of assessing cardiac ventricular weights, which was first introduced in  and
reviewed by Bove et al. [], has been of limited use. Nevertheless, a number of important criteria have been developed
and assessed using this approach, which will be outlined briefly.

At postmortem, the heart is first of all stripped of any surface fatty deposits and the atria are then removed. Next,
the valve rings and leaflets are dissected out. The remaining ventricular mass is then sectioned serially in a transverse
direction with each slice having the appearance shown in > Fig. .. The free right ventricular (RV) wall is dissected
away from the septum and the LV wall, as indicated by the dashed line in > Fig. .; in this way, the RV muscle can
be weighed separately. The septum is somewhat arbitrarily dissected from the remaining muscle by taking a line at right
angles to the septum at its junction with the RV free wall (at both sides). In this way, the septal mass and the LV free
wall mass can also be determined separately. This allows the total LV mass to be obtained and various ratios of compo-
nent masses to be assessed. > Table . summarizes anatomical criteria for ventricular hypertrophy derived from this
technique.

From their study of  hearts, Bove et al. recommended severalmodifications in attempting to classifymild degrees of
cardiac hypertrophy not readily recognized at autopsy. Subsequently, Murphy et al. [, ] suggested slightly different defi-
nitions of right and left ventricular hypertrophy (see> Table . and> Fig. .).The upper limit of normal was defined
by a mean plus two standard deviations or as exceeding the  percentile range of normal. Unfortunately, adequate num-
bers of hearts from normal women were not available. Although an attempt was made to base anatomic criteria on the
height of the patient (see > Table .), there remained a poorly defined region between normal and definitely abnormal,
leading to descriptions such as “possible LVH” or “mild LVH” even when anatomical details were known. Subsequent
study of this area has resulted in anatomic LV mass being indexed to body size using body surface area or height to the
. power, which more accurately reflects the allometric relations of LV mass to body size and obesity []. In view of the
above, the reader should be aware of the limitations of anatomic standards especially when the specificity and sensitivity
of ECG criteria are reported.

RV free
wall

Septum LV free
wall

⊡ Figure .

A cross section of the heart showing themethod of dissecting the RV free wall from the left ventricle and septum. The septum

can be somewhat arbitrarily separated from the LV mass by dissecting it at right angles to the septal surface at its junction

with the RV free wall. (After Bove et al. []. © American Heart Association, Dallas, TX. Reproduced with permission.)
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⊡ Table .

Anatomical cardiac hypertrophy at autopsya

Classification Bove [] Murphy []

Normal Subject < .m tall LV + S <  g
LV + S <  g RV <  g
RV <  g
(LV + S)/RV ratio .–.

Subject > .m tall

LV <  g
RV <  g

Left ventricular hypertrophy LV + S >  g LV + S >  g
RV <  g
LV/RV ratio > . Normal RV

Possible LVH or LV preponderance in small hearts (LV + S)/RV ratio > . (LV + S)/RV ratio > .
Weights normal Weights normal

Right ventricular hyper trophy RV >  g RV >  g
LV/RV ratio < . Normal LV

Possible RVH or RV preponderance in small hearts LV/RV ratio < . LV/RV ratio < .
Weights normal Weights normal

Biventricular hyperrophy LV + S > g LV + S >  g
RV >  g RV >  g

Mild BVH LV + S = – g

RV >  g
Biatrial hypertrophy

aLV, weight of left ventricle; RV, weight of right ventricle; S, weight of septum; all as defined in> Fig. .

.. Echocardiographic Standards for Hypertrophy

Echocardiography (ECHO) is now regarded as the most accurate noninvasive method for estimating LV mass or LVH,
correlating well with autopsy measurements, but the aforementioned difficulty of defining standards is now becoming
apparent. Two-dimensional echocardiographymaybe the preferred technique [, ], especially in patientswith abnormal
LV geometry or segmental disease. However, technically adequate M-mode echocardiograms are more easily recorded
and may remain the standard for some time. Indeed, Woythaler et al. [], in a study of  hearts examined at post-
mortemwhere bothM-mode and two-dimensional echocardiograms had been recorded within months of death, found
a much higher correlation between M-mode estimates of LV mass and those at autopsy than between two-dimensional
and autopsy values.

There are several different equations used for the estimation of LV mass given either the M-mode echocardiogram
or the two-dimensional sector scan. One approach that utilizes the M-mode echocardiogram is to obtain the short-axis
internal diameterD of the left ventricle and to assume that the ventricle is a prolate ellipsoid [] where the major axis is
twice the length of each minor axis. It then follows that the semiminor axes each have the same length D/, i.e. half that
of the semimajor axis. The volume V is then

V = (/)π (D/)(D/)D = (π/)/D = .D ∼ D

If the epicardial and endocardial echoes are obtained from theM-mode display, it is possible to calculate a left ventricular
mass (LVM) where

LVM = (D
O −D

I ) ×muscle density
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whereDO is the diameter of the outer ventricular shell andD is the internal ventricular diameter. Density is usually given
a value of . g cm−.

Using a modification of this approach, Devereux and Reichek [] have validated the method with an anatomic
comparison. They found that the optimum equation for LVM was

LVM = .{(LVID + PWT + IVST) − LVID} − . g

where LVID is the LV internal diameter, PWT is the posterior wall thickness, and IVST is the interventricular septal wall
thickness. In thesemeasurements, the thickness of the endocardial echo lines was excluded fromwall thickness estimates,
but the LVID estimate included the thickness of left septal and posterior wall echo lines (the so-called Penn convention).
Where a two-dimensional sector scan is available, then a more complex equation can be utilized as follows:

LVM = (

) π {A + T


× B + T


× B + T


− A


× B


× B


} × density

where T is the thickness of the LV free wall, and A and B are the lengths of the major and minor axes, respectively.
Frequently, however, this is simplified to

LVM = (epicardial enclosed volume − endocardial enclosed volume) × .

with the result being indexed to body-surface area.
It should be noted that when assessingECG-echo studies of cardiac hypertrophy, there is some interobserver variation

[] in measuring the echocardiogram, although this has been minimized with the use of two-dimensional methods.
There is little doubt that the estimation of LV mass is a more sensitive indicator of LVH than is the thickness of the

posterior wall or septum. Irrespective of body size, an M-mode mass of  g [] or  g (LV + septum) [] has been
used to define LVH.

Several investigators have demonstrated that sex differences for increased LV mass (or LVH) are diminished but not
eliminated when LV mass is indexed by body-surface area [, , ]. It has been further suggested that lean body mass
be used to eliminate the sex differences []. Devereux et al. have defined the indexed M-mode LV mass for LVH as
greater than  g/m in men and greater than  g/m in women or a single limit of  g/m [], and, subsequently, as
LVM >  g/m in men and  g/m in women, based on the ability of these criteria to predict adverse prognosis [].
Before accepting the sensitivity and specificity of any suggested ECG criteria, the reader should always check the standard
used to define an increased ventricular mass. A single cutoff value may underdiagnose LVH in women and overdiagnose
it in large athletic men, particularly when unindexed LV mass is being used to define LVH.

The accuracy of theM-mode echocardiogram in assessing RVmass [] is questionable. Prakash andMatsukubo []
used RV wall thickness measurements to diagnose RVH. Diastolic thickness had a sensitivity of % and a specificity of
%, while systolic thickness, with a specificity of %, had a sensitivity of only %. Baker et al. [] found that an RV
internal dimension in diastole greater than  mm identified only % of those with anatomic RVH, while an RV wall
thickness greater than mm correctly identified %. They concluded that neither M-mode measurement is accurate
enough to use as a standard for increased RV mass. Since anatomic RV wall thickness and anatomic RV mass have a
correlation coefficient r of only ., other measurements are required.

In an enlarged right ventricle, the increase in size is more extensive in the direction of the short axis than in the
direction of the long axis []. Calculation of the RV volume should, therefore, prove a more useful measurement of
enlargement than wall thickness alone, there being a good correlation of angiographic and echocardiographic RV vol-
umes: r = . at end diastole and r = . at end systole []. Perhaps RV volume derived using a sector scan will prove
a better tool for assessing RV mass [].

While ventricular enlargement includes both dilatation and hypertrophy, the calculation of total mass and surface
area are more objective and verifiable than is cavity size or wall thickness []. More accurate methods are necessary.
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. Factors Affecting ECG Criteria for Ventricular Hypertrophy

Many factors may be related to the presence of high or increased voltage, e.g., sex, obesity, hypertrophy, enlargement, and
sympathetic drive and associated disease such as obstructive coronary atherosclerosis.

.. Age and Sex

Age is one of the principal factors that affect the criteria for LVH. Since ECG voltages decrease with increasing age (see
>Chap. ), the limits of normal voltage should be stratified by age. Although other factors such as body-surface area can
be considered, the height andweight of a patientmay not be readily available to a cardiologist reporting ECGs. In addition,
detailed statistical analysis of over , normal individuals in the Glasgow database has indicated that age is the most
significant factor in explaining voltage variation both in males and females (> Chap. ). The simplest, yet theoretically
sound, approach therefore is to utilize age. Likewise, since there are considerable differences between male and female in
the limits of normality of ECG measurements, particularly in young adults, criteria should also be sex dependent. This
point is discussed further in the Romhilt and Estes scoring technique (> Sect. ...) and in the section on Cornell
voltage and voltage-duration product (> Sect. ...).

.. Hypertrophy and Dilatation

Antman et al. [] used LV wall thickness h plotted against the semi-minor radius of the left ventricle R to produce a
product hR. A value of this product in excess of . cm identified all those with LVH by ECG. These authors found that
LVH resulting from an enlarged chamber (aortic regurgitation) plays a greater role in augmenting potentials than does
a thickened myocardium (aortic stenosis) []. In contrast, Devereux et al. concluded that for a given LV mass, ECG
voltage criteria of LVH are independent of LV chamber dilatation or other geometric variables. Instead they depend on
age, weight, and LV depth in the chest. They suggested that stratification of subjects by these clinical variables might
improve the electrocardiographic recognition of LVH [].

.. Distance of Heart from Electrodes

Horton et al. [] found that precordial voltage was strongly influenced by the distance of the left ventricle from the
electrodes. They attempted to correct for this by the multiplication of precordial voltage by the square of the distance
from the chest wall to the mid-left ventricle. This improved the correlation coefficient of SV + RV with LV mass from
. to ..

During an echocardiographic study of ten normal subjects before and after exercise, Feldman et al. [] noted that
there is a direct relationship between R-wave voltage in the left chest leads and LV size.This is true, whether it is measured
as LV volume or LV internal dimension. Both LV size and the distance of the heart from V or V seem to interact as
determinants of R-wave voltage.

.. Associated Diseases

The presence of obstructive coronary artery diseasemay be linked with the development of LVH. Pech et al. [] showed
an increase in LVmass in patients with coronary artery disease compared to those without coronary artery disease. Some
muscle fibers became fibrosed with loss of contractility, leading to hypertrophy of the remaining muscle fibers.
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.. Miscellaneous Factors

Other factors influencing voltage in the ECG include the conducting properties of intervening structures and delayed
activation in portions of the myocardium. High voltages may commonly occur in young people under the age of  (see
> Chap. ), thin elderly women, and emaciated individuals []. The influence of race should also be acknowledged.
Black individuals have a higher precordial voltage on the ECG than white individuals, while the latter have a higher
voltage in the ECG than oriental individuals (see > Chap. ). The higher precordial voltages in blacks can lead to the
overestimation of LVH prevalence due to lower specificity of these criteria []. However, amplitudes and performance
of Cornell voltage and Cornell product criteria appear to be relatively independent of race []. The modest increase
in LV mass seen in athletes also produces a high voltage but, unlike pathologic hypertrophy, is not accompanied by
slowed LV diastolic filling []. Finally, increasing body mass index is strongly and inversely associated with precordial
voltage amplitude, leading to higher specificity and lower sensitivity of precordial voltage criteria in overweight and obese
individuals [], with subsequent underestimation of the prevalence of anatomic LVH in the presence of obesity []. In
contrast, sensitivity and specificity of Cornell voltage and product criteria vary less with bodymass index [] and provide
a more accurate measure of the prevalence and severity of LVH in obese and overweight patients [].The authors would
contend that criteria should take these factors into account in order to minimize false-positive and false-negative ECG
interpretations.

.. Theoretical Considerations

Elsewhere in this book (e.g., > Chaps.  and > ), some theoretical considerations on the effect of thoracic inhomo-
geneities on the electrocardiogram are discussed. It would seem relevant at this point to provide a nonmathematical
description of some of these effects and their relationship to the presence or absence of ECG changes in patients with
increased LV end diastolic volume or with increased LV wall thickness.

In > Chap. , the so-called Brody effect is discussed []. Essentially, this principle suggests that when there is an
increase in blood volume in either ventricle, surface potentials owing to a radial spread of excitation in that ventricle
are enlarged and those arising from a more tangential or lateral spread of excitation through the wall muscle are attenu-
ated.This would imply that in patients with aortic regurgitation, for example, there should be an increased voltage in the
precordial leads on account of the increased blood volume, even though there may be no increase in muscle thickness.
Some quite dramatic changes in voltage can be seen in patients with aortic regurgitation before and after valve replace-
ment (> Fig. .), on account of the reduction in blood volume.There have been some apparently contradictory results
obtained when low voltages have been found in patients with congestive heart failure []. This apparent paradox can be
explained on the basis of there being an increase in the conductivity of the lungs owing to the presence of pulmonary
edema secondary to heart failure, which then results in an attenuation of surface potentials. Nonetheless, clinical findings
with respect to the Brody effect remain conflicting.

Another consideration in the case of a dilated heart is the effect of variation in the generator properties of the muscle.
It could be argued that by stretching the myocardium, the electrical sources are more widely available and, therefore,
increased. In such a case, Rudy [] has shown that the voltage increase (%) is more than double that (%) in an
equally dilated heart where the generator strength remains the same as before dilation.

Other factors that affect the surface voltages have also been discussed fully by Rudy [] in a theoretical review of the
topic.These include the lungs, which tend to reduce the surface voltage as emphasized in patients with chronic obstructive
airways disease.The pericardium can also affect surface voltages on account of an increased compression of the heart by
an excessive amount of pericardial fluid. The surface muscle layer also contributes to an attenuation of the body-surface
potentials on account of a high conductivity so that in any conditions where there is a low muscle conductivity, e.g.,
Pompe’s disease, voltages would be increased.

The final and perhaps most interesting situation is to consider the theoretical effects of increased muscle thickness
with a normal ventricular cavity size in comparison to a reduced cavity size. Where the cavity size is normal, but there
is an increase in muscle thickness, it can be shown, theoretically, that the surface voltage is increased by .% []. The
voltage increase, however, is often much greater than this, suggesting that other factors play an important part. On the
other hand, an increased muscle thickness with a reduced cavity size is theoretically associated with a decrease of the
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⊡ Figure .

Part (a) shows the ECG froma -year-old female with aortic stenosis and incompetence. Part (b) shows the ECG taken  days

later and followingaortic valve replacement. Note thedramatic reduction in thevoltage; for example, SV+RV hasdecreased

from . to .mV. The voltage reduction wasmost likely related to a reduction in LV volume.

same order of magnitude in surface potentials compared to normal.This could explain the not uncommon situation of a
grossly thickened heart, such as is found in cardiomyopathy with normal ECG voltages.

. Left Ventricular Hypertrophy (LVH)

.. ECG Criteria

There aremany different criteria for LVH,most of which are presented in>Table . alongwith sensitivity and specificity
from different studies [–]. Some of these criteria are discussed in detail.
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⊡ Table .

Sensitivity and specificity of commonly used criteria for left ventricular hypertrophy

Autopsy studyb ECHO-LBBBc

% upper

Criteria/parameters limitsa(mV) Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)

Limb leads

RI > .mV .    

RI + SIII > .mV .    

RaVL > .mV .  

RaVL > . .    

RaVL > . .    

SaVR > . .    

RaVF > . . .   

Lewis index � .d    

Left-axis deviation of −○ or
more

   

Left-axis deviation of −○ or
more

 

Chest leads

SV � .mV  

SV � . .    

SV � . and SV � .  

SV � .  

RV or RV > . .    

RV > . .  

RV > RV    

VAT V or V = .+ seconds []  

SV or SV + RV or RV > . .    

SV + RV or RV > . .    

SV + RV > . females    

SV + RV > . males .    

SV + RV or RV > . .    

R + S > . (largest R + largest S)    

Point score systeme    

aAfter Murphy et al. []
bAfter Romhilt et al. [] ( patients with LVH and  without LVH were studied)
cAfter Kafka et al. [, ] ( patients with LVH and  without LVH were studied). Revised using an indexed LV mass for males �  g cm−

and females �  g cm−
dLewis index = (RI-RIII) + (SIII – SI)
eRomhilt and Estes []

... Lewis Index

The index introduced by Lewis [] in  is still favored by a number of cardiologists in continental Europe.This index
is defined as (RI + SIII) − (RIII + SI)
A value of .mV was suggested as a borderline criterion producing a very high specificity of % but a low sensitivity of
%, as shown in > Table .. An illustration of a high Lewis index is presented in > Fig. ., where it can be seen that
precordial voltages may well be normal.
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⊡ Figure .

ECG showing voltage evidence of LVH in the limb leads, recorded froma -year-old male undergoing surgery for aortic valve

replacement. The Lewis index is approximately .mV,which is well above the upper limit of normal, while it can be seen that

the precordial voltages are within normal limits.

... Sokolow and Lyon Index

The voltage criteria of Sokolow and Lyon [] introduced in  are still used extensively by many cardiologists.
These are

(a) SV + (RV or RV)� .mV
(b) RV or RV � .mV
(c) R in aVL � .mV
(d) R in aVF � mV

Perhaps the most widely used criterion for LVH is SV + RV/V � .mV, sometimes known as the Sokolow–
Lyon index, although it was present in only % of their  patients (> Fig. .). Less well known are their ST-T criteria,
namely, a depressed ST segment and asymmetric T-wave inversion. In %of their cases, ST-T abnormalities were present.
Certainly, criterion (a) is too nonspecific for young adults, and the limits should be different for males and females, as
demonstrated by Macfarlane and Lawrie (> Chap. ) from their study of , healthy volunteers (see > Fig. .). In
addition, Sokolow–Lyon voltages are significantly greater in blacks than in Caucasians [], leading to lower specificity
and higher sensitivity in blacks if these criteria are not adjusted for race as well as sex []. As > Table . shows, the
sensitivity of (a) at % and (b) at % was less than that of the point score at %. The remaining criteria (c) and (d)
were highly specific but very insensitive (% and .%, respectively).

... McPhie Criterion

McPhie, in , suggested that the tallest R-wave amplitude be added to the deepest S-wave amplitude in any precordial
lead []. If this total exceeded .mV, then LVH was present. While this criterion was of little additional value, it did
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⊡ Figure .

ECG of a -year-old lady undergoing aortic valve replacement. The Sokolow and Lyon index is approximately .mV, which

is well beyond the upper limit of normal. Limb-lead measurements are also abnormally high, with the R in aVL exceeding

.mV.

recognize that deep S waves in leads V and V may contribute significantly to a diagnosis of LVH. This preoccupation
with voltage criteria caused Simonson [] in  to modify the borderline limit of SV + RV slightly to � .mV for
females and� .mV for males. As can be seen from > Table ., there was little change in the sensitivity or specificity.
Many precordial-lead voltage criteria have subsequently been recommended, with variable results.

... Romhilt–Estes Point Score System

In , Romhilt and Estes [] introduced a point-scoring system for the ECGdiagnoses of LVH.Although this approach
is cumbersome with respect to conventional ECG interpretation, it has been found useful by a number of authors of
computer programs for ECG analysis. The scoring system is detailed in > Table .. Essentially it gives a high score for
an abnormal amplitude of QRS components in either the limb leads or the precordial leads. A single value of mV is used
for the limb leads and mV for the precordial leads. A similar high score is obtained for the appearance of the so-called
LV strain pattern (> Fig. .) although the number of points is reduced if the patient is taking a digitalis preparation.
The other items included are left-axis deviation, an increased QRS duration, and a delayed intrinsicoid deflection in V

or V. An abnormal P terminal force (PTF) in V (see> Fig. .) also contributes significantly to the score.The authors
obtained a modest sensitivity of about % with a high specificity in excess of %.

Murphy et al. [, ] have modified the point score slightly and also assessed various combinations. The result was
a sensitivity value that varied from % to % and a specificity that ranged from % to % depending on the cause
of the hypertrophy. Their standard for LVH in their  subjects was an LV mass greater than  g or, if chamber weights
were normal, then LV/RV ratio greater than ..

> Table . shows the age-dependent and sex-dependent upper limits of normal for some measurements of the
QRS complex that are used by the Glasgow program for computer interpretation of the ECG as part of a modified
Romhilt–Estes scoring system. The values in > Table . replace the single precordial-voltage limit of Romhilt and
Estes when assessing the number of points to be awarded for high voltage in the precordial leads. Similar consider-
ations apply in the limb leads. In general, sensitivity should be increased in older subjects by the use of lower upper
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⊡ Figure .

Scattergram of SV + RV from a subgroup of , apparently healthy individuals in the Glasgow study (see > Chap. ): A,

male; B, female; ∗, more than one individual. The y axis is marked inmicrovolts. Note the high percentage of individuals who

have a Sokolow and Lyon index well in excess of the conventional criterion of .mV. The regression of voltage with age is

also shown where it can be seen that sex differences are most marked at younger age levels.

limits of normal, each of which is chosen to be highly specific. Specificity is increased in younger persons by the
use of higher limits of normal. Furthermore, the Glasgow scoring system allows an additional point to be scored for
each additional .mV of voltage in excess of the stated values for precordial leads and for each additional .mV in
the limb leads. Note, therefore, that borderline high voltage alone does not constitute ECG evidence of LVH in this
system.
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⊡ Table .

Romhilt–Estes point score system for ECG diagnosis of left ventricular

hypertrophy []a

Criteria Points

Any limb-lead R or S � .mV 

or SV or SV � .mV

or RV or RV � .mV

ST-T is typical of LVHb

No digitalis 

With digitalis 

Left atrial involvementc 

P terminal force V > mVms

LAD � −○ 

QRS duration� ms 

Intrinsicoid deflection V or V � ms 

a points indicate definite LVH, %of LVHwith % false positives.  points indicate
probable LVH, % of LVH with % false positives
bSee> Fig. .
cSee> Fig. .

⊡ Figure .

Classic appearances of ST-T changes that are secondary to LVH. These changes are often known as the LV strain pattern that

is typified by ST depression and a gently downward sloping ST segment that is convex upward, evolving into an inverted T

wave.

... Kansal Criteria

Kansal et al. [] used a multivariate approach and concluded that the most important ECG variables predictive of
LVH are

(a) QRS duration (relative strength F = .)
(b) SV to SV voltage (F = .)
(c) strain in T wave (F = .)
(d) RV to RV voltage (F = .)
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⊡ Table .

Values used in the Glasgow ECG analysis program as the upper limits of normal voltage for

use in the Romhilt–Estes point score system (these values replace those of the first criterion in

> Table .)

Lead voltage (mV)

Age (years) Sex RI RaVL SV/V SV/V Lewis index

– Male . . . . .

Female . . . . .

– Male . . . . .

Female . . . . .

– Male . . . . .

Female . . . . .

�  Male . . . . .

Female . . . . .

⊡ Table .

Criteria for LVH developed by Casale et al. [, ]. Criteria B were published later [] than

criteria A and represent a simplification that makes application easier

Male Female

Criteria A

(a) RaVL + SV > .mV
or

(b) age <  years
(i) RaVL + SV > .mV
(ii) TV � .mV

or

(c) age �  years
(i) RaVL + SV > .mV
(ii) TV � .mV

(a) RaVL + SV > .mV
or

(b) age <  years
(i) RaVL + SV > .mV
(ii) TV � .mV

or

(c) age �  years
(i) RaVL + SV > .mV
(ii) TV � .mV

Criteria B

RaVL + SV > .mV RaVL + SV > .mV

They suggest that rescoring these variables in accordance with their correlation with LV mass may improve the ECG
sensitivity for LVH.

... Cornell Multivariate Score and Voltage

Casale et al. have carefully defined LVH using a sex-specific echocardiographic index of LV mass: in men greater than
 g/m and in women greater than  g/m []. These values represent approximately the th percentile of LV mass
index for each sex in two independent normal populations. They demonstrated that the best separation between patients
with normal versus increased LV mass at postmortem was obtained using sex-specific LV mass index criteria [, ].
The overall accuracy of % was better than that for ECHO cross-sectional area (%) or for indexes of LV wall thickness
(–%) [].They developed new electrocardiographic criteria for the diagnosis of LVH that stratifiedQRS-voltage and
repolarization findings in sex and age subsets (see > Table .).
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⊡ Table .

Multiple logistic regression exponents for detection of left ventricular hypertrophya (After Casale et al. [])

For patients in normal sinus rhythm

Exponent = . − . × (RaVL + SV) − . × TV − .×QRS− . × PTFV−. × sex
For patients in atrial fibrillation

Exponent = . − . × (RaVL + SV) − . × TV − . ×QRS − . × sex
Partition values of exponent for detection of LVH

In sinus rhythm: LVH < −.
In atrial fibrillation: LVH < −.

aUnits of measurement: voltages of RaVL, SV, and TV in millimeters (mm = .Mv); duration in seconds × ; P terminal force in lead V (PTFV)
in millimeter seconds based on area; sex entered as . for men and . for women.

They subsequently applied their criteria prospectively to  patients at autopsy, achieving a sensitivity of % and
a specificity of %. By means of logistic regression models based on electrocardiographic and demographic variables
with independent predictive values for LVH (and separate equations for those in sinus rhythm and atrial fibrillation),
they demonstrated a sensitivity of % and a specificity of % while having an overall test accuracy of % []. Their
new regression criteria (see > Table .) are suitable for computer-based analysis of the electrocardiogram.The Cornell
voltage criteria (> Table ., criteria B) represent a simplification of the multivariate score, with test specificity and
sensitivity that are relatively independent of body habitus [, ] and race [].

... Perugia Score

Schillaci and Verdecchia and their colleagues from Perugia developed an ECG score based on the presence of ECG LVH
by Cornell voltage using modified criteria (> .mV in men), or a Romhilt–Estes point score � , or the presence of the
ECG strain pattern [, ]. These criteria improved sensitivity of the ECG for the detection of echocardiographic LVH
[] and improved the prognostic value compared with other ECG LVH criteria [].

... Voltage-Duration Product and Time-Voltage Area Criteria

Theoretic modeling [] and observations that the time-voltage integral of the orthogonal-lead vectorcardiographic QRS
complex and the time-strength LV dipole derived from the -lead multiple dipole ECG can improve ECG correlation
with indexed LV mass [–], suggest that an ECG representation of the time-voltage integral of ventricular activa-
tion should more accurately reflect the presence and severity of LVH than scores that sum QRS voltage and duration.
Subsequent study using the orthogonal-lead signal-averaged ECG demonstrated that the time-voltage integral of the
horizontal-plane vector complex significantly improved sensitivity of the ECG for detecting echocardiographic LVH [].
Using sex-specific partitions with % specificity, the % sensitivity in women and % sensitivity in men was signifi-
cantly greater than the –% sensitivities of sex-specific -lead ECG criteria at matched specificity of % []. Parallel
analyses employing time-voltage area criteria derived from the standard -lead ECG [] found the % sensitivity of
the -lead sum of area and % sensitivity of Sokolow–Lyon area to be significantly greater than the % and % sen-
sitivities of the respective simple voltage criteria and than the % sensitivity of voltage-duration product criteria (see
below) at matched specificity of %. Further study and validation of the time-voltage area approach will be required
before these criteria can be adapted for use in computerized electrocardiography.

Because time-voltage area criteria are dependent on computerized ECG analyses that are not readily available to
all clinicians and have not been well validated, the simple product of QRS duration and voltage, as an approximation
of the area under the QRS complex, has been developed and tested [, ]. Calculated by simple multiplication of QRS
duration inmillisecond by the respective ECGvoltage criteria, Cornell voltage-duration product criteria in particular have
been demonstrated to significantly improve sensitivity for the detection of LVH compared with simple voltage criteria
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and with the Romhilt–Estes point score [, ]. These criteria are gender specific, relatively race insensitive [], not
significantly impacted by increasing body mass index [, ], and, as further noted below, can be used to track changes
in echocardiographic LV mass [] and to more accurately assess prognosis [].

.. ST-T-Wave Changes

ST-contour changesmay be seen in LV leads (I, aVL, V, and V): the ST segment is depressed, convex upward, and slopes
into an inverted T wave (> Fig. .). Even in the absence of a significant increase in QRS voltage, such ST-T changes are
associatedwithmoremarkedmodifications of echocardiographic parameters. Patientswith ST abnormalities arising from
LVH(secondary abnormalities – see also>Chap. ) have a prolonged interval fromminimumcavity dimension tomitral
valve opening and a reduced rate of early diastolic wall thinning and dimension increase []. These ST-T abnormalities,
sometimes called LV strain, may be related to impaired early relaxation that is dissociated from cavity dimension, or to the
presence of increased mass alone.They are important, however, because their presence worsens the prognosis[, , ].
Indeed, the strain pattern has been implicated as the strongest standard ECG marker of increased risk when ECG LVH
criteria have been utilized for risk stratification [, ], and adds significantly to the Cornell product and Sokolow–Lyon
voltage for the prediction of cardiovascular mortality and myocardial infarction (MI) in hypertensive patients []. They
have a sensitivity of % and a specificity of % according to Devereux and Reichek [], and are associated with nearly
a threefold higher prevalence of echocardiographic LVH in hypertensive patients after controlling for other risk factors
for LVH []. More recently, continuous computer measurements of ST depression in leads V and V have been shown
to be strong independent predictors of increased LV mass and LVH [].

More prominent larger Uwaves or even invertedUwavesmay be found inV andV (see>Chap. ).When present,
other ECG evidence for LVH is usually obvious. LV activation time (the time from QRS onset to R peak) may increase
to over  ms, but is seen in only a very small percentage of LVH. Finally, LV conduction delay, however, may progress
to incomplete left bundle branch block (LBBB) or complete left bundle branch block. In addition, the prolongation of
action potential duration and increased inhomogeneity of ventricular repolarization associatedwith LVH can bemanifest
as prolongation of the rate-corrected QT interval [], with increasing QT interval duration seen across quartiles of
increasing LV mass and with both concentric and eccentric geometric patterns of LVH [].

.. ECG Criteria Summary

Certain -lead ECG criteria that may be useful in the diagnosis of LVH in a hospital population where conventional
reporting methods are used, may be summarized as follows (where the figures in parentheses under (a) are the upper 
percentile limits from Murphy et al. []).

(a) High voltage as seen in either
(i) limb-lead voltage (more specific but less sensitive):

RaVL � .mV (.mV) or if axis < −○ then � . and SIII � .mV,
RI + SIII > .mV (.mV),
RaVF > .mV (.mV),
Lewis index � .mV; or

(ii) chest-lead voltage:
SV + RV or RV > .mV (.mV) in men and > .mV in women,
SV � .mV (.mV),
RV or RV � .mV (.mV);
maximum R + maximum S > .mV; or

(iii) combined voltage:
RaVL + SV > .mV in men and >.mV in women.
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(b) ST contour depressed but convex upward into inverted T waves in LV leads
I, aVL, V, and V [].

(c) Left atrial abnormality (LAA, i.e., P terminal force in V, as defined in > Fig. .) is useful but much less specific
for LVH.

(d) Left ventricular conduction delay whether incomplete LBBB (usually meets high voltage criteria) or complete LBBB
(see > Sect. ..).

The use of multiple criteria to detect LVH is essential when diverse cardiac diseases are considered. A single criterion
may have high sensitivity for one disease state only []. When more than one criterion is met, the diagnosis becomes
more certain (“probable” or “definite”) and, in the above criteria, ranges down to “possible” when borderline high voltage
in the chest leads is the only abnormality present.

A variety of other miscellaneous criteria for LVH are also included in > Table .. While many of them have a low
sensitivity, particularly for limb-lead criteria, it should be noted that specificity is high.Therefore, with the use of computer
methods, where a number of criteria can be easily checked, different criteria in combination can be very useful.

.. Orthogonal-Lead and VCG Criteria

As discussed in > Chap. , the orthogonal-lead ECG can be displayed in two ways, namely, a conventional scalar pre-
sentation of the XYZ leads and the vectorcardiographic presentation of the frontal, sagittal, and transverse planes of the
VCG. Diagnostic criteria for LV hypertrophy can be based on a combination of both scalar and vector parameters.

Since there is a certain, though not exact, correspondence between theXYZ and the -lead ECG, it would be expected
that some of the abnormalities found in the -lead ECG would similarly occur in the orthogonal-lead ECG. Thus,
increased R-wave amplitude in the lateral lead X and in the transverse lead Z (directed positively to the back) could
occur, as might the classical ST-T abnormality pattern in the lateral lead (> Fig. .).

TheVCG [, ] changes are best seen in the transverse-planeQRS loop, which is displaced to the left and posteriorly.
It is increased in magnitude, elongated, and inscribed counterclockwise, but occasionally has a figure-of-eight pattern
when hypertrophy is severe.The T loop is usually oriented opposite to the QRS, and so is displaced to the right anteriorly
(> Fig. .). As a result of LVH, there may be a loss of anterior forces, which may simulate an anterior myocardial
infarction. The more RX exceeds .mV or RX + RZ exceeds .mV, the more likely the diagnosis of LVH [].

Frontal

X

Transverse

Y

Right sagittal

Z

⊡ Figure .

Vectorcardiographic appearances in LVH. Note that the T loop is oppositely directed to the QRS loop, which has the normal

direction of inscription in the various planes. The dots are printed at ms intervals. Lead Z is directed positively anteriorly.
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⊡ Table .

Frank orthogonal-lead criteria for left ventricular hypertrophy [] (in the absence

of ventricular conduction defects)

White Black

Males Females Males Females

RX amplitude (mV) Aa > . > . >  > .
Bb > . > . > . > .

RX + RZ amplitude (mV) A > . > . > . > .
B > . > . > . > .

RZ duration (ms) A >  >  >  > 
B >  >  >  > 

aLimits in rows labeled A indicate specificity� % associated with relatively low sensitivity
bLimits in rows labeled B indicate a specificity of –% associatedwith higher sensitivity

Several studies have demonstrated that computer analysis of Frank orthogonal leads (see > Chap. ) improves the
detection of LVH []. Brohet and Richman [] found a % difference favoring the computer over two physicians (%
versus %). Pipberger et al. [] had earlier demonstrated an even greater advantage, with a difference of %. In both
of these studies, the greater sensitivity was achieved by means of a Bayesian approach, utilizing prior probabilities and
multivariate analysis (see > Chap. ).

Using the modified orthogonal-axial-lead system, Macfarlane et al. [] devised another point score system for diag-
nosing LVH. Their sensitivity was % and their specificity was %. Such scoring systems lend themselves to computer
applications rather than regular use in the busy heart station.

As can be seen from > Table ., adopted from the Washington code of Pipberger [] (see > Chap. ), Frank
orthogonal-lead criteria can be relatively simple to use. By combining them with the -lead ECG criteria, the diagnosis
might be enhanced, as suggested in an earlier study []. Others have reported that orthogonal criteria are superior to
the -lead ECG in detecting LVH []. As previously noted in > Sect. ..., the measurement of the time-voltage area
of the horizontal-plane vector integral of the signal-averaged VCG can also significantly improve sensitivity of the VCG
for detecting LVH [].

. Miscellaneous LVH Topics

.. Apical Hypertrophy

Whenhypertrophic cardiomyopathy is localized to the apex and lowermidanterior septum, it can result in a characteristic
ECG pattern, namely, giant negative T waves and ST depression in II, III, aVF, and V–V, as well as negative U waves
and a prolonged QTc. The depth of the negative T wave and ST-segment depression varies from hour to hour or day to
day. Coronary angiography is always normal in these patients. This form of hypertrophy is discussed in > Chap.  (see
> Sect. ...).

.. Athlete’s Heart

As a group, trained athletes will have an increased LV mass with a larger diastolic cavity dimension and/or increased
thickness of the posterior wall and septum []. Strenuous activity of any kind will produce such physiological hyper-
trophy appropriate to the body size of the athlete and the degree of activity. For example, the LV wall thickness-to-LV
dimension ratio will be increased in weight lifters but remains normal in swimmers. Both will have higher peak rates
of LV dimension increase than normals, but when adjusted for larger size, all are within normal limits. In contrast, LV
volume or pressure overload with pathologic hypertrophy results in abnormalities of diastolic function or even altered
systolic function.
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⊡ Figure .

ECG recorded froma -year-old runner whowas apparently healthy. The LVmass on echocardiography wasat the upper end

of the normal range. Note the T-wave changes in V and V as well as the interior leads.

Highly trained athletesmay have ECG criteria for LVH, or have isolated T-wave changes (> Fig. .), or other abnor-
malities [, ]. The more extreme changes will cause diagnostic confusion so that exercise electrocardiography and
echocardiography may be needed to exclude organic disease. Even left-heart catheterization is justified when doubt still
exists. If a positive diagnosis of cardiomyopathy cannot bemade and there is no family history of premature suddendeath
or cardiomyopathy, then such patients should be vigorously reassured that no abnormality is present [].

.. Complicating ECG Features

TheRwaves in V and V may be reduced in amplitude in the presence of LVHwith poor R-wave progression, commonly
in the right andmidprecordial leads.Occasionally, the R is even absent inV–V (>Fig. .).The resultingQRS complex
mimics an anteroseptal infarction. The deeper the S wave in V and V, the less likely is anteroseptal infarction and the
more likely is LVH.

The absence of septal Q waves in V and V may result from septal fibrosis or incomplete LBBB. On the other hand,
Q waves may be produced in the inferior leads in cardiomyopathy.

Some notching of the QRS in midchest leads and an increased QRS duration to  ms often accompany increasing
degrees of hypertrophy. On the other hand, chronic lung disease, pericardial infusion, or myocardial infarction may all
result in reduced R waves masking the voltage criteria for LVH.

.. Bundle Branch Block and LVH

The diagnosis of LVH is usually considered to be very difficult in the presence of LBBB. However, the occurrence of
intermittent LBBB may allow its effects on voltage and axis to be noted, namely, lower voltage in lead I together with a
more leftward axis, deeper S waves in V and V, and lower R waves in V and V []. These changes led Kafka et al.
[, ] to recommend any one of three criteria for the diagnosis of LVH in the presence of LBBB, namely,

(a) RaVL > .mV
(b) QRS axis < −○ (RII < SII)
(c) SV > .mV
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⊡ Figure .

ECG recorded from a -year-old girl with a hypertrophic obstructive cardiomyopathy. Note the QS complexes in V–V

resulting from the severe LVH.

From a study of  examples of LBBB, Kafka et al. detected % with LVH when an indexed LV mass (defined as the
M-mode-derived LV mass divided by the body-surface area) exceeded g/m. Their criteria had a specificity of %.
Others have also suggested that LVH can be diagnosed in the presence of LBBB [, ] (see also > Chap. ).

It should be noted that the incidence of LV enlargement in the presence of LBBB is usually very high. In one series of
, hearts examined at postmortem [], Havelda et al. found % of  hearts with ECG LBBB to have LVH. In other
words, the diagnosis of LVH in the presence of LBBB can essentially be made by inference alone with a relatively high
accuracy.

Since right bundle branch block (RBBB) alters ventricular depolarizationmarkedly, most of the usual criteria for LVH
are no longer applicable, but the diagnosis of LVH can still be made (> Fig. .). Murphy et al. [] studied  cases of
RBBB that at autopsy had LVH by the chamber partition technique (LV mass �  g). They concluded that the use of
ECG criteria for left atrial abnormality allows the identification of LVH to rise from % to % with a false-positive rate
of –% depending on the observer.

An echocardiographic study of  patients with RBBB revealed % with an LVmass greater than  g. Vandenberg
et al. [] concluded that limb-lead voltage criteria and the P terminal force in V (see below) are the best detectors of
LVH with an “acceptable” specificity of %. An R in lead I greater than mV, for example, had a sensitivity of % and a
specificity of %. The specificity might have been higher if they had used the LV mass index as the criterion for LVH.

.. Regression

Since the introduction of echocardiography (ECHO) for the diagnosis of LVH, measured by LV mass or wall thickness,
there have been few properly conducted studies evaluating the correlation between ECG and ECHO markers of LVH.
Casale et al. [] have compared various ECG markers for LVH with M-mode ECHO diagnosis of LVH. The best cor-
relation between ECHO-determined LVH and ECG LVH involved S in V and R in aVL. Hill et al. [] compared wall
thickness to ECG voltages at baseline in an LV regression study in hypertensive patients treated with beta-blockers, but
did not find any significant correlation. Wollam et al. [] assessed the correlation between LV mass and ECG findings
in hypertensive patients, treated with a variety of antihypertensive agents, namely, hydrochlorothiazide, methyldopa, and
combination therapy. They demonstrated a significant correlation between R-wave amplitude in aVL and LV mass after
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⊡ Figure .

RBBB in a patient with echocardiographic evidence of LVH who underwent aortic valve replacement. The indexed LV mass

was . g/m (using the Penn convention). Note the right-axis deviation (QRS axis = ○), which might be thought to sug-

gest RVH even in the presence of RBBB. However, there was no evidence of RVH on ECHO, or at operation so that the left

posterior fascicular block may be the cause of the right-axis deviation. The ST-T changes in the lateral leads in this case are,

most probably, caused by LVH. There is also evidence of left atrial overload in view of the increased P terminal force in V (see

> Sect. ..). The QT interval is short because of the heart rate of approximately  beats min− in this patient.

 and  months therapy, but no correlation between changes in the Romhilt–Estes score and changes in posterior wall
thickness or LV mass index at  months. Three other studies [, ] demonstrated a decrease in LV wall mass as well
as precordial QRS voltage, but did not report a correlation between ECHO and ECG. More recently, Okin et al. []
demonstrated that regression of Cornell product LVH after  year of antihypertensive therapy was strongly associated
with decreases in LV mass and identified patients who had a greater likelihood of regression of echocardiographic LVH,
independent of treatment modality and of changes in systolic and diastolic blood pressure.

These findings might suggest that LV wall mass changes may be reflected in changes in the R-wave amplitude in aVL.
Whether computer assessment of the ECG for determining LV mass may yield more information remains to be seen. To
this end, Savage et al. and Rautaharju et al. [, ] have studied the correlation between ECHO estimates of LVmass and
those derived from an ECG model [].

In valvular disease, Carroll et al. measured the changes in voltage (SVl and RV–RV) after aortic valve replacement
and compared these changes to those in LVmass, diagnosed by ECHO [].They concluded that after surgical correction
of chronic aortic regurgitation, regression of LVH can be assessed by serial ECG data (see> Fig. .), which can identify
patients with complete, incomplete, or no regression of LVH.

.. Prognosis of ECG LVH

From a clinical point of view, ECG evidence of LVH with ST-T changes (ECG LVH) indicates a prognosis as seri-
ous as ECG evidence of myocardial infarction (ECG MI), at least in asymptomatic persons []. In the Framingham
study, .% of the original cohort had definite ECG LVH and % of all cardiovascular deaths were preceded by its
appearance [].

The -year mortality for menwith ECGLVHwas % compared with %without ECG LVH. Possible ECGLVH also
carried an increased but lower risk of death. Even cardiovascularmorbidity, that is, stroke, heart failure, coronary disease,
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and peripheral vascular disease is increased severalfold in subjects with ECG LVH, while ventricular dysrhythmias are
more frequent [–].

The diagnosis of ECG LVH with repolarization abnormalities doubles the cardiovascular risk compared to voltage
evidence only of LVH []. In the British Regional Heart study, it was found that middle-aged men with LVH and sec-
ondary repolarization changes had over five times the risk of suffering a fatal or nonfatal myocardial infarction in a -year
follow-up period compared to men with a normal ECG []. Among hypertensive men and women in the LIFE Study
[], the presence of the typical strain pattern was associated with a .-fold greater risk of myocardial infarction or
cardiovascular death over a -year follow-up period, even after adjusting for baseline severity of ECG LVH and for the
substantial decreases in blood pressure during treatment.

More recent data suggest that regression of ECG LVH and prevention of progression of ECG LVH are associated
with reduced cardiovascular risk [, , ]. In an observational study of  participants in the Framingham Heart
Study with ECG LVH by various criteria at a qualifying exam [], Levy et al. found that a significant decline in Cor-
nell voltage was associated with a lower risk of cardiovascular disease, whereas a significant increase in Cornell voltage
identified individuals at increased risk. In the Heart Outcomes Prevention Evaluation (HOPE) trial [], the combined
endpoint of either regression of ECG LVH or prevention of progression to ECG LVH by Sokolow–Lyon voltage crite-
ria in response to ramipril-based therapy was associated with reduced risk of death, myocardial infarction, stroke, and
congestive heart failure. Finally, serial ECG evaluation in the LIFE study [] found that lower in-treatment measure-
ments of both Cornell voltage-duration product and Sokolow–Lyon voltage were associated with significant reductions
in the incidence of major cardiovascular morbidity and mortality, independent of treatment-modality-employed base-
line Framingham risk score and of both baseline and in-treatment levels of blood pressure. Taken together, these findings
suggest that antihypertensive therapy targeted at regression or prevention of ECG LVH may become an additional goal
of therapy beyond that of lowering blood pressure, in order to further decrease the risk of cardiovascular morbidity and
mortality [, ].

.. Prevalence

The prevalence of LVH in various population studies has been estimated from the ECG (see > Chap. ). On the other
hand, as this chapter has pointed out, the sensitivity of ECG criteria is at best around % so that there will be considerable
underestimation of the true prevalence of LVH using the ECG. Data from the Framingham study have suggested that
the prevalence of electrocardiographic LVH increases as the severity of ECHO LVmass index increases []. The actual
prevalence of LVH as determined by ECHO ranged from .% of younger women to %of older females. Corresponding
figures for men were .–.%. Concentric LVH was most prevalent in the older age-group, and eccentric non-dilated
LVH was most common in the younger persons (> Table .).

⊡ Table .

Prevalence of various forms of electrocardiographic left ventricular hypertrophy in Framingham subjects []

Original cohort Eccentric dilated Eccentric nondilated Concentric Disproportionate septal thickness

Original cohort

Males (/, .%)  ()  ()  ()  ()

Females (/, .%)  (.)  (.)  ()  ()

Offspring-spouse

Males (/, .%)  ()  ()  ()  ()

Females (/, .%)  ()  ()  ()  ()

aData expressed as a number, with percent of subjects with ECHO LVH in parentheses.
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. Right Ventricular Hypertrophy (RVH)

.. ECG Criteria

The right ventricular forces are normallymasked by the dominant left ventricle. Inmild cases of RVH, no apparent change
may be noted, whereas when RVH is severe, the precordial leadsmay show a taller R wave in V than in V (> Fig. .).

Since V is closest to the RV mass, it is the lead most sensitive to changes induced by RVH, namely, taller R waves,
smaller S waves, and a change in the R:S ratio plus delayed onset of the intrinsicoid deflection (> Fig. .). Leads VR
and VR may also be helpful in diagnosing RVH.These leads may show the typical changes usually sought in V. Deep S
waves in I, V, and V also often accompany RVH (> Fig. .).

The type of heart disease involved plays a prominent role in the usefulness of various criteria for the detection of
RVH. In congenital heart disease for example, the sensitivity of such criteria is generally over %. In mitral stenosis, it
is approximately %, while in chronic cor pulmonale it may be near %.

A very extensive study of the sensitivity of the commonly used ECG criteria for RVH is that of Flowers and Horan
[] (see > Table .). They examined  hearts using the chamber dissection technique and found  with RVH.
Criteria based on abnormalities in V are the most specific (>%) but the least sensitive (–%); for example, a QR
complex in V (> Fig. .) is % sensitive but almost % specific.The inclusion of criteria involving the left precordial
leads decreased the specificity to below % but improved the sensitivity to about %. The “correctness” of a sign was
obtained by dividing the true positives and true negatives by the total group studied. Most of the  parameters listed
in > Table . had a “correctness” of –%. The best combination of sensitivity, specificity, and correctness occurs
with the constraint that requires the presence of two signs. Adding more only increases specificity at the expense of
sensitivity.

Murphy et al. [] confirmed the relative ineffectiveness of ECG criteria in the diagnosis of RVH. Using any of the
four criteria (the first four in > Table .), their sensitivity ranged from % to % and specificity from % to %,
dependent on patient selection. RVH in the presence of chronic obstructive lung disease proved the most difficult to
diagnose, and congenital heart disease with RVH was the easiest to identify. Most of the criteria listed in > Table .
have a much higher sensitivity (–%) when primary pulmonary hypertension is present []; for example, % have
an R/S ratio in V > . and % have an SV > .mV.

⊡ Figure .

Case of severe RVH in a -year-old male with rheumatic heart disease and two previous mitral valvotomies. The R wave in

V is taller than in V, and widespread secondary ST-T changes are in evidence. The pulmonary artery pressure was /,

suggesting severe RVH. There is also atrial flutter.
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⊡ Figure .

Typical changes of RVH as evidenced by the tall R wave in V, with T-wave inversion as well as a deep S wave in lead I giving

a QRS axis of ○. The PR interval was measured as . s. The ECG was recorded from a -year-old female with pulmonary

stenosis.

⊡ Figure .

ECG from a -year-old female with mitral stenosis and atrial fibrillation. Note the deep S wave in leads I, V, and V.

Widespread ST-T changes are also in evidence.

Themost useful ECG criteria for RVH are the following. If the QRS duration is less than . s, then RVH is likely if
one or more of the criteria below are present.

(a) Any one of the following:
(i) Right-axis deviation > ○ (in the presence of disease predisposing to RVH)
(ii) RaVR � .mV
(iii) RaVR >QaVR
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⊡ Table .

Sensitivity and specificity of various ECG parameters for the diagnosis of right ventricular hypertrophy (RVH) or enlarge-

ment and chronic obstructive pulmonary disease (COPD) with RVH

RVHa COPDwith RVHb

Parameters Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)

Limb leads

SSS    

SQ    

Right-axis deviation > ○ (> ○)   () ()

R aVR > .mV   

P pulmonale NS  

Lead V
ms � VAT� ms    

R/S ratio > . and T negative    

qR pattern    

S < .mV (and RV � .mV)   () ()

R > .mV    

R′ < ms    

rSR′ with R′ > .mV   

Other chest leads

S in V and V  

RV or RV < .mV    

R/S ratio V or V � .    

SV or SV > .mV    

RV + SV or SV > .mV   

R/S ratio V over R/S ratio V � .   

aModified from Flowers and Horan []. RVH defined as RV weight >  g or as relative right ventricular enlargement when RV is > % of the
total ventricular mass.
bAfter Murphy and Hutcheson [], using  RVH patients and  normals. RVH is defined as RV weight >  g or ratio (LV + S)/RV < ., or
probable RVH if RV weight > . g cm− body height and RV weight <  g.

(b) Any one of the following in V:
(i) R/S ratio > . and T negative
(ii) qR pattern
(iii)  ms � ventricular activation time <  ms
(iv) R � .mV
(v) S < .mV
(vi) rSR′ with R′ > .mV

(c) In other chest leads, any one of the following:
(i) RV + SV (or SV) > .mV
(ii) R/S ratio V or V � .
(iii) RV or RV < .mV
(iv) SV or SV > .mV
(v) R/S ratio V over R/S ratio V � .

(d) ST depression and T inversion in right precordial leads – usually seen in severe RVH, for example, in pulmonary
stenosis
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⊡ Figure .

QR complex in V from a -year-old femalewithmitral stenosis and atrial fibrillation. Appearances are strongly suggestive of

RVH. Note the absence of other QRS changes of hypertrophy, but the ST-T changes in the inferior leads are often supportive

of the diagnosis, although in this case they are also caused by digitalis effect.

⊡ Table .

Selected ECG criteria for the diagnosis of right ventricular hypertrophy []

Sensitivitya(%) Specificity (%)

R/S ratio V or V � .  

SV or SV � .mV  

Right-axis deviation > ○  

P pulmonale or right atrial overload  

Any one of the above criteria  

Any two of first four criteria  

SQ pattern  

All others < %)

aIf BVH is included, then sensitivity falls by ∼ % for each criterion although specificity is
generally similar.

.. ST-T-Wave Changes

As in LVH, secondary ST-T changes can be found in the right precordial leads in cases of pressure overload of the right
ventricle, such as in pulmonary stenosis. The classic appearance is ST depression with a convex upward ST segment
merging into a deeply inverted T wave (> Fig. .). Since these changes are a direct consequence of the RV hypertrophy,
they are often called secondary repolarization abnormalities (or sometimes RV strain).

.. SSS Syndrome

Although frequently used as a descriptive term by interpreters of electrocardiograms, this type of QRS complex may be
seen in normal individuals as well as those with RVH. As a rule, the S waves of smaller amplitude are seen in normals and
the deeper S waves are seen in those with RVH. In the latter case, the S wave in lead II is usually larger than the S wave
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⊡ Figure .

ECG recorded froma-year-oldmalewith recurrent thromboembolic disease, grosspulmonaryhypertension, andRV failure.

The chest x-ray showed cardiomegaly and an enlarged pulmonary artery. Note the QR complex in V with secondary ST-T

changes in V–V indicating RVH. These ST-T changes constitute the classical RV strain pattern. The P waves suggest right

atrial enlargement in addition.

in lead III. No definite quantitative definition of the syndrome exists although Chou [] has suggested the following:
an R/S ratio equal to or less than one in each of leads I, II, and III or the S wave exceeds the upper limit of normal for
the various age-groups, as defined by Simonson [] (e.g., in those over  years, .mV in leads I and II and .mV
in lead III).

.. Chronic Obstructive Pulmonary Disease

The typical ECG changes in patients with chronic obstructive pulmonary disease (COPD) include low voltage P-QRS-
T complexes, right-axis deviation, a QS complex in V (> Fig. .), and deep S waves in V or V, especially when
prominent P waves in II, III, and aVF are present. Cor pulmonale should at least be suspected if a subject with known
COPD develops any of the following ECG changes:

(a) Rightward shift of the QRS axis by ○ or more
(b) T-wave abnormalities in right precordial leads
(c) ST depression in II, III, and aVF
(d) Transitory RBBB

In general, the diagnosis of RVH (defined as an increased RV mass) superimposed on COPD is difficult. Four sug-
gested criteria [] for the diagnosis of RVH in the presence of COPD are (a) SlQ pattern, (b) RAD > ○, (c) SSS
pattern, and (d) an R/S ratio in V < .. When any of these four criteria were used, the sensitivity reached % but the
specificity fell below %. The diagnosis of LVH complicating COPD was unreliable since only % of  such patients
had the required ECG criteria.

The vertical position of the heart relative to the chest electrodes in patients with COPD may result in QS complexes
in V to V, suggesting an anteroseptal infarction. However, the vertical heart, prominent P waves, low voltage, and so
on should help identify COPD as the cause. Occasionally, Q waves appear in the inferior leads suggesting an inferior
infarction, but the T waves are not inverted.
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⊡ Figure .

ECG recorded from a -year-old male with chronic obstructive airways disease. There is evidence of RVH as exemplified by

the deep S waves in the lateral leads I and V together with right atrial enlargement as demonstrated by the tall P waves in

the inferior leads.

Left-axis deviation may be seen in about % of COPD perhaps related to the “axis illusion phenomenon” described
by Spodick [] or even the presence of LVH.

.. Orthogonal-Lead and VCG Criteria

As with LVH, the orthogonal-lead ECG can contribute to the diagnosis of RVH, using both scalar- and vectorcardio-
graphic measurements. It has been claimed that orthogonal leads can enhance the diagnosis of RVH [, , ], for
instance, in children. Brohet [] attained a sensitivity of % by means of multivariate computer analysis. Scalar cri-
teria, as might be expected, relate to a reduction in the R-wave amplitude in the lateral lead X with a correspondingly
low R/S ratio in that lead. In addition, the corresponding scalar orthogonal criterion is an increased Q/R ratio in lead Z
(directed positively to the back), analogous to the increased R/S ratio in V. In setting out criteria for screening, Pipberger
et al. [] selected the scalar criteria for RVH as illustrated in > Table .. The two levels A and B of criteria relate to
different specificities. Note that the criteria are dependent on the race of the subject. Since these criteria were chosen for
screening, they are not age dependent in order to make them as simple as possible.

The characteristic VCG changes of RVHmay produce three different QRS loops (> Fig. .) in the transverse plane,
but not all cases of RVH can be classified in this way. The three different loops are as follows:

(a) Type A is a clockwise-inscribed QRS loop located in the right and left anterior quadrants (right anterior area > %)
or, rarely, a figure-of-eight loop, for instance, as in severe RVH in pulmonary stenosis or severe mitral stenosis. The
specificity of this pattern is almost %.

(b) Type B is a counterclockwise-inscribedQRS loop, locatedmainly in the left anterior quadrant, but possibly extending
posteriorly to the left and right as in atrial septal defect.

(c) Type C is a counterclockwise-inscribed QRS loop located mainly posteriorly, with over % in the right poste-
rior quadrant; for example, it occurs in chronic obstructive lung disease or mitral stenosis and is very specific for
pulmonary hypertension (> % specificity).

A common occurrence in some of these cases is a frontal-plane QRS axis in excess of +○ (> Fig. .) despite an
% false-positive rate in normals and a % false-negative rate in severe pulmonary hypertension []. Not all authors
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⊡ Table .

Frank orthogonal-lead criteria for right ventricular hypertrophy [] (in the absence of ventricular conduction defects)

White Black

Males Females Males Females

RX amplitude (mV) Aa < . < . < . < .
Bb < . < . < . < .

(R/S) X amplitude ratio A < . < . < . < .
B < . < . < . < .

(Q/R) Z amplitude ratio A > . > . > . > .
B > . > . > . > .

RZ amplitude (mV) A < . < . < . < .
B < . < . < . < .

aLimits in rows labeled A indicate specificity� % associated with relatively low sensitivity
bLimits in rows labeled B have a specificity of –% and are associated with a higher sensitivity than those in A

feel the above classification of types A, B, and C is helpful (see > Chap. ). Cowdery et al. [] have suggested a specific
modification of previous vectorcardiographic criteria for detecting RVH in mitral stenosis.They obtained a sensitivity of
% and a specificity of %.

. Miscellaneous RVH Topics

.. Complicating ECG Features

Pathological states such as COPD, lateralMI, or left posterior fascicular block, which also cause right-axis deviation, may
be suggested by other clinical features.

The differential diagnosis of high posterior MI or other causes of prominent anterior forces (e.g., normal variation,
Wolff-Parkinson-White syndrome, IHSS, displaced heart, left median fascicular block, or RBBB) can be difficult. When
RVH is severe, it may result in Q waves in the right precordial leads, but with other changes that point to RVH rather
than MI. Tall R waves in V and V should not mask a posterior MI since secondary ST changes, namely, negative ST-T
waves, usually occur in the presence of RVH while peaked T waves, as are found in posterior infarction, do not occur.
Pipberger [] suggests that if the Q/R amplitude ratio in lead Y is greater than ., then posterior MI is likely, especially
when the T amplitude in lead Z is less than . (lead Z being directed positively to the back). Inferior or lateral MI may
also produce an increased R/S ratio in V (> Fig. .).

.. Right Bundle Branch Block and RVH

The diagnosis of RVH in the presence of RBBB (> Fig. .) remains a problem despite various criteria for an increased
amplitude of R′V. None of these is reliable, since such amplitudes occur frequently whenRVH is absent [], that is, there
are too many false positives and too few true positives. This is particularly true when biventricular hypertrophy (BVH) is
present. In , Del Rio et al. [] reported that the horizontal loop was directed anteriorly, clockwise, and to the right
when RBBB occurred with RVH. In , Brohet [] quantified these findings as an R/S ratio in lead X < ., and a
maximum horizontal-plane QRS vector ○ to ○. These criteria help diagnose RVH, particularly in young subjects.
An echocardiographic study of RVH in the presence of RBBB may help to develop new ECG and VCG criteria.
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⊡ Figure .

Three types of VCG loops suggestive of RVH: (a) the so-called type A RVH, where there is clockwise inscription of the loop

in the transverse plane (see > Fig. . for corresponding -ead ECG); (b) type B RVH, where there is increased anterior

force with counterclockwise inscription of the loop in the transverse plane (see > Fig. . for corresponding -lead ECG);

and (c) type C RVH, which has counterclockwise rotation in the transverse plane with a rightward posterior displacement of

the maximum QRS vector (see > Fig. . for corresponding -lead ECG). Note that lead Z, shown in scalar form, is directed

positively anteriorly, that is, appearances resemble V and V.
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⊡ Figure .

ECG recorded from a -year-old male with an infarction involving the inferior/posterolateral wall of the left ventricle. Note

the resulting increase in the R-wave amplitude in V and V.

⊡ Figure .

RBBB in a -year-old male patient with tetralogy of Fallot. The extreme frontal-plane QRS axis (−○) together with the tall

R wave in V is strongly suggestive of RVH.

. Biventricular Hypertrophy (BVH)

.. ECG Criteria

Combined ventricular hypertrophy or biventricular hypertrophy (BVH) is frequently impossible to identify by means of
the electrocardiogram, as marked hypertrophy of one ventricle maymask the hypertrophy of its neighbor.> Figure .
shows complementary examples. In > Fig. .a, the right ventricular forces in a patient with Eisenmenger’s syndrome
are dominant, but R in V is % above the normal limit suggesting LVH in addition. On the other hand, in> Fig. .b,



Enlargement and Hypertrophy  

⊡ Figure .

Part (a) is the ECG from a -year-old female with Eisenmenger’s syndrome. The RV enlargement tends to dominate the pat-

tern, but the tall R wave in V, together with the secondary ST-T changes in the lateral leads V and V, is suggestive of LVH in

addition. Part (b) is the ECG froma -year-old femalewithmitral stenosis and incompetence, as well as aortic incompetence.

Aside from the obvious ECG changes of LVH, there is a rightward QRS axis (= ○), suggesting RV enlargement in addition.

from a patient with valvular heart disease, the LVH produces a very deep S in V, but there is a rightward QRS axis (○)
suggesting RVH in addition.

Secondary RVH in patients with LVH is frequently masked by the dominant left ventricle, while patients with chronic
cor pulmonale may have anatomic LVH that is not detectable on an ECG. If criteria for isolated ventricular hypertrophy
are present, signs suggestive of hypertrophy of the other ventricle should be sought since it too is often enlarged. Cancel-
lation of forces can make some ECGs appear entirely normal (pseudonormalization) except perhaps for atrial fibrillation
and nonspecific ST abnormalities.
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Further support for the concept of overload hypertrophy of one ventricle leading to hypertrophy of the nonstressed
ventricle was offered byGottdiener et al. [] from an echocardiographic study of  patients. Increased RVwall thickness
was present in % of  patients with hypertension and % of  patients with aortic stenosis. The magnitude of the
increase in RV wall thickness was linearly correlated (r = .) with LV wall thickness, but was not associated with
pulmonary hypertension. The cause of the associated RVH therefore remains elusive.

In the presence of acquired valvular disease producing BVH, the electrocardiographic recognition of LV enlarge-
ment is particularly poor. Fortunately, the R/S ratio in V > . remains a sensitive predictor of RV enlargement or severe
pulmonary hypertension [].

Many attempts have been made to develop criteria for the diagnosis of BVH [–]. The most reliable criteria are
those determined by anatomical standards. By means of a chamber partition technique in an autopsy study of  patients,
Murphy et al. [] found that BVH was best diagnosed using left atrial abnormality (indicated by a negative PV > .mV
and of a duration > ms) as the sole criterion for LVH, and, in addition, any one of the following three criteria for RVH:

(a) R/S ratio in leads V or V � 
(b) SV or SV � .mV
(c) Right-axis deviation > +○
Even so, the resulting sensitivity was only % although the specificity was %.

In contrast, Macfarlane et al. [] studied  patients with BVH using the chamber partition technique. Criteria for
BVHwere developed from the first  and tested on the remaining  of these patients.Their point score from themodified
axial orthogonal-lead system (see > Chap. ) had a specificity of % and a sensitivity of %, which fell to % in the
test group, while the specificity remained high at %.

In , Gamboa et al. [] described the usefulness of the Frank orthogonal-lead system in diagnosing BVH. They
defined anatomic BVH as

(a) Heart weight exceeding  g
(b) LV wall thickness > mm and
(c) RV wall thickness > mm

When BVH cases were differentiated stepwise from normals, LVH and RVH and those misclassified eliminated with
each step, only % remained correctly classified as BVH. However, if the separation were against normal and LVH, or
normal and RVH, the percentages of correctly classified cases rose to % and %, respectively. Using linear discriminant
function analysis for separation of BVH and one covariance matrix for the combination of normal LVH and RVH, they
correctly classified % with % false positives. It may be assumed that BVH is present whenever marked hypertrophy
of either ventricle occurs. Since no ECG criteria are satisfactory at present [], the combination of -lead ECG and
the XYZ leads derived therefrom may be more helpful (see > Chap. ). In any case, computer assistance is likely to be
needed as shown by Brohet [] who diagnosed % of  examples of BVH by means of statistical methods applied to
Frank orthogonal-lead recordings.

.. Vectorcardiogram

The vectorcardiograms (> Fig. .) of about two thirds of those with BVH have characteristic horizontal-plane loops
[]. In > Fig. .a, the transverse loop is inscribed clockwise and lies anteriorly indicating RVH, but has over % in
the left anterior quadrant, suggesting LVH in addition. In contrast, in > Fig. .b, the transverse loop has its maximum
QRS vector in the posterior right quadrant, suggesting RVH in addition to the LVH producing the high voltages.

The so-called “pie plate” pattern of the horizontal loop is equivalent to the Katz–Wachtel phenomenon of the standard
ECG, namely, large diphasic deflections in the midprecordial leads as in large ventricular septal defects (see> Fig. .).
In the horizontal plane, the counterclockwise loop has large or equivalent anterior and posterior portions, which are
greater than the leftward extension.
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⊡ Figure .

Part (a) shows the vectorcardiogram corresponding to the electrocardiogram of > Fig. .a. Note the abnormal inscription

of the loop in the transverse plane suggesting RV dominance in this particular patient. Lead Z is directed positively anteriorly.

Part (b) shows the vectorcardiogram corresponding to the electrocardiogram of > Fig. .b.

.. Left Bundle Branch Block and BVH

Right-axis deviation in complete LBBB is a rare occurrence. Tranchesi et al. [] reported nine patients all of whom had
severe congestive failure with marked cardiac enlargement. Usually enlargement of both ventricles was present.

A review by Nikolic and Marriott [] of the  cases reported in the literature indicates it is a rare, insensitive but
very specific marker of diffuse myocardial disease, especially idiopathic cardiomyopathy.

. Atrial Enlargement or Overload

The P wave is a neglected area of electrocardiography. Perhaps this is because it is of low amplitude and often has only
minor alterations in one or two leads despite a major change in the atrial vector. Furthermore, atrial abnormalities seem
to be relatively unimportant as solitary defects because the QRS complexes are frequently obviously abnormal at the same
time.
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Various terms have been used to describe atrial enlargement or overload. Since an abnormality in atrial conduction
may be responsible for a broad notched P wave, it has been suggested that the term left atrial abnormality (LAA) replace
left atrial enlargement (LAE) or overload [–].

Obviously, better standards for diagnosing atrial enlargement need to be developed. Echocardiographymay eventually
lead to the development of a standard that includes sex and body-surface area utilizing a  percentile normal range as
a cutoff rather than a mean plus two standard deviations [, ]. Perhaps several-fold amplification of the P wave
would enhance its usefulness. Although this was suggested in  [], there has been little impetus to introduce such a
modification in the commercially available computerized ECG systems. Even the simplified bedsidemethod of recording
high-gain P waves described by Cristal and Freidberg [] in  has evoked little enthusiasm.

The early portion of the P wave reflects right atrial depolarization, and the late component largely reflects left atrial
depolarization []. These components are better visualized in the ECG by increasing the gain fivefold to tenfold [,
]. A timed vectorcardiogram was claimed to be over three times as sensitive as the standard ECG [] in detecting
atrial abnormality, while the ordinary VCG was claimed to be more than twice as sensitive [].

.. Left Atrial Abnormality

The ECG pattern of left atrial enlargement (LAE) may arise from atrial dilatation, pressure overload [], atrial pacing,
or abnormal intra-atrial conduction []. The term left atrial abnormality is therefore preferable although the two terms
are used interchangeably. Intra-atrial conduction abnormalities are discussed in > Chap. .

Echocardiography provides a simple means of assessing left atrial size, and has now replaced radiographic methods
in the detection of LAE [, , –]. The suggested M-mode ECHO criteria for LAE consist of

(a) Left atrial dimension > mm []
(b) Left atrial dimension/body surface area > . cmm− []
(c) Ratio of left atrial (LA) dimension to aortic-root diameter > . [, ]

Waggoner et al. [] studied  normals and patients with varying cardiac abnormalities (see > Table .), all of
whom were in sinus rhythm; of these,  or % had LAE by M-mode echocardiography defined by (a) or (c) as listed
above. Only two of %, or % of the false-positive ECGdiagnoses of LAA, were free of organic heart disease.The authors
concluded that the usual ECG criteria detect LAA rather than LAE.

Munuswamy et al. [] used all three of the above criteria as a definition of LAE when reporting the sensitivity and
specificity of various ECG parameters in  patients (see> Table .).They also tried various combinations of these six
parameters with the gain in sensitivity to % offset by a loss in specificity to %. Since they required all three ECHO

⊡ Table .

Sensitivity of commonly used ECG criteria for left atrial enlargement (LAE) of various causes [] a. The total

number of patients is 

Number of patients ECHO LAE (%) Sensitivity (%) False positive (%)

Normal  

Mitral valve disease    

Aortic-root disease    

Left ventricular disease    

Miscellaneous    

Left atrial diameter >  mm  

Left atrial/aortic-root ratio ∣ > .  

aCriteria used: P duration in lead II� ms, (negative P duration in V)/(PR-segment duration)� ., and terminal force P in V >
mVms. One or more of the criteria are satisfied
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⊡ Table .

ECG parameters of left atrial enlargement []

Criteria Sensitivity (%) Specificity (%)

Limb leads

Notched P with interpeak duration > ms  

P duration > ms  

P duration/PR segment > .a  

Lead V
Negative PV duration > ms  

Negative PV � .mV  

P terminal force > mVms in V  

aMacruz index []. PR segment is defined as the interval from the end of the P wave to the onset
of the QRS complex.

PTF = A (ms) x B (mV)

B

A

⊡ Figure .

Schematic illustration of the P terminal force (PTF) in V. It is obtained by multiplying the width (A) of the terminal (inverted)

portion of the P wave by the depth (B) of this component. If A is measured in milliseconds and B is in millivolts, then the PTF

is ABmVms.

measurements to diagnose LAE, indexing left atrial size to body-surface area would, perhaps, have only improved the
specificity.

Macruz et al. [] introduced an index, namely, P duration/PR segment, which was found to vary between  and .
in normal individuals. Note that the PR segment is the interval from the end of P to the QRS onset. A value of the index
in excess of . was said to indicate LAE, but it is a somewhat nonspecific criterion.

Only about –% of patients have the LAE pattern on the ECG when the LA dimension is increased [, ].
Nevertheless, the usefulness of a P terminal force (PTF) in V in excess of mVms has been documented [, ]. The
PTF was introduced by Morris et al. [] and is sometimes known as the Morris index. It is defined as the product of the
amplitude and duration of the terminal component of the P wave in V (see> Fig. .). In the case of LAE, the terminal
componentmay have a negative amplitude (biphasic Pwave), and hence the PTFwould be negative. An example is shown
in > Fig. .. It correlates moderately with the pulmonary capillary wedge pressure (r = .) and only slightly better
with the left atrial tension (r = .) []. However, a normal PTF excludes a pulmonary capillary wedge pressure of 
mm or over, while an abnormal PTF excludes one less than mm. For general routine use, Miller et al. [] found a
PTF > mV ms to be superior. Perosio et al. [] have suggested a new index (duration/voltage of P wave in lead II),
which has an excellent correlation with the left atrial size (p < .).While the PTF in V is themost frequently observed
criterion, it is important to look for other parameters, since any one may be the sole indicator of LAE [].

In children studied by Maok and Krongrad, a notched terminal P wave in the limb leads with a large negative ter-
minal deflection in lead V had only % sensitivity but a predictive value of %, although among those with mitral
regurgitation, the sensitivity for LAE was % []. The ECG and echocardiogram frequently disagreed.



  Enlargement and Hypertrophy

⊡ Figure .

Example of LAE in a -year-old male with a history of hypertension and myocardial infarction who was admitted for a

suspected recent MI. Note the broad and deeply inverted P waves in V.

.. Orthogonal-Lead Criteria for Left Atrial Enlargement

Thediagnosis of left atrial enlargement by orthogonal-lead criteria [, ] is unlikely to improve the sensitivity obtained
using the -lead ECG [–]. Two possible criteria have been suggested, namely, the sum of the positive amplitudes
of PX and PZ > .mV, where Z is directed positively to the back, that is, the P+ in Z compares with the P- in V, and
P+Z > .mV and P duration > ms. Even so, the best sensitivity obtained was about % and the specificity was %
compared to a PTF V sensitivity of % and a specificity of % [].

The time interval between the beginning of the P wave and the second P peak in lead Y in excess of  ms was the
most useful parameter in identifying LAE in mitral valve disease in one study []. It identified only % of all cases of
LAE, but was correct in % of those due to mitral valve disease. Unfortunately, it mislabeled % of normals and % of
right atrial enlargement. Therefore, even a twin-peaked P wave is nonspecific unless qualified carefully.

In a fashion corresponding to the abnormal P terminal force in V, the P vector loop in the transverse plane can be
displaced mainly posteriorly, with the maximum P vector being at approximately ○, as shown in > Fig. ..

.. Right Atrial Abnormality

The electrocardiographic diagnosis of right atrial abnormality (RAA) is often difficult, even in patients with known right
atrial overload or enlargement. It is influenced by various factors, such as age, heart rate, adrenergic stimulation, exercise,
hypoxia, and RV compliance. Reynolds [] noted that the positive portion of the P wave in V is largely caused by right
atrial depolarization and suggested a P index for V to aid the diagnosis of RAA in children. He found the occasional
patient with RAA who had a prominent terminal negative component in V. Unlike LAA, the negative P wave is pointed
and is less than ms in duration in RAA, while in LAA the terminal component is rounded and is greater than ms
in duration. An example of ECG evidence of RAA in a patient with chronic obstructive airways disease is shown in
> Fig. .. The criteria for detecting RAA by ECG have been studied many times by radiographic, hemodynamic, or
autopsy data to validate right atrial dimensions.

Two-dimensional echocardiography has been used to measure the right atrial size more accurately and test electro-
cardiographic criteria [, , ]. Reeves et al. [] defined RAA as an area greater than  cm. It was determined after
slow-motion, frame-by-frame viewing for maximal right atrial area. P-amplitude criteria alone had little predictive value.
RAA was found only in two of  with a prominent P in II, and one of five with a prominent P+V. In contrast, eight out
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⊡ Figure .

AmplifiedPvector loop in the transverseplane fromapatientwhoseECG is shown in> Fig. .. TheP loop is oriented almost

totally posteriorly. Note that in this particular ECG, there is clockwise inscription of the vector loop in the transverse plane,

suggesting myocardial infarction in addition, even though there is a prominent R in Z (directed similarly to V).

⊡ Table .

Criteria for right atrial enlargement

Diagnosis Criteria

Probable RAE . mV < P amplitude < .mV in any lead P in V � .mV (but less specific if heart
rate >)

Definite RAE P amplitude > .mV in any lead qR in V with coronary
disease clinically absent

⊡ Table .

Frank orthogonal-lead criteria for right atrial enlargement []

White Black

Males Females Males Females

Positive PY amplitude (mV) > . > . > . > .
Negative PZ amplitude (mV) < −. < −. < −. < −.

of eight with a qR in V and no coronary disease had RAA, as did  out of  whose total QRS amplitude in V was less
than .mV with a ratio of total QRS amplitude in V to total QRS amplitude in V greater than .. No allowance was
made for changing the definition of RAA depending on sex or body-surface area (see > Tables . and > .). Cacho
et al. [] used a right atrial area greater than . cmm− as a criterion for detecting RVH with % sensitivity in their
 test cases. Obviously, echocardiography may offer a new challenge to the development of superior ECG criteria for the
diagnosis of RAE.

The term “pseudo P pulmonale” has been used when prominent P waves are found in the absence of RAA. If left-
heart disease is present with pseudo P pulmonale, it is suggested that it reflects an increase in the left atrial component
[].
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⊡ Figure .

Example of biatrial enlargement in a -year-old female with tricuspid and mitral valve disease. The tall P waves in V and V

indicate RAE, while the broad bifid Pwaves seen in leads I, II, and III suggest LAE in addition. There is also a broad, though not

excessively deep, terminal component of the P wave in V.

.. Orthogonal-Lead Criteria for Right Atrial Abnormality

The orthogonal-lead criteria essentially mirror those of the -lead ECG, that is, an increase in P amplitude may be found
in lead Y as well as in P− in lead Z (equivalent to P+ in V). P loops are directed inferiorly and anteriorly.

.. Biatrial Enlargement

The ECG may show features consistent with both RAA (increased P amplitude) and LAA (broad notched P and/or
increased PTF V), in which case the term biatrial enlargement is appropriate (> Fig. .). Usually, however, atrial
fibrillation supervenes to prevent its detection. Large fibrillatory waves (>.mV, peak to peak) have been suggested as
being indicative of atrial enlargement [].
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. General Angiographic and Pathoanatomic Considerations

.. Essential Principles

Myocardial infarction (MI) by definition is the process of the death of heart muscle from loss of its blood supply
due to occlusion of the nutrient-supplying coronary artery. Three important points must be taken into account in the
functional/angiographic and pathoanatomic consideration of myocardial infarction. First, the location and potential
maximum size of the infarct resulting from this process is related to the location and extent of the perfusion bed of the
occluded coronary artery. Second, the acute electrocardiographic (ECG) changes of ischemia/injury, the ST displace-
ment vectors, are directed outward away from the center of the epicardium in the region of the involved myocardium.
The magnitude of this displacement vector is related to both the extent and severity of regional coronary non-perfusion.
The direction of this vector in D space is a marker for the specific coronary artery or branch occluded when there is
typical coronary artery distribution to the myocardium. Third, the death of myocardial cells and the loss of local electric
current dipoles from the myocardial excitation wave surface is the sine qua non of a completed myocardial infarct. This
is seen as loss of ventricular forces (QRS voltage) over time on the electrocardiogram (ECG), that is, loss of local QRS
spatial vectors (see > Chap. ). The extent of the spatial magnitude and duration (the voltage time integral) of the lost
pre-existing local QRS vectors (reflected in loss of localized -lead ECG forces), is quantitatively related to the size of the
resultant infarct.

The atrioventricular (AV) node sends, via the bundle of His and the branching His-Purkinje conduction system,
excitation impulses from the sinus node through the upper chambers of the heart to both the right and left ventricles.
Bundle branch fascicles insert into the fine ventricular endocardial peripheral network of this conduction system. This
starts the wave of ventricular excitation from endocardium to epicardium in the contractile myocardial cells. Even major
myocardial infarction occurs without significant damage to this fine inner endocardial peripheral Purkinje network since
it receives its blood supply directly from the cavity blood. However, infarction may produce block of all or part of the
thicker proximal left or right bundle branches since these receive their blood supply from intramural septal arteries.Thus
proximal coronary artery occlusion can result in a complete right bundle branch block (RBBB), left anterior-superior
fascicular block (LAFB), left inferior-posterior fascicular block (LIFB), or complete left bundle branch block (LBBB).
Infarction is also seen in the presence of ventricular hypertrophy or dilatation, and with repolarization changes of acute
or chronic ischemia.The spatial vector change in the finally recordedECG is a variable combination of all these effects.The
complexity of these interactions precludes the memorization of ECG patterns. A thorough understanding of the three-
dimensional (D) spatial aspects of normal excitation and recovery (> Chaps.  and > ), and that of the conduction
defects just described, along with the QRS and ST-T changes tightly linked to them are prerequisites for the rational
understanding and interpretation of the ECG. To quote J. Willis Hurst in his  paper [] on . . . “Suggestions for the
Improvement of the Interpretive Process” of clinical ECG, “The best way to interpret tracings is to learn the basic principles
of electrocardiography, including vector concepts, and apply them to each tracing that is being interpreted. Without such an
approach, people who memorize are helpless when they see tracings that they have not seen before.”

This chapter is dedicated to bridging this gap. The local spatial vector changes of acute myocardial infarction lend
themselves to quantitative analysis relating to the time from the initial incident into the acute phase, the area at risk, and
the potential for myocardial salvage. The loss of local QRS forces from the resultant infarct, in normal and abnormal
conduction, can be related quantitatively to the resulting infarct size, functional reserve, and life expectancy.

.. Historical and Future Perspective

In , Hodgkin and Huxley received the Nobel Prize in medicine for “their discoveries concerning the ionic mecha-
nisms involved in excitation and inhibition in the peripheral and central portions of the nerve cell membrane” []. They
performed key experiments in  and provided an explanation in  of how the nerve conducts its impulse. Their
explanation was that the membrane becomes momentarily very permeable to sodium ions which are positively charged
and aremuchmore concentrated outside cells than inside. Later, they came across a paper by Overton, who in ,made
the same observation in muscle []. Overton then repeated the experiment on nerve where he put it in salt-free solution,
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but the nerve continued to work. He concluded that the nerve is surrounded by a sheath that holds sodium around the
fibers.

In , Smith recorded the electrocardiogram in dogs after ligating coronary arteries [] and, in , Pardee recorded
an electrocardiogram of a patient with an acute coronary occlusion []. Pardee described the appearance of ST elevation
in leads II and III and correctly observed that the ST segment electrical forces were pointing down toward leads II and
III. However, at this time it was not understood that the ST vector from transmural ischemia would point away from the
heart rather than toward its center.

A number of experiments in the following years showed that electrode location, as well as the size of the ischemic
region, affected the magnitude and direction of ST-segment change [, ]. In , Frank Wilson applied many of the
recently developed electric field theories to the electrocardiogram []. Specifically, he developed his central terminal and
used the solid angle theorem to evaluate proximity effects [, ].

... The Electrocardiogram to Index the Extent and Severity of Ischemia

In the early s, Braunwald andMaroko proposed that altering myocardial energy supply and demand following coro-
nary occlusion might influence the extent and severity of ischemic injury []. They looked to ST-segment elevation on
the electrocardiogram as a simple and reproducible means of indexing ischemia. Studies utilizing epicardial electrodes
in animals reported that the severity and extent of myocardial ischemia-infarction could be reduced by different thera-
pies including propanolol, nitroglycerin, norepinephrine, mannitol, hypertonic glucose, hyaluronidase, hydrocortisone,
cobra venom factor, and others. However, these investigators did not consider the physiologic and theoretical basis of
the ST-elevation which had been described decades before by previous investigators. In response, Holland and Brooks
performed a series of experiments where they theoretically and experimentally tested the effects of spatial and non-spatial
factors on changes in the ST segment in the pig heart [, ]. They demonstrated that epicardial ST-segment measure-
ments were not reliable markers of the extent of ischemia, and that increasing size of ischemia could lead to a decrease in
the amount of ST-elevationwhen the electrode was located on the center of the ischemic area.They explained this finding
by using solid angle theory.

Following the publications by Holland and Brooks, Braunwald and Maroko published an editorial: “ST-segment
mapping: Realistic and unrealistic expectations” []. Indeed, direct histological methods to determine infarct size
later showed that infarct size expressed as a percentage of the perfusion area was not significantly altered by any of
these proposed early therapies []. However, this initial work helped stimulate two key fields of research: () detailed
characterization of the electrophysiology of ischemia and () a search for interventions that could limit infarct size.

... Current and Future Perspective

In the same way as investigators turned to the electrocardiogram when investigations to limit infarct size developed in
the s, physicians have recently turned to the electrocardiogram to identify heart failure patients with suspected LV
dyssynchrony who might benefit from cardiac resynchronization therapy (CRT) with biventricular pacemakers. This is
logical if the patient has a left bundle branch block type electrical activation with considerable delay between contrac-
tion of the septum and LV free wall. However, investigators have not used identification of the morphology of LBBB as
a criterion for CRT, but rather a QRS duration >ms. Not surprisingly, one-third of patients do not respond to CRT.
As will be described in this chapter, there are a number of other pathologies that can affect QRS duration which do not
have significant asynchrony between the septum and the LV free wall, namely left and right ventricular hypertrophy, left
anterior-superior fascicular block, left inferior-posterior fascicular block, right bundle branch block, intra/peri-infarction
block, fibrosis, and any combination of these pathologies. Grant and Dodge [] studied patients with ECGs before and
after new onset LBBB and observed that all patients had a QRS duration ≥ms with LBBB. Furthermore, as described
in this chapter, combinations of fascicular blocks and LVH can cause QRS durations >ms that can only be differ-
entiated by QRS morphology. In this chapter, we will make a conscious effort to relate three-dimensional anatomy,
electrophysiology, and vector concepts to interpreting ECGs and vectorcardiograms.
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.. Nomenclature and Definitions

Theextent of a completedmyocardial infarct (MI), defined as the death of myocardial cells from loss of their blood supply,
can vary from a few dozen cells replaced by scar, i.e., amicroinfarct, to a very large scar fromone ormore infarcts replacing
% or more of the heart. Commonly, the term myocardial infarct is used for focal lesions of  cm (– million cells)
or more caused by major atheromatous and clot occlusion in one or more coronary arteries.Throughout this chapter, we
will use the term acute myocardial infarction for the early process of creating these very large clusters of dead and dying cells
and myocardial infarct when the process has been completed, with dead and necrotic cells being, or having been, replaced
by a collagen scar. Microscopic scars that have replaced a few hundred to a few thousand cells can pathologically and
etiologically properly be called micro-infarcts, and larger clusters of scar replacing a few hundred thousand cells can
properly be called macro-infarcts. However, in order to separate these minute scars that generally occur with peripheral
small vessel disease from the larger ones of  cm or more, described above, it is conventional to refer to clusters of small
(micro or macro) scars as local, multifocal, or diffuse myocardial fibrosis.

... Myocardial Subdivisions

As far as nomenclature of the various myocardial regions is concerned considerable inconsistency and ambiguity exist in
the pathology literature, the ECG literature, and in the literature of the various disciplines concerned with imaging the
heart. In , the Committee on Nomenclature of Myocardial Wall Segments of the International Society of Computer-
ized Electrocardiography [] recommended the adoption of a -segment left ventricular (LV) subdivision (> Fig. .)
based on the Ideker  LV segment [] and the Horan et al.  LV segment subdivision []. The earlier Ideker subdivi-
sion was made up of eight circumferential (octant) subdivisions starting with the center of the septum in serial bread-loaf
cross sections of the heart as shown in the mid LV cross section, lower right of> Fig. .. Each two adjacent octants were
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⊡ Figure .

–segment LV subdivision recommended by the Committee on Nomenclature of Myocardial Wall Segments of the Interna-

tional Society of Computerized Electrocardiography. It is derived from the circumferential octant subdivision of Ideker with

 LV segments merged to a quadrant subdivision of  segments as described in the text. The original octant boundaries are

indicated by the dotted lined in the lower right portion of the figure (A. anterior: P. posterior: S superior: I. inferior).
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⊡ Figure .

A Mercator projection of the epicardial surface of the left ventricle with a typical distribution of the three major coronary

arteries. This specific circumferential quadrant subdivision has the advantage of dividing the left ventricle along the lines of

the perfusion beds of the three main arteries. As indicated in the cross section of the heart below, the superior –% of the

anteroseptal wall is perfused by septal perforator branches of the left anterior descending (LAD). The inferior –% of the

septum is perfused by the shorter septal branches of the posterior (inferior) descending artery (PDA), one of the two distal

branches of the right coronary artery (RCA) and is included in the inferior wall. The other distal posterolateral branch of the

RCA perfuses the other half of the inferior quadrant via –marginal branches. As indicated in this diagram, the LAD typically

supplies all of the three apical (anteroseptal, anterosuperior, inferior) segments and the distal half of the apical posterolat-

eral segment. It also supplies the remaining anteroseptal and anterosuperior walls. The basal segment of the anterosuperior

wall has a dual blood supply. Except for the distal half of the apical segment, the posterolateral wall is supplied by the left

circumflex (LCX) coronary artery.

combined to provide a quadrant subdivision of four walls: Octant  and , as anteroseptal,  and  as anterosuperior, 
and  as posterolateral and  and  as inferior. Octant  was set in the mid septum with the lower anteroseptal boundary
dividing the septum, /th for the longer septal arteries from the left anterior descending, and /th for the shorter sep-
tals from the posterior descending. The LV was further subdivided from apex to base into three regions (apical, middle,
and basal) by passing three planes at right angles to the internal long axis of the LV. This internal long axis is divided
into three equal parts, thereby producing the final  segments of approximately equal volume as shown in > Fig. ..
This quadrant subdivision of  walls of  segments each has the advantage, as shown in > Fig. ., that the boundaries
of the perfusion beds of each of the three main coronary arteries usually overlay segmental boundaries. An analogous
recommendation appeared at about the same time from the Committee on Nomenclature and Standards of the American
Society of Echocardiography []. The anatomic landmarks, definition and nomenclature of the  LV segments, which
are shown in > Fig. ., will be used throughout this chapter.
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... Extent and Sites of Myocardial Infarction and Related Coronary Artery Occlusions

Considerable inconsistency and ambiguity also exists with respect to the labeling of the extent, transmurality, and location
of infarcts. The evolution of the labeling of extent/transmurality is as follows: Myocardial infarcts (MIs) with abnormal
Q waves have been called transmural and those without were labeled as subendocardial. In later years, a number of
investigations [–] documented that many of the “transmural” MIs were limited to the subendocardium at autopsy
and the absence of abnormal Q waves was noted in a significant number of pathoanatomically large transmural MIs.
Thus, in the earlier era of non-reperfusion, descriptive labels “Q-wave MI” and “non-Q MI” gained common usage.
In the current early reperfusion era, patients with persistent or unstable resting chest pain and major ST elevation (so
called ST elevationMI – or STEMI) have been labeled “acute injury/infarction” with the expectation that a (transmural)
Q-wave MI would evolve; those with such chest pain and ) sub threshold localizing ST elevation or ) significant ST
depression (NonSTEMIECGs)were labeled probable subendocardial infarction.Again, a number of patientswith STEMI
failed to develop abnormal Q waves and a number with NSTEMI did. The labeling of location and extent of evolving
myocardial infarcts has also undergone a similar evolution. The  ACC/AHA guidelines [] for the management
of NSTEMI/UA (Unstable Angina), a subset of Acute Coronary Syndrome, has defined the two major subgroups, ()
and () above, of NSTEMI as “High Risk NSTEMI.” These groups had a higher in hospital,  day and  year mortality
than acutely revascularized STEMI. These are STEMI equivalents and should be considered for emergency coronary
angiography with the intention of performing PCI (percutaneous coronary intervention) or referral to emergency bypass
surgery.

The structures and regions in question are all in the human thorax, where the anatomic conventions of the upright
humanhave becomewidely used: superior, toward the head (cephalad); inferior, toward the feet (caudad); anterior, toward
the front of the subject (ventral); and posterior, toward the back (dorsal).The ambiguity in terminology and the plethora of
terms, including many hyphenated terms for location (and extent) of MI and cardiac anatomy that have evolved through
the last two centuries have arisen from twomain sources: () the lack of strict adherence to the anatomic conventions of the
upright human described above and () the fact that the long axis of the heart (and the apex of the LV) is angled forward
at about ○ from the frontal plane and downward from the horizontal plane at about the same angle.Three well-defined
groups of localized myocardial infarcts can be identified anatomically and angiographically, each being associated with
occlusion of one of the three major coronary arteries and/or their branches. Infarcts in each of these arterial distributions
range in size from being very small to very large.

Of the ambiguous and at times contradictory terms used to designate location and extent of infarcts, the most con-
tradictory and confusing is “lateral.” For infarcts involving the distal LAD and the LV apex with ST elevation and or
abnormal Qs in one or more of I, V, V, electrocardiographers commonly report “lateral infarct”; if V is involved they
report “anterolateral” infarct, and when aVL is involved, “high lateral.” Early pathoanatomists called the wall between the
papillary muscles “lateral,” as seen in the LCX distribution in > Fig. .. This wall is still being so labeled by some who
are currently imaging the heart. Electrophysiologists dealing with accessory pathways from the atrium to the ventricles
tend to call tracts to the base of the right ventricle “anterolateral bypass tracts,” and those to the mid basal left ventricle
“posterolateral bypass tracts.”The inferior wall was labeled posterior by early pathoanatomists, cardiologists and electro-
cardiographers. It has evolved through diaphragmatic to inferior over the past  years.Thanks to earlier AHA guidelines,
themost inconsistent of this set is often the basal segment of the inferior wall still being called posterobasal in some recent
reports. But this appears to be on the wane. The branch of the RCA supplying the inferior wall is in general called the
posterior descending artery (PDA), while there is still reference to the posterior papillary muscle which originates from
the inferior wall.

To be simple, brief, and anatomically consistent, the anatomic conventions of the upright humanwill be used through-
out this chapter. For the sake of clear interchange between electrocardiographers, vectorcardiographers and those engaged
in the various disciplines that image the heart and thorax, the following nomenclature is strongly recommended.

(a) Anteriormyocardial infarct (with size modifiers in [f] below) is used for all infarcts resulting from occlusion of the left
anterior descending (LAD) coronary artery.This involves both the anteroseptal and anterosuperior walls and usually
the inferior apical segment, (see > Fig. .). Anterosuperior myocardial infarct (with size modifiers in [f] below) is
used for occlusion of the major diagonal branch of the LAD.
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(b) Posterolateral myocardial infarct (with modifiers in (f) below) refers to all infarcts resulting from occlusion of the
posterior left circumflex (LCX) coronary artery or its branches. This involves mainly the posterolateral wall (see
> Fig. .).

(c) Inferior myocardial infarct (with modifiers in (f) below) includes all infarcts resulting from occlusion of the usually
dominant right coronary artery (RCA) which supplies the posterior (inferior) descending coronary artery (PDA)
and its posterolateral branches (as shown in> Fig. .).This usually involves mainly the middle and basal segments
of the inferior wall.

(d) Note: The term “posterolateral-inferior myocardial infarct” (with modifiers in (f) below) will be used in the special
case where a combination of (b) and (c) occurs with significant infarction of both the posterolateral wall and the
inferior wall of the LV. This commonly occurs from occlusion of a dominant LCX artery, which also has the PDA
as its most distal branch. It may also occur from occlusion of a rare dominant RCA with a very large posterolateral
branch and a diminutive LCX.

(e) Apical extension, with ECG and spatial vector changes in right to left apically oriented leads I, aVR, V, V, V, andX,
most commonly occurs with an anterior infarct, in which case the size modifiers below indicate apical extension. A
specific notation of “with apical extension” or “anteroapical infarct.” while quite appropriate, is redundant. Significant
apical extension can occur as a part of local posterolateral or inferior infarct, in which case it is appropriate not only to
use the probability and sizemodifiers but to specify “posteroapical,” “inferoapical” or “with apical extension.” Because
of the ambiguous and variable, often contradictory usage of “lateral” by the many disciplines that describe regional
cardiac anatomy [], the term will be used here only in combination with posterior for the posterolateral wall of
the LV.

(f) Probability modifiers such as consider, possible, probable and none and Size modifiers such as small, moderate,
large and very large will be used with each infarct diagnostic category in order to indicate both the ECG reader’s
confidence in the interpretation and the extent of the infarct. The quantification of extent or size of the infarct linked
to size modifiers and the statistical basis for their combination with the probability modifiers are dealt with in more
detail in > Sect. ., and > Table ..

... Myocardial Fibrosis (Multifocal Infarct): Etiology and Common Terms

By definition, infarction is the death of any tissue as a result of disruption of its nutrient blood supply. The resultant
myocardial infarct may be a consequence of major atheromatous and clot occlusion in the proximal coronary arteries, or
arteriolar micro vascular disease such as in diabetes and hypersensitivity vasculitis, rheumatic disease, collagen disease
and so on. In this case, the resultant infarct is very small and multifocal owing to small-vessel occlusion, and may be
irregularly scattered throughout the heart or may be uniformly distributed. A similar mechanism can be seen in viral
and bacterial vasculitis with intramural and perivascular infiltrate, leading to multifocal local arteriolar occlusion and
multifocal infarct. Diffuse fibrosis, by this mechanism, causes excessive fragmentation of the QRS complex as seen on a
high-gain high-frequency ( samples/s and signal averaged) ECG. In many patients of this group, there is a mixed
inflammatory and hypersensitivity response, but the myocardial consequence is similar, that is, many small-vessel occlu-
sions leading to multifocal infarcts. The changes as a result of myocarditis are discussed in more detail in > Chap. 
along with the infiltrative diseases of the heart.

The ECGchanges produced by thesemultifocal infarcts depend upon the extent or size of each focal area of necrosis. If
these are minute (<.mm across), and diffuse the main consequence will be an overall loss in myocardial substance.The
lesions are so small that except for decreased voltage, they produce little discernible local change even in high-gain high-
fidelity ECG records. When individual local macro-infarcts are both larger (–mm across) and multifocal, extensive
high-frequency notching and fragmentation of the entire QRS in the –Hz range may occur. While the term “mul-
tifocal myocardial infarct” for both micro- and macro- lesions is pathologically and etiologically appropriate, common
medical usage has linked the term “myocardial infarct” to larger, more discrete infarcts associated with major coronary
artery occlusion.The term “myocardial fibrosis” has gained common usage for theseminute infarcts. We will use the term
myocardial fibrosis for the usual appropriate modifiers to indicate the severity and extent of the process, and to describe
the ECG changes associated with these lesions. They may be either “localized” or “diffuse.”
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... High Frequency Signal Averaged ECG Recording

The term “high frequency ECG” has come to be associated with signal averaging and  samples per second (sps)
digitizing rate. This sampling rate covers the upper frequency range of Hz. To make maximal use of these higher
frequencies, ECG preamplifiers are adapted to be .–x the usual upper response rate of Hz of conventional ECG
recorders. For the signal averaging process, a typical P QRS T waveform for a specific ECG is chosen as the template
for the complete cycle. Each following beat or cycle is compared to the template.Those with a high correlation with the
template are time aligned with it to the nearest ms (millisecond) and averaged together. Waveforms that are ectopic,
aberrant, or very noisy are excluded by this process. Muscle artifact, electromagnetic noise, and baseline wander that is
not systematically related to the ECG waveform are suppressed by the averaging of the time aligned ECG signals. The
number of beats that must be averaged together depends on the resolution desired for any application, and the severity of
the baseline artifact or noise that needs to be suppressed.This methodology is also used for low amplitude high frequency
QRS late potentials and for detailed high resolution digital P wave studies. (see > Chap. ).

.. Regional Distribution of Myocardial Infarcts and Coronary Anatomy

Atherosclerotic occlusive coronary artery disease generally occurs in the proximal third of the coronary tree and involves
major branches of this system, often near bifurcations.The posterior descending artery, usually a distal branch of the right
coronary artery is the major exception to this rule. The extent of evolving infarction from proximal coronary occlusion
in any artery perfusion bed is a function of the size of the area at risk []. It is also inversely related to the amount
of effective forward collateral circulation that developed around the obstructive lesion and into the area at risk beyond
and/or retrograde to collaterals, from well perfused neighboring coronary vascular areas []. The size of the associated
infarct may vary from none visible angiographically (as in –% of all total occlusions) to all or nearly all of the area at
risk in a given perfusion bed (–% of all total occlusions). Even though the coronary occlusion is in the proximal few
centimeters, in most occlusions smaller infarcts tend to localize to the distal distribution of the involved artery. They are
mostly subendocardial consistent with Reimer and Jennings’ “wave model of infarction” [].

... Left Anterior Descending (LAD) Coronary Artery Occlusion

The resulting infarcts from LAD occlusions, when small, tend to localize at the anterior apex (> Fig. .). Moderate-
sized infarcts involve the apex and more of the middle segments of the anteroseptal and anterosuperior wall. Large
infarcts involve the apex circumferentially and most, or all, of the middle anteroseptal and anterosuperior walls. Very
large infarcts involve the same regions and usually extend into the basal segments of the anteroseptal and anterosupe-
rior walls. However, complete involvement of these basal segments even with very large infarcts is uncommon. Four
main locations of the LAD coronary artery produce four smaller subsets of these various-sized anterior infarcts as
follows:

(a) The mid to distal LAD in most patients, with its “wrap around” onto the distal third of the inferior wall, perfuses
the two anteroapical segments of > Fig. ., the inferoapical segment and a variable portion of the posteroapi-
cal segment. The size of any infarct from distal LAD occlusion thus may vary from small to moderate. In the
occasional patient with a very dominant LAD and extension of the “wrap around” well into the inferior middle
segment, the infarct may be large. Mid LAD occlusion distal to the first large diagonal may also result in large
infarcts.

(b) The proximal main diagonal branch of the LAD perfuses the basal and middle segments of the anterosuperior wall
with variable extension to the apical posterolateral segment (see> Fig. .). Any infarct from proximal occlusion of
this diagonal branch is usually small, occasionally moderate in size, following the diagonal perfusion bed across the
anterosuperior wall.

(c) The proximal first septal perforator branch of the LAD perfuses the basal segment of the anteroseptal wall. Isolated
occlusion of this branch is uncommon, and the associated infarct is generally small.
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⊡ Figure .

The samemercator projection of the epicardial surface of the left ventricle as shown in> Fig. .. Shown here is the regional

distribution of the single infarcts seen on biplane ventriculograms (% of visible infarcts from the Rancho/USC database*).

Not included in this figure are the % of patients withmultiple infarcts. Note that themajority of these single infarcts involve

less than half of the potential risk area, and when small tend to localize in the distal distribution of the particular vascular

bed. As a result of the smaller areas potentially at risk, posterolateral and inferior infarcts tend to be small tomoderate in size.

Large to very large anterior infarcts involving more than % of the left ventricle, with the concomitant severe dysfunction

and ejection fraction below % occur in % of all of these single infarcts but occurs in only % for posterolateral infarcts

and % for inferior infarcts. By contrast, well over half of the % of patients withmultiple infarcts have the sum of infarcts as

large to very large, severe LVdysfunctionandejection fractionsusuallywell below%. ∗Footnote: Beginning in  theRan-

cho LosAmigosMedical Center campus of theUniversity of Southern California (Rancho/USC) instituted a post-infarction and

chronic angina cardiac rehabilitation program. The coronary angiographic database referred to in this figure, and throughout

this chapter, consisted of  patients from this program. Biplane ventriculograms of  revealed local wall motion abnor-

malities in the distribution of an occluded coronary artery consistent with myocardial infarct. A single infarct was present in

/ (%). Multiple infarcts were noted in / (%). An additional  patients had one or more totally occluded coro-

nary arteries and no visible infarct. Another  had severe multi-vessel coronary disease and diffuse wall motion abnormality

(hypokinesis) with no localization, and a low ejection fraction consistent with severe ischemic myopathy.

(d) The LAD perfuses more than % of the LV. Occlusion of this artery proximal to the first diagonal and the
first septal perforator, produces a sum of all the effects a, b, and c, above. Depending on how late in life this
occurred and how aggressive was the formation of collaterals around the obstruction and from the other two
major coronary arteries, the infarct size can vary from non existent (–% of such occlusions) to very large and
lethal.
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... Non-Dominant Left Circumflex (LCX) Occlusion

Three locations of occlusion are found, usually in the proximal third of the LCX distribution. The resultant infarct size
varies from none to all of the specific area at risk. The three cases are as follows:

(a) Left obtuse (main) marginal circumflex occlusion usually occurs at or near its origin. The region of perfusion for
this artery is mainly the middle segment of the posterolateral wall with variable extension into adjacent regions
(> Fig. .). Small infarcts are usually localized in the middle posterolateral segment near its junction with the
apical posterolateral, middle inferior and apical inferior segments (see > Fig. .). Moderately sized posterolateral
infarcts involve most or all of the posterolateral mid-region with extension to the aforementioned adjacent regions
as well. Large infarcts are uncommon with occlusion of this branch of the LCX.

(b) Local occlusions also occur in the distal circumflex beyond the branch point of the proximal LCX into the
main marginal and distal branch. Total occlusion of the distal non-dominant LCX usually produces small basal
posterolateral infarcts (> Figs. . and > .).

(c) Total occlusion of the proximal non-dominant LCX produces a combination of the effects of (a) and (b). Subsequent
infarcts may range in size from virtually nothing (–% of such occlusions) to moderate or large posterolateral
infarction involving most of the posterolateral wall, usually with extension onto some of the inferior wall.

... Dominant Left Circumflex (LCX) Occlusion

Only –% of subjects have a dominant LCX in which the posterior descending artery is a branch of the circumflex.
Under these circumstances, the circumflex perfuses about half of the left ventricle while the LAD perfuses the other half.
Very large infarcts occur with total occlusion of such an LCX artery in about the same percentage of patients as with
total LAD occlusion.The low incidence of left dominant anatomy, however, accounts for the very low incidence of single-
vessel LCX occlusion with very large posterior-inferior infarcts (.% of angiographically demonstrable single infarcts)
as compared to single-vessel LAD occlusion and very large anterior infarcts of %. In –% of cases with proximal
total occlusion of a dominant LCX with good collaterals, like other major coronary arteries, there will be no angiograph-
ically demonstrable infarct. Small infarcts usually involve the middle posterolateral and inferior regions (> Fig. .).
Moderately sized infarcts extend into the inferior posterior base and usually somewhat toward the apex. Large infarcts
involve most or all of the inferior and posterolateral mid-region and base, and extend into the apex and the inferior
anteroseptal wall.

... Right Coronary Artery (RCA) Occlusion

Most occlusions of the right coronary artery occur in the proximal third, although a significant number of patients have
occlusion of this artery in the middle third, or where the posterior descending artery branches off. The proximal occlu-
sions have a significant incidence of right ventricular involvement whereas the distal occlusions do not.The ECG criteria
for the diagnosis of this variable right ventricular infarct are presented in > Sect. ... The effect on the left ventri-
cle of all three locations of total occlusion of the right coronary artery is similar. One fourth of these occlusions occur
with little or no infarction. When present, small infarcts are usually in the inferior mid-region (> Fig. .). Moder-
ately sized inferior infarcts will have extended into the basal segments of the inferior and posterolateral walls. Larger
inferior infarcts are uncommon and, when present, may extend into the inferior apex, into the lower third of the mid-
dle and basal segments of the septum, and into the lower third or more of the entire posterolateral wall. These RCA
lesions are associated with a very right dominant coronary artery with a large posterolateral branch and a minimal cir-
cumflex. They would be indistinguishable, both anatomically and by ECG, from a mid total occlusion of a dominant
LCX artery except in acute infarctions, for the absence of ECG and clinical signs of acute right ventricular infarct in
the latter.

In summary, the relationships of size and location of angiographically demonstrable first or single infarct and the
percentage distributions of each in the major coronary perfusion beds are shown in > Fig. .. Single local infarcts that
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are a result of RCA or LCX occlusion are usually small (% of all infarcts), are occasionally moderate in size (%) and are
only rarely large to very large (%). On the other hand, anterior infarcts from LAD occlusion are approximately equally
distributed between small (% of all infarcts), moderate (%), and large to very large (%). It is prudent to take these
prior probabilities as to size and location into account, looking for subtle mid and late (non Q) loss of QRS forces when
interpreting ECGs.

... Multiple-Vessel Occlusion

Multiple lesions from multiple-vessel occlusions account for % of all patients with coronary disease and myocardial
infarct in the Rancho Los AmigosHospital, University of Southern California (Rancho/USC) database.While total occlu-
sion of two or three vessels does occur without visible infarct or demonstrable ventricular dysfunction, it is uncommon.
In the Rancho/USC series of – year olds, patients with documented coronary disease, % have total occlusion of
 vessel, % have total occlusion of two vessels, and % have total occlusion of three vessels without visible infarct on
biplane ventriculograms. Not unexpectedly, it is much more usual for multiple-vessel occlusion to be associated with
significant infarcts. Three fourths have significant or severe ventricular dysfunction. This is generally because the total
extent of infarcts exceeds –%of the LV.The distribution of the extent of damage frommultiple occlusions in this dys-
functional subset is as follows: % of this group have two small discrete local infarcts that together involve <%LV; %
have multiple infarcts with the total extent of damage involving –% LV; % of multiple lesions are localized larger
infarcts totaling –% LV; and % have extensive damage overall of more than % of the LV, severe LV dysfunction,
and a very poor prognosis. One third of these multiple lesions will not show the “classic changes” of myocardial infarct,
but will in general show the extensive QRS slurring and/or notching/splintering, attenuation of R or S, and abnormal
R/Q or R/S ratios that will be covered in detail in > Sect. .. In –% of all clinical infarcts, severe diffuse ischemic
myopathy occurs without obvious localized or regional wall dysfunction. These patients have diffuse and extensive scar-
ring (ischemic cardiomyopathy) at pathological examination that is often unrelated to the overlying specific coronary
occlusive lesions.

. Infarct Anatomy and Related Electrophysiology

.. Geometry and Anatomy of Typical Myocardial Infarcts

Although occlusion of a proximal coronary artery produces a spectrum of changes, from no pathological change to very
large infarcts, there is a rather typical anatomy of these lesions related to their size. Generally, infarcts of increasing size
develop along the “wavefront”model of Reimer et al. [] in any coronary distribution. Small infarcts – cm in diameter
are in general limited to the subendocardial half of the myocardial wall. Moderate – cm lesions generally extend into
the subepicardial half of the wall in their central one third, while their peripheral two thirds are subendocardial. The
largest infarcts have a similar geometry, most extending to the epicardium in their central third.The shaggy outer border
zone of the moderate healed infarct in > Fig. . is an example of the typical admixture of interdigitating islands of
collagenous scar and viable electrically active myocardium that is the determinant of the local electric field generated
from an infarcted region. An understanding of this complex geometry is the prerequisite to the rational interpretation
of surface ECG changes. Infarcts of the size shown in the figure usually are not truly “transmural,” because they have
significant viable subepicardial myocardium surviving over their central region. While not shown here, in infarcts with
substantial replacement of necrotic myocardial cells by collagen scar, the scar shrinks with time, producing considerable
thinning of the wall of the heart. In section AA in > Fig. ., the effect of the complex border zone where activation
fronts must thread their way through and around large pseudopods and islands of scar is clearly evident. The active
area of the local electromotive surface changes rapidly, and varies considerably as it moves around the infarct through
the viable subepicardium. Since these fronts approach each other as they progress toward the epicardial center over the
infarct, they tend to cancel out much of the current fields coming from the “shrinking doughnut” of the excitation wave
as it extinguishes itself. This local disruption of the usual continuity of the activation fronts accounts for the remarkable
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⊡ Figure .

Diagrammatic representation of a small posterolateral infarct in the distribution of the main marginal branch of the LCX, as

seen in> Fig. .. It involvesmainly themiddle segment of the posterolateral wall. Isochrones of activationat ms intervals

are indicated beginning, as shown in black, at the base of the inferior papillary muscle. The mercator projection of the same

unrolled LV, except for the anteroseptal wall, is shown in the upper portion of the figure. The infarct shown is confluent in

the subendocardium, extends midway through the wall in a small central portion of themiddle segment. As is typical of such

lesions it has extensive islands and pseudopods of inactive scar interdigitating with electrically and histologically normal

myocardium throughout the border zone of the infarct. As the result of the dense scar, activation can only reach the viable

epicardial layers of the LVwall fromaround theborder of the infarct, delaying activationof this part of the heart. In the border

zones, the activation fronts encountermany small local scars, producing a significant increase in high frequency components

of the signal arising from the region. The main surface ECG changes from this lesion will be noted at –ms into the QRS.

There will be significant loss of posterior forces, notching, slurring of the mid-to-late QRS. The attenuation of these posterior

vectors leads to an imbalance in the anterior-posterior forces seen in leads V, V, V, and Z as smaller S (post.) and larger R

(ant.) waves and increased R/S (ant/post) ratios.
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⊡ Figure .

The four panels represent V with a small infarct ( × mm) placed at various levels in the junction of the inferior and pos-

teroapical segment of the propagation model of the heart. The dotted line in each case represents the normal activation

without infarct as seen in V. In the first panel the lesion is placed in the endocardium. In each of the following panels, the

center of the lesion ismovedoutwardby . mm. Thearrows represent the timewhen the activation front passed the center of

the small lesion in each instance. In the first case abnormal Q waves were produced only by a very strategically placed lesion.

Notched R (“bite out”), attenuated peak R or a change in R/S ratio are equally validmarkers of infarction in the wall of the left

ventricle. In basal segments in general, and in middle posterolateral segments activated in the mid to later portions of the

QRS, only mid to late QRS changes will result from even extensive infarction.

increase in high frequency splintering and notching of the QRS complex. These changes are readily seen in properly
recorded high frequency, high gain unipolar epicardial electrograms and surface ECGs. Changes are most evident in
leads perpendicular to the advancing wavefront in the myocardium, and occur, of course, at that time in the QRS when
the local region is being activated. Large infarcts (–% LV) usually extend to the epicardium in a circular area a few
cm across, but in many a –mm “peel” of normal electrically active myocardium is still present. This phenomenon
can account for low amplitude high frequency “after potentials” occurring well beyond the end of the QRS (as usually
measured), and into the ST segment (see > Chap. ).

It is worth noting that commercially available digital ECG recording systems that digitize at a ms (Hz) interval,
will significantly attenuate the high frequency signal from the border zones of the infarct as described above.Most current
ECG recorders now digitize at ms (Hz). A ms or less sampling interval (,Hz) is needed to record accurately
this potentially important electrical signal information.

.. Sensitivity of Conventional ECG Criteria for Infarcts

Well controlled pathology studies noted earlier [–] have demonstrated the low sensitivity of conventional ECGcriteria
for infarct. These data have shown that between % and % of all confluent healed infarcts  cm or larger are not
associated with “classic” QRS changes of infarction. The data summarized in > Figs. . and > . pinpoint the reason
for the poor showing of these criteria. These are as follows:
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(a) % of all infarcts are limited to the base of the LV and posterolateral wall which is activated during the latter half of
the QRS, and thus does not produce initial QRS changes.

(b) % of infarcts are small (– cm in diameter) involving less than % LV and have only notching, “bite outs,”
slurring (see > Fig. . panel ), and attenuation of R waves, or other non-classic QRS changes (panels 
and ).

(c) % are multiple and the sum larger in size, with neutralizing (cancellation) effects. For example, a typical anterior
infarct is masked by a second inferior posterolateral infarct, or vice versa.

(d) % of all infarcts will have had preexisting or new LBBB, or ventricular pacing, and an infarct that would not be
diagnosable by classic criteria in the presence of these conduction abnormalities.

(e) % are patients with diffuse ischemic myopathy without classic QRS changes of infarct.

The vast majority of these patients will have high frequency notching, mid to late attenuation of QRS vectors, abnor-
mal R/S or R/Q ratios, or other major changes described below in the section on quantification of myocardial infarcts.
When prior ECGs are in fact available for comparison, the absence of serial changes is predictive of an unchanged
ventriculogram with a remarkable % reliability []. Furthermore, the magnitude and duration of a change, if present,
correlates well (r = .) with the size of the new lesion or the change in LV ejection fraction (LVEF) seen on the ven-
triculogram (see > Figs. . and > . part a, with more detail later in the chapter). The classic criteria must then
be expanded to include lesser changes such as abnormal notching, slurring or “bite out,” abnormal R/S, R/Q ratios,
and related changes, in order to diagnose the smaller – cm infarcts. They must also be expanded to include mid and
terminal QRS abnormalities in order to diagnose posterolateral and basal infarction, or to quantify basal extension of
infarcts of the mid-region and/or apex. Such expanded criteria have been developed using the computer simulations
mentioned above and validated in a series of specificity, nuclear angiographic, and autopsy studies [–]. The criteria
are described in detail in the > Sect. . to follow, on quantification of infarcts. Both sensitivity and specificity are sig-
nificantly improved by incorporating these expanded criteria into the review of serial ECGs, especially using high-gain,
high-fidelity recordings.

.. His-Purkinje Relationship to Coronary Occlusion andMyocardial Infarction

Daniels, Boineau, and Cox made the important observation that because the peripheral Purkinje network is perfused by
cavity blood, even with extensive transmural myocardial infarction active Purkinje potentials can be recorded from this
network [, ]. The timing of the Purkinje excitation is changed very little by the presence of even major transmural
infarction over the Purkinje recording site.While the peripheral network is usually not disrupted by infarction, proximal
His Purkinje damage does occur in the major fascicles of the left bundle or in the proximal left or right bundle, producing
the typical conduction defects described in (> Chap. ). It is estimated that proximal conduction defects of one sort or
another occur in about one half of all patients with myocardial infarct. In the remainder, the Purkinje programming of
excitation to the endocardium is normal. In this case, very large myocardial infarcts can occur involving the apex or mid
region of the left ventricle and produce no prolongation of ventricular activation, i.e. a normal total QRS duration. The
QRS duration may in fact be slightly shortened by a septal infarct which removes the part of the heart that produces the
first  or ms of ventricular activation..

Recent onset left and right bundle branch block in the context of acute myocardial infarction has been reported
in a large clinical series by Lie et al., []. It was observed that the incidence of recent onset RBBB was .% of
all acute myocardial infarcts. In this context, it was associated : with an evolving acute anterior infarct. In this
series, the incidence of recent onset LBBB was % and was associated : with an acute inferior infarct. Persistent
left anterior-superior fascicular block occurs in a number of series [–] in about % of all anterior infarcts, and
we present arguments below for our support of the Grant hypothesis [] that inferior-posterior fascicular (peri-
infarction) block occurs in over % of all acute inferior infarcts from right coronary occlusion. The ECG changes
associated with the various combinations of myocardial infarcts and these conduction abnormalities are delineated in
> Sect. ..
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.. Ventricular Activation-Recovery andMyocardial Infarction

As summarized in>Chap.  van Dam andDurrer [–] have shown that in revitalized human hearts using multipoint
intramural plunge electrodes mapping, ventricular activation is consistent from endocardium to epicardium.The activa-
tion sequence of the ventricles, as relates to the specific -segment LV subdivision of > Fig. ., is initiated by insertion
of the middle fascicles of the proximal His Purkinje into the peripheral network on the left septal surface of the middle
anteroseptal region near its junction with the apical segment.The adjacent anterior and inferior fascicles insert into their
respective papillary muscles and adjacent mural myocardium.This activation sequence has been confirmed by one of the
authors, RHS and associates, in a small number of patients at the time of surgery for ventricular pre-excitation, by detailed
epicardial mapping and limited intramural plunge electrode recording of the normally conducted beats post-transection
of the accessory pathway. An entirely normal surface ECG and body surface potential mapwas confirmed postoperatively
in these patients. Similar data was recorded in more detail in the baboon [] and chimpanzee.The latter was confirmed
by Spach and associates [].This normal activation was incorporated into this group’s propagation simulation in a mm
grid digitized normal human heart from an accident victim, and the -segment left ventricular subdivision was used in
the development of anECG infarct-size scoring systemwhichwill be considered in detail later (and shown in> Fig. .).
This normal heart geometry of the -segment left ventricle together with the activation sequences were used to develop a
teaching diagram relating this cardiac anatomy and electrophysiology to the ECG (see > Fig. .a). Colored isochrones
for each ms are those defined by the expanded color code at the lower right of this figure. Both the propagating active
electromotive surface of excitation and the slower broader surface of the sequence of recovery, show effects of the local
electrically dead zone of a local myocardial infarct. The details of these effects on the surface ECG will be covered in
following sections.

> Figure .b depicts the sequence of ventricular recovery in the same -segment LV subdivision. It is adapted from
the functional refractory period data of Burgess and coworkers [–] and from the detailed intramural data of this phase
of the cardiac cycle in the chronic closed-chest dog and chimpanzee preparations by Spach, Barr and associates [, ].
Recovery occursmore slowly than excitation fromepicardium to endocardiumas indicated by the actionpotentials shown
at the lower right.The color coding indicates the timing of the peak of the slope of the rapid recovery phase in each region.
According to Spach, Barr and associates, as shown here, the earliest recovery potentials appear on the right side of the
septum which behaves electrophysiologically like the epicardium of the left ventricle. Recovery proceeds more rapidly
at the base as shown in this figure and from the epicardium (B) to endocardium (A) throughout. The latest recovery
potentials are seen in the endocardium in the mid regions near the apex, as shown.

... Computer Simulation of Ventricular Excitation

Excitation velocities in the wall are rather uniform and the electric field is directed outward from the ventricular cavi-
ties. All portions of the electromotive surface of excitation from endocardium to epicardium contribute about equally.
The wave fronts in the subendocardium are less well organized and thus somewhat less strong than in the mid-wall
or subepicardium, but are by no means silent (> Fig. .). A model of this propagating electromotive surface was
developed by Solomon [] from multipoint plunge electrode intramural bipolar electrograms of the baboon, chim-
panzee, and the limited human data mentioned above. The simulation of this electromotive surface model propagating
in myocardium, developed an electric field that generated intramural bipolar electrograms that matched electrograms
observed in humans/primates mentioned above. The specific anatomy for the normal human heart used in the simu-
lations was taken from cross sections of the heart of a -year-old accident victim digitized at a  cubic mm level. The
specific activation sequence generated is entirely determined by the geometry of the heart, the Purkinje distribution, the
insertion sites of the proximal to peripheral Purkinje network, and the propagation velocities in each. The simulation
includes this heart in an inhomogeneous adult male torso, with lungs and intracardiac blood mass. It can generate body
surface potential distributions that can be shown as isopotential maps, perspective plots of potential distributions, -lead
ECGs, or VCGs for any specified lead system.> Fig. . illustrates the graphic output of this propagating excitation wave
in this fine grid heart simulation of normal and fascicular blocks. Part (a) of this figure shows cross sections of the api-
cal, middle and basal myocardial subdivisions defined in > Fig. .. In part (b), left anterior (superior) and left inferior
(posterior) fascicular blocks (LAFB, LIFB), are simulated by removing the start points for the fan of the left bundle to
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⊡ Figure .

A activation, B repolarization sequences of the left ventricle (see > Sect. .. for details).

the distal Purkinje fiber network. The start points for either the anterior (superior) or inferior subdivisions are removed
while leaving the start points for the other, and for the middle fascicles. The separation of the initial and terminal ms
vectors described by Grant as “peri-infarction block”. . . “probably due to a block of the superior or inferior fascicles”
[, ] is produced by the early activation of one wall and late activation of the other. The late and unopposed activation
on the side of the blocked fascicle accounts for the shift of the frontal QRS axis toward the blocked fascicle; that is, left-
ward and superior in LAFB, rightward and inferior in LIFB. The mm grid resolution of the simulation allows for the
inclusion of the fine detail of scar interdigitating with normal viable myocardium typical of the border zone of infarcts
as shown in > Fig. .. The complex interactions of infarcts, conduction abnormalities, including LAFB, LIFB, RBBB,
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Waveforms recorded in a series of dogs with intramural bipolar plunge electrodes with a mm separation, are shown for

the inner, middle and outer mm of the same apical, and basal subdivisions shown in > Fig. .. Polarity of the record-

ing system was set so that a wavefront moving from endocardium to epicardium and passing a bipolar pair would record

a positive potential. The peak amplitude of the bipolar recording would be proportional to the electric field strength of

the local electromotive surface of excitation. Each waveform represents the average of  observations in each of the

nine regions specified after being digitized at a ms interval and time aligned around the peak voltage in each bipolar

pair before averaging. The peak of all the waveforms was set at ms. Time in milliseconds represents the duration of the

averaged waveforms and has no relationship to the activation sequence. The averaged waveforms are positive through-

out, indicating the propagation is from the endocardium to epicardium in all regions of the heart in these animals. In

primates including man, the propagation velocity and local field strength from endocardium to epicardium are more uni-

form than in dog. In man, therefore, each region contributes about equally to the surface ECG and there are no electrically

“silent” regions.

LBBB, and ventricular hypertrophies are evaluated in a straightforward manner by this fine-grid computer simulation of
the propagating wave of ventricular of excitation and recovery.

For infarcts that localize to the subendocardium, the total extent is usually small.The simulation of such small infarcts
introduced into our fine grid ( cubic mm)model of this ventricular propagating wave in a realistic cardiac geometry and
inhomogeneous torso [–] was very informative in evaluating the effect on the body surface ECG of these lesions.
Small infarcts –mm across and –mm thick produce small changes in QRS, i.e., notches, slurs or “bite outs,” etc.
Only occasionally do such small infarcts produce “classic Q wave” criteria of –ms for an infarct.Theymust be strate-
gically placed in that part of the heart activated in the first –ms of the QRS. These are usually small anterior lesions
where proximity effects to the anterior precordial leads are strong. It is also informative to consider a pathological Qwave
as loss of normal R wave early in the QRS, as in the first waveform in > Fig. .. The same loss of R wave from an area
activated a fewms later in the QRS, as shown in the second waveform of this figure, and representing the same size infarct
may produce a notch or slur in the upstroke of the R and no abnormal Q waves anywhere in the ECG. An equivalent
infarct placed further out in the wall of the left ventricle or in a subendocardial region activated in the mid QRS will
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produce loss of mid QRS vectors. and may be seen mainly as attenuation of R waves or an increase in S waves or both.
In general, it takes infarcts  cm or more in diameter and –mm thick involving % or more of the transmural thick-
ness of a local region of the anterior and inferior left ventricle to produce the –ms “classic Q wave” abnormalities.
These infarcts are located in that part of the heart activated in the initial ms of the QRS needed to produce abnormal
Q waves.

Not addressed by these “classic” criteria are those infarcts that occur in the base of all four walls of the heart and
the mid posterolateral wall. These regions in general depolarize after ms. Infarcts here produce abnormalities mainly
in the terminal half of the QRS. On the other hand, review of > Fig. . indicates that only about % of single first
infarcts are limited to these regions. The remaining % have significant involvement in mid and/or apical portions of
the LV anterior and inferior walls. Thus a definite majority of infarcts have early to mid QRS deformities or loss of spatial
vectors. If they are  cm or larger in the greatest diameter (% LV ormore), they do in general produce classic initial QRS
changes. Nearly one-half of all single infarcts, however, are  cm or smaller (% LV) and many of these fail to develop
abnormal Q waves. However, they do have slurred and/or notched or attenuated R or S waves, or abnormal R/S or R/Q
ratios. Most large or very large infarcts in any of the three major artery distributions have significant involvement of the
base of the heart as well. In order to quantify the total extent of these lesions (see section on sizing of infarct below), mid
and late QRS changes must be considered in developing criteria for infarct size.

... Simulation of Ventricular Excitation and the ECG Infarct Scoring System

Typical examples of the simulation of the propagation wave of normal ventricular excitation, and for left anterior (supe-
rior) and left inferior (posterior) fascicular block are shown in > Fig. .. This simulation produced ECGs typical of
normal conduction and of fascicular blocks. The location and detailed anatomy of various sized myocardial infarcts
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⊡ Figure .

Part (a) Tenmillisecond isochronesof the simulatednormal ventricular activation sequence is shown in cross sections through

the mid regions of the apical, middle, and basal myocardial subdivisions defined in> Fig. .. The darkened regions on the

left ventricular endocardial surface represent the initial ms isochrone. The computer propagation program generates each

time stepof theactivationas it spreadsout from these starting regions. Each lineon thediagram represents a  ms isochrone.

The fourth heavy shaded line is the ms isochrone about midway in the activation. In part  (b), left anterior (superior) and

inferior (posterior) fascicular blocks (LAFB, LIFB) are simulated by removing the starting points fed by the fan of Purkinje

fascicles of the left bundle from one outside subdivision while the starting points of the other remains active as does those

fed by the middle fascicles. The early activation of one wall and the late unapposed activation on the side of the blocked

fascicle accounts for the significant shift of the frontal QRS axis toward the blocked fascicle, i.e. left anterior superior shift in

LAFB and right inferior in LIFB.
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documented by both ventriculographic and postmortem anatomic studies in each of the three major coronary artery dis-
tributions were simulated; i.e., anterior infarcts (left anterior descending artery); posterolateral infarcts (non-dominant
left posterior circumflex artery); and inferior infarcts (right coronary artery’s posterolateral and posterior descending
branches). Simulated moderate to large infarcts in these classic locations produced not only the expected abnormal
Q waves (or “Q equivalents”) in all the expected ECG leads, but mid and late QRS changes as well. Small infarcts in
these same locations often failed to produce classic Q wave changes; but instead produced attenuation of R or S waves,
notching in the QRS, decreased R/S ratio andmid to late QRS changes, i.e., notched or attenuated S or late R waves in V,
V, etc., as described earlier in this section.

It became apparent early in these experiments that in any given lead, at right angles to the excitation surface propa-
gating around the local infarct, the amount of QRS change was proportional to the amount of infarct introduced into the
simulations.This formed the basis for the SelvesterQRSMI Size Scoring Systemwhere each point scored was constructed
to represent % of the left ventricle infarcted (% LVI). Change in the score was proportional to the volume of the infarct
introduced into the simulations. Criteria were devised for all regions of the myocardium. Infarcts in basal regions of the
heart, which activate late in the QRS, could be appropriately scored by the criteria for late QRS changes. See > Sect. ..
below for details of the score and its implementation for normal conduction, and > Sect. . for conduction defects.

.. Ventricular Repolarization andMyocardial Injury, Ischemia, and Infarction

Most, if not all, of the extant models of recovery are indebted to some extent to the  ventricular gradient model of
Wilson [] and to a number of studies refining it [–]. Schafer and associates in  [], described the monophasic
action potential from the intact heart using suction electrodes, and the intracellular equivalent of this was first recorded
by Ling and Gerard in  []. Seminal work relating the transmembrane action potential duration and wave shapes
to the refractory period of these cells, and to the T wave of the ECG, was done in the s by Hoffman, Kao, Suckling,
Cranfield, Brady, and Woodbury [–]. Working with Lepeschkin, Surawicz, and Herrlich [], they demonstrated
close correspondence to the intracellular transmembrane action potentials and those recorded from the surface of the
heart with suction electrodes. Authenreith et al. [] demonstrated with suction electrodes that in the intact dog heart,
the action potential durations were longer at the apex, intermediate in the mid region and shortest at the base. They
also noted that, in mapping action potential durations on the surface, the surface potentials ended well before the end
of the T wave indicating that areas not accessible to the surface electrodes depolarized later. From – Allan Scher
published a series of classic papers [–] showing the ventricular excitation in the mammalian ventricle in great detail
using multipoint plunge electrodes. This work was also reported at about the same time by Durrer and associates [],
who, with van Dam [] in the early s, mapped functional refractory periods with intramural electrodes in the open
chest dog and showed that the endocardium, while depolarizing first, repolarized last.

In studies noted above, Burgess, Abildskov, Millar, and associates [–] reportedmethodical investigations of func-
tional refractory period in the dog and concluded that there is normally a rather uniform gradient in ventricular recovery
times from epicardium to endocardium. The endocardium recovery is longest, the base of the heart has significantly
shorter recovery times than the apex, and the right septal side of the interventricular septum behaves like the epicardium
of the left ventricle. Finally, Spach and coworkers [, ] had recorded bipolar and unipolar electrograms from 
chronic implanted intramural and epicardial electrodes in dogs and a chimpanzee allowed to recover for several days
before measurements were made. The preparations had the advantage that both intramural and epicardial depolariza-
tion and repolarization could be mapped in detail in animals that had regained their normal body surface map potential
distributions for both QRS and ST-T following chronic electrode implantation. These workers confirmed in this chronic
preparation the ventricular activation sequence (depolarization) recorded earlier by Scher, Durrer and vanDam and asso-
ciates, and by themselves.They also observed that the epicardium at the base of the left ventricle was last to depolarize but
first to recover. There was a uniform sequence of recovery from epicardium to endocardium, and that the endocardium
in the area at the junction of the mid regions of the left ventricle with the apex was the last to show significant recovery
potentials. These data for both normal excitation and recovery in the  LV segments of the human heart are shown in
>Fig. .a, b. A comprehensive review of “TheOrigin of the T-wave” byKootsey and Johnsonwas published in  [].
This was expanded in considerable detail in the compilation, “Cardiac Repolarization Bridging Basic Science,” by Gussak
and Antzelevitch []. The reader is encouraged to consult these monographs for details not covered in > Chaps. , > ,
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and >  of this synopsis. These will form the specific background for interpreting the repolarization (ST-T) changes
associated with acute and chronic “injury,” ischemia, and infarction along with the depolarization (QRS) changes with
which they are so inextricably bound.

In relating ventricular excitation and recovery sequences tomyocardial “injury,” ischemia, and necrosis or infarction,
it has traditionally been depicted that, as the result of a decrease or interruption of the blood supply to the myocardium
from progressive coronary stenosis, an area of cardiac necrosis is produced. This central area is seen as surrounded by
concentric zones of injury and ischemia. Classically, it has been assumed that the QRS changes result from the central
area of necrosis, that injury causes the change in the TQ-ST segment, and ischemia the change in T waves. This concept
implies that loss of functional heart muscle is greatest in the central area of necrosis, intermediate in the adjacent zone of
injury where “leaky” membranes cause systolic and diastolic currents to flow, and least in the peripheral zone of ischemia
where alterations in repolarization produce the “ischemic T wave.” Loss of myocardium is considered irreversible in the
zone of central necrosis, and potentially reversible in the outer regions of injury and ischemia.

In a well documented critique of the subject, Arnsdorf and Louie [] conclude that there is little or no direct electro-
physiologic or ultrastructural evidence to support the notion that these local regions contribute specific information in a
unique way to the three components of the ECG. Indeed, as they point out, Janse et al. [], by recording transmembrane
action potentials with floating microelectrodes from cells within the border zone of myocardial ischemia in the isolated
perfused pig heart, found cells with very low intracellular action potentials in close proximity to cells with nearly normal
action potentials. In addition, nicotinamide adenine dinucleotide fluorescent staining techniques used by Harken and
coworkers [, ] suggest that the line between normal and abnormal tissue may be very sharp. Pathoanatomic studies
by Ideker in our correlative reports, referred to earlier, demonstrated in general a very complex interdigitation of islands
and pseudopods of normal and abnormal tissue at the border of an infarct. This geometric detail is shown graphically in
> Fig. .. Cox et al. [], using dehydrogenase staining techniques to delineate the changing geometry of the infarct
border from  h to  week after infarct, observed that this complex interdigitation of normal and infarcted tissue was
generally evident by  h.

... Computer Simulation of Repolarization

While recognizing a conceptual debt to the ventricular gradient model of Wilson [], Harumi et al. in  [] were
the first to propose relating action potential durations, and functional refractory periods in a quantitative -dimensional
model of the Twave.The transmural gradient of action potential durations, their amplitudes, and the sequence of recovery
shown in > Fig. .b were incorporated into a ventricular cross section, and adjusted so that T vector loops computed
by the solid angle theorem conformed to those recorded experimentally. Thiry and Rosenberg [] were the first to
attempt a -dimensionalmultiple dipolemodel in the form of the cardiac geometry.Miller andGeselowitz in  [, ],
developed a more realistic simulation that included an external torso boundary still in a homogenous medium and a
 cubic mm grid to represent the heart. Each  cubic mm “cell” was manually assigned action potential wave shapes
to conform to those observed experimentally in normal, ischemic, hypoxic, irreversibly injured and dead cells. Both
of these latter simplified models, in spite of not taking into account complex internal human torso inhomogeneities,
did produce  lead ECGs that were quite consistent with normal ECGs. By manipulating regional generator outputs to
simulate subendocardial, intramural, subepicardial, and transmural ischemia, and infarction (as shown in a summary
form in> Fig. .), ECGs were produced that were entirely consistent with clinically observed changes. ECGs produced
by these simulations, read by experienced electrocardiographers who were blinded to the simulation, were interpreted
as representing the processes simulated (see > Chap.  for more details). The solid experimental base of a large number
of workers of which the foregoing is a very cryptic review, is covered in detail in the Kootsy-Johnson monograph [].
This review and > Chaps. – of this book and this > Chap.  provide the basis for a rational interpretation of the body
surface ECG of acute myocardial infarction “injury,” ischemia, and chronic healed infarct.

In the mid to late s, the author (RHS) and associates incorporated the complex geometry of regional ischemia
and/or infarcts into his validated  cubic mmgrid propagationmodel, automating themanually entered local cardiac gen-
erator changes reported in theThiry and Rosenberg [], and the Miller and Geselowitz [, ] models. In addition, this
simulation also included all the torso and internal boundary effects and inhomogeneities known to influence the surface
ECG recordings, and generated as output the total body surface map of which the / lead ECG is a subset.This allowed
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Typical myocardial-cell action potentials (upper curves), and body surface ECGs (lower curves) that represent various degrees

of ischemia (b), injury (c), and cell death (necrosis). Curves (a) represent the normal pattern. These individual action potential

waveforms will be used to represent the  cubic mm “cell” in the fine-grid propagation model (see > Fig. .). This will allow

for the simulation of regional subendocardial intramural or transmural ischemia, injury or necrosis. Simulation of the fine

detail of infarct anatomy/geometry shown in > Fig. . is incorporated into an interactive system, in an anatomically and

electrophysiologically realistic and comprehensive model of the heart and inhomogeneous human torso.

us to study in detail the geometrically complex border regions of acute and healed myocardial infarcts for the entire cycle
of depolarization and repolarization in subjects with normal conduction (see> Fig. .a, b) and those with conduction
defects.

The electrophysiologic changes over time of the geometrically complex regions of evolving infarction were included
in the simulation. The resulting body surface map,  lead ECG, and VCG records integrated the complex boundary
effects described above, and the more central loss of QRS forces or vectors from the irreversibly damaged myocardium.
Simulations of the local areas of acute ischemia/injury of acute infarction and of chronic subendocardial ischemia []
produced a major shift in the ST segment that was vectorially related to the local perfusion bed of the coronary artery
simulated.The ST field (and vector) for acute ischemia/injury was displaced anteriorly, superiorly and leftward for prox-
imal LAD occlusion, as well as outward from the epicardium via the centroid of the LAD perfusion bed. Similarly there
was an inferior, and somewhat rightward and posteriorly directed ST field (and vector) for proximal RCA occlusion,
and a posteriorly directed ST for LCX occlusion. There are conflicting data in the clinical literature [–], but work by
Sederholm et al. [] using continuous orthogonal leadmonitoring suggests that the peak ST elevation of acute injurymay
occur over a very short time. Both they and Aldrich et al. [] have demonstrated significant correlation between both
the location and extent of the initial ST “injury” currents and the size of the acute infarct that evolved over the next few
days, asmeasured by enzymemethods, the ECGQRS score and radionuclide angiography.The clinical correlates with the
simulated acute and evolving infarcts are dealt with in detail later, in > Sect. . of this chapter.These studies confirmed
that the simulation projections would be specifically related to the local coronary artery distributions described earlier.
In the healed infarct, the direction of the mean T vector away from the local area is a significant predictor of the local area
of the infarct [–]. The “secondary” ST-T changes of the conduction abnormalities, RBBB, LBBB, ventricular pacing
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⊡ Figure . (Continued)

or pre-excitation, and hypertrophy of either ventricle confound these ST-T changes of acute and chronic infarct. Details
of dealing with these confounders are also covered in > Sects. . and > . of this chapter.

The simulated local subendocardial ischemia with localizing ECG ST deviation away (inward) from eachmajor coro-
nary artery perfusion bed described above led to the following hypothesis: Subjects with local resting (or exercise induced)
ST deviation away (inward) from the centroid of any of the major coronary artery perfusion beds would have high-grade
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(a) Anterior view of serial apex-to-base cross-sections of a human heart showing the under-surface of each section as

illustrated in the diagram below. Simulated –ms. excitation sequences (yellow/orange/red to blue) around a large

anterior infarct (striated white). (b) Anterior view of serial apex-to-base cross-sections of a human heart showing the under-

surface of each section as illustrated in the diagrambelow. Simulated –ms repolarization sequences (reversing blue to

red/orange/yellow), as with the excitation sequences, outlining the large anterior infarct.
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single vessel occlusion of that specific artery. Consider an ancillary hypothesis: Resting (or exercise induced) ST devi-
ation away from the apex (toward the base) would have high-grade distal LAD (left anterior descending), left main or
three vessel occlusion. To test this hypothesis, we recorded  lead ECGs at rest and with exercise in a preliminary report
of some  subjects who also had coronary angiograms/angioplasties (). In no incidence of high-grade single vessel
disease was localizing ST deviation maximal away (inward) from the centroid of the perfusion bed of that specific vessel,
including distal LAD disease. Likewise, in a -year survey of some , acute myocardial infarctions seen at this large
community teaching hospital,  of whom had emergent coronary intervention, there was no incident of single vessel
occlusive disease with local ST deviation away (inward) from the involved arterial perfusion bed. Noted in this cohort
with early intervention was the following: ST depression in anterior-posterior leads V–V was associated with acute
occlusive disease of the left circumflex and, ST depression in inferior-superior leads III, aVF, II, and maximal in aVF (a
superior ST deviation vector) was seen with acute occlusion of a ramus or a prominent first diagonal. Apically localized
ST depression in apex-base oriented leads V, V, V, I, -aVR was associated with high-grade left main and/or proximal
multi-vessel disease.These observations strongly support the Ellestad hypothesis () that, resting (or exercise induced)
subendocardial ischemic ST change is global.

. Quantification of Infarct Size Using ECG and VCG Criteria

.. Essential Principles

. Myocardial infarcts develop, of course, in -dimensional space; and therefore understanding of their quantitative
alteration of ventricular activation and its body surface representation, the QRS complex, requires consideration of a
“-dimensional ECG.” Recording of three orthogonal leads (X, Y , and Z) provides the basis for generating this ECG
display, termed a “vectorcardiogram” (VCG). The sequential instantaneous points of summation of the propagating
ventricular activation (vectors) in the X (direction) lead plotted against those in the Y (direction) lead create the
“frontal plane VCG loop”; in the X and Z leads the “transverse plane VCG loop,” and in the Y and Z leads the “sagittal
plane VCG loop.” See > Chap.  for a more detailed explanation of the VCG.

. The QRS deformities between a pre-infarct ECG/VCG and a post-infarct record are a function of infarct size and any
change in intraventricular conduction. In patients who maintain normal conduction post-infarct, the degree of QRS
deformity, both magnitude and duration, is proportional to the amount of myocardium lost and inversely related to
the loss of ventricular function, i.e., to LV ejection fraction (LVEF).

. Intraventricular conduction defects, when produced, are generally related to a specific coronary artery and a specific
local infarct.

. Once the basic activation sequence (conduction abnormality) is taken into account, the extent of the added QRS
change is also proportional to the infarct size and decrease in LVEF.

.. Infarct Size, Left Ventricular Function, and Prognosis

In recent decades, it has become established that patient prognosis after a myocardial infarct, as well as functional reserve
capacity, is related to the amount of the left ventricle (LV) infarcted. Thus, reliable clinical methods, which are able
to estimate the extent of both acute and remote myocardial necrosis are needed. The recent interest in the limitation
of acute infarct size by therapeutic interventions (clot lysis, coronary atheroma removal, balloon angioplasty, etc.) has
prompted the evaluation of many clinical methods aimed at estimating the size of an acutemyocardial infarct. In autopsy
correlations, Ideker has shown [] that infarct size and LV ejection fraction (LVEF) are inversely related, with a high
correlation (r = .). Patients with extensive myocardial losses from one or more infarcts with total extent of infarction
approaching % LV, and LVEF less than %, have an annual mortality rate of more than % and major impairment
of their functional reserve [, ].
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For almost a century the ECG has been used to determine the presence and location of myocardial infarcts. Because
it is universally available, noninvasive, inexpensive, and easily repeatable, it is important to make optimal use of recent
findings regarding the ability to estimate infarct size from ECG/VCG data. The quantitative QRS infarct size scoring
system, which was designed from our computer simulations described earlier [–], utilizes information in the ECG
and VCG to estimate infarct size. It is the purpose of this section to provide enough background information to make
the rationale of the method apparent to the reader. We will describe both the -lead ECG scoring method and the
VCG method in sufficient detail so that the reader can apply the method directly to routinely recorded ECGs and
VCGs.

.. Infarct Size and Left Atrial Overload

LV infarction decreases the diastolic compliance of the LV – in the acute stages by edema and in the chronic stages by
scar. Even small infarcts are associated with some stiffening of the wall and increased ventricular filling pressure. Thus
ECG/VCG changes of left atrial overload are common in most infarcts. The larger the infarct, the higher the ventricular
end-diastolic filling pressure and the more marked is the left atrial overload change. Thus, acute ST, evolving QRS and
left atrial P changes are each related to infarct size. Since the left atrium depolarizes during the latter two-thirds of the
P-wave with activation fronts directed mainly to the left and posteriorly, four main criteria can be identified where the
degree of change relates to the degree of left atrial overload:

(a) Increase in total P duration (> ms),
(b) Increased duration of left atrial intrinsicoid deflection (time from peak anterior to peak posterior in V, V, or

Z > ms),
(c) Increased duration posterior (negative P duration) in V, V, and Z (>ms).
(d) Increasedmagnitude of late component posterior (negative P amplitude) inV, V, andZ (>.mV) and/or leftward

in V, V, and X (>.mV).
These relationships, i.e., the extent of these changes as relates to the severity of the left atrial overload, and degree of LV
diastolic dysfunction, are defined in > Tables . and > .. They are more related to left atrial and LV end diastolic
pressure than to angiographic or echo left atrial size. This was documented in a well-controlled coronary care unit study
by Heikkila et al. [].

⊡ Table .

Score for atrial overload. Criteria and the points given for each for quantifying the degree right and left atrial overload. Those

criteria on the top row in each case exceed the % upper bounds of normal.

Right atrial overload Left atrial overload

P amplitude (mV) P amplitude (mV) P duration (ms)

Anterior Inferior Points Leftward Posterior Intr. Def.∗ Posterior Points

V (V, Z) AVF (Y) Ea Crit♢ V (X) V (V, Z) V (V, Z) V (V, Z) Total Ea Crit♢
. .  . .    

. .  . .    

. .  . .    

. .  . .    

. .  . .    

. .  . .    

≥. ≥.  ≥. ≥. ≥ ≥ ≥ 

∗Intr. Def: Intrinsicoid deflection; the duration from peak positive P amplitude to the peak negative.
♢ Ea Crit: (Points for) Each criterion met.
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⊡ Table .

Diagnostic statements relating to total points accrued in> Table .

Total points Diagnostic statementa

– Possible mild RAO/LAO

– Probable mild RAO/LAO

– Moderate RAO/LAO

– Severe RAO/LAO

≥ Very severe RAO/LAO

aRAO, right atrial overload; LAO, left atrial overload

.. Infarct Size and Right Atrial Overload

Patients with right ventricular infarction (see> Sect. ...) have right atrial overload, the severity of which is related to
the severity of the right ventricular failure. Also, patients with large to very large infarcts or with diffuse ischemicmyopa-
thy may have very high left ventricular end diastolic filling pressures and recurrent congestive heart failure. Such patients
will have a passive increase in pulmonary pressure to maintain a flow gradient and consequent chronic increase in right
ventricular pressure. Such chronic right ventricular overload routinely decreases right ventricular diastolic compliance,
producing right atrial overload. The right atrial depolarization from the sinus node region produces activation fronts
directed anteriorly and inferiorly. These excitation fronts occur unopposed during the first third of the P-wave at which
time leftward and posterior fronts begin to develop in the left atrium. In the adult, a P amplitude >.mV in V, V, and Z
and >.mV inferior in aVF and Y exceeds the % upper bounds of normal, and are indicative of right atrial overload.
The degree of increased anterior and inferior voltage is proportional to the overload of the right atrium as summarized
in > Tables . and > .. It is a well established clinical axiom that in patients over  years of age, the commonest
cause of pulmonary hypertension, right ventricular and right atrial overload, is chronic left ventricular failure. It follows
from the above that, large to very large infarcts with significant diastolic dysfunction that have not produced chronic left
ventricular failure will have moderate to severe left atrial overload but generally normal or minimal right atrial changes.
When in addition the ECG/VCG changes of right atrial overload become mild to moderate, associated congestive failure
is most likely.

.. Computer Simulations and QRS Infarct Size Scoring Systems for ECG and VCG

The simulation of ventricular excitation of the human heart formed the basis for an ECG infarct scoring systemdeveloped
by Selvester, Solomon and co-workers to consider all of the major variables known to influence the surface ECG. These
included () high resolution ( cubicmmgrid) anatomy of the humanmyocardium, Purkinje conduction system, and very
small to very large infarcts in each of the three major coronary perfusion beds, () a simulation of ventricular propagation
of excitation at this same resolution, and () a simulation of the inhomogeneous volume conductor; including intra-
cardiac blood mass, myocardium, lungs, and an adult torso []. It became apparent in the simulation experiments noted
earlier in > Sect. ... that in any given lead, at right angles to the propagating excitation surface, the degree of QRS
change was proportional to the amount of infarct introduced into the simulations. This led to the ECG scoring system
where each point scored was set up to represent infarction of % of the left ventricle (LV). Criteria could be devised for all
regions of themyocardium, and infarcts in basal regions of the heart which activate late in the QRS could be appropriately
scored by the same scoring system, provided late QRS changes were included in the criteria.

A -Criteria/-Point scoring system (representing a total of % of the LV) was developed, tested and reported
using a learning set of  biplane ventriculograms from patients with angiographically proven coronary artery dis-
ease [, , ]. Using the same simulations (> Fig. .) and rationale, a nomogram (> Fig. .) relating VCG
changes (duration and magnitude of a QRS deformity as in > Fig. .) was also developed to predict infarct
size [].
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⊡ Figure .

Typical examples of moderately sized infarcts (% of the LV) in each of the main coronary distributions are shown in the

-segment LV diagrams at the right of the illustration. The program was directed to plot superimposed vector loops in hori-

zontal, frontal and left sagittal projectionswhenvarious sizesof infarcts hadbeen simulated in eachof these typical locations.

The number at each VCG loop represents the percentage LV infarct simulated and ranged from % LV to % LV. Not shown

are body-surface maps and -lead ECGs that can be plotted routinely for each run of the simulation program. Normal con-

duction was simulated for the anterior and posterior infarcts shown, while inferior (posterior) fascicular block was needed in

the simulation to produce ECGs and VCGs typical of inferior infarct of various sizes associated with RCA occlusion. Multiple

infarcts with various combinations of sizes and locations are readily simulated with this model.
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⊡ Figure .

Nomogram for predicting infarct size from VCG deformities. When preinfarct records are available, as shown in > Fig. .,

the peak amplitude of the change (local loopdeformity) in records before and after infarct is identified. The amplitude chosen

for each lead system is the projection of the loop where the change is greatest. The peak amplitude change for the specific

lead system is transferred to the left side of this nomogram, and the duration of that change is transferred to the right side.

A line is then constructed through these two points and the point where it crosses the double line in the center of the nomo-

gram is used to determine angiographic infarct size. The latter may be represented by (a) diameter in centimeters (i.e., the

longest curvilinear dimensions of akinesis in either projection of the biplane ventriculogram); (b) angiographic percentage

LV involved (i.e., the percentage of the circumference of either projection that is akinetic); and (c) ejection fraction as com-

puted by the area lengthmethod ofDodge, Sandler and Sanmarco. It should be noted that the percentage LV (circumference)

involved here is an angiographic determination, and while clearly related to percentage LV infracted at quantitative plano-

metric pathology, it is a quite different measurement. When a preinfarct record is not available and a small local deformity

that is outside normal limits for QRS loop is identified (indicating an infarct), a loop is constructed that would be within the

limits of normal using the normal portions of the loop for a guide. The magnitude and duration of the deformity is measured

from the reconstructed normal and transferred to the nomogram for the estimation of infarct size. When the deformity is

large, the mean normal loop for that particular lead system is used to identify the magnitude and duration of the deformity

for transfer to the nomogram.> Figure . is an example of such VCG changes.

... Validation Studies

In a series of  patientswith serial biplane ventriculograms and serial ECGs andVCGs [], an unchangedECGandVCG
was predictive of an unchanged ventriculogram with a remarkable % reliability. New change in the ECG/VCG (QRS
deformity as in> Fig. .) was associatedwith a change in ventriculogram in  out of  subjects (Panel a,> Fig. .).
The size or extent of new infarction, which in each instance was associated with a proximal coronary occlusion, was
correlated with ECG/VCG magnitude-duration criteria for infarct size with a correlation coefficient of .. The major
ambiguitywas in one patient who had sustained right coronary occlusion and had developed changes of inferior fascicular
block in addition to new infarction. When infarct size was recomputed by the criteria discussed below for infarct plus
inferior fascicular block, the overall correlation improved to .. The two patients with new ECG/VCG deformities and
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0.2 mV div–1

QRS duration 94 ms
0.1 mV div–1

QRS duration 100 ms
a b

⊡ Figure .

Part (a) shows the McFee lead-system VCG of a -year-old white male patient with angina pectoris and single-vessel LAD

disease which is entirely normal. Part (b) shows the VCG of the sameman at , recorded a few weeks after an acute anterior

myocardial infarction as a result of total occlusion of the proximal LAD lesion and prior to repeat coronary angiography and

ventriculography. A major deformity from  to ms was produced with major loss of leftward vectors as shown on the

right, and a maximal magnitude of .mV at the ms vector. When the .mV for ms was transferred to the nomogram

(> Fig. .), a line constructed between the two values for the McFee VCG crossed the double center line at  cm and %

angiographic LV involvement. It predicted an ejection fraction of %. At angiography, a very large akinetic anteroseptal

anterosuperior and apical segment was seen as the result of the proximal LAD occlusion and an ejection fraction of %was

recorded.

an unchanged ventriculogram had the ECG/VCG changes of possible small new infarcts (involving –% LV). This
suggests that small lesions of this size may produce no discernable wall motion abnormality in the ventriculogram.

Wickline and McNamara [] reported excellent correlation between infarct size at autopsy in a small number of
experimental infarcts in the baboon, and the integral of the change in the vector spatial magnitude compared to the con-
trol VCG spatial magnitude in the same animal. Cowan et al. [] have reported on the integral of the spatial magnitude
of initial abnormal depolarization in human subjects in whom control records were not available. She found excellent
correlation with quantitative planometric pathoanatomic measurement of infarct size. The correlation was best in ante-
rior infarcts and the correlations with inferior infarcts improved when the integral also included terminal abnormal
depolarization [].

From the authors’ data presented above, it follows that carefully recorded high quality multi-lead serial ECGs/VCGs
are a simple, inexpensive and effective method to predict the presence or absence of new myocardial damage (% reli-
able), and to quantify the degree of damage with more than % reliability. WE RECOMMEND, THEREFORE, THAT
EVERY YOUNG ADULT ACQUIRE SUCH A HIGH QUALITY BASELINE ECG RECORDING BEFORE AGE .
A wallet sized photographic and electronic copy could be carried on their person thereafter.
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⊡ Figure .

Part (a) plots new infarct size (second study) on serial comparison of VCG change and contrast ventriculograms in  consec-

utive serial coronary angiographic studies []. The lower line is the line of unity. The r = . is computed for the  subjects

where significant VCG change was found. Part (b) shows the correlation between the ECG point score for infarct size, dis-

cussed in the text (EEF = estimated ejection fraction), and ejection fraction in a series of  consecutive patients with %

LAD occlusion and less than % in the other two coronary arteries []. All cases were included regardless of the presence

or absence of ECG changes of hypertrophy or conduction abnormality. No case of LBBB was observed in this group. Part (c)

compares QRS scores for infarct size and nuclear LV ejection fraction (LVEF) in  patients  weeks after suffering an acute

myocardial infarct []. Patients with ECG evidence of conduction abnormalities or ventricular hypertrophy were excluded,

but those with history of prior infarct were not. SEE denotes the standard error of the estimate. Part (d) relates the ECG point

score to thepathological infarct size at quantitativeplanometric pathology in thefirst  patientswith single infarcts reported

by Ideker et al. [, , ]. Twenty-one of these patients have anterior infarcts,  have inferior infarcts and  have posterior

infarcts.

Hindman and associates [] next evaluated the specificity and intra- and inter-observer agreement of a simplified
version of the ECG scoring system proposed by Wagner. The effectiveness of this simplified QRS scoring system for
estimating myocardial infarct size was then tested in post-mortem studies involving single infarcts in the anterior [],
inferior [], and posterolateral [] quadrants of the left ventricle. Additionally, the simplified scoring system has been
found to be of clinical value (see> Fig. . Panel C) in the assessmentof left ventricular function after acutemyocardial
infarction [, , ].
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The simplified system has several potential limitations. Its  points are accumulated from  criteria which can
only indicate infarction in % of the LV.There is relative under-representation of the posterior (posterolateral) and basal
regions, and it performed suboptimally with infarcts in these locations. Also, minor changes in amplitude and deformities
in the QRS (notching) that were apparent in the simulations and in clinical infarcts were not included. The complete
quantitative scoring system which includes  additional criteria of R and S amplitudes and the presence of notched and
late R waves was then evaluated [, ]. Fourteen criteria met the % specificity standard in normals, three achieved
the standard only after modification, and three were excluded.The control population considered at this time was larger
and better distributed by age and sex than the original normal population []. This study population was composed
of  consecutively selected Caucasian subjects of both sexes in the five decades between the ages of  and ; there
were  females and  males in each of the decades []. Of the  subjects, there were  healthy volunteers and
 catheterized patients. The latter underwent diagnostic heart catheterization for the evaluation of chest pain and had
totally normal studies including hemodynamics. The resultant -criteria/-point system is presented in > Fig. ..

Age and gender adjustments for the QRS amplitude and duration criteria noted lower left of the scoring work-
sheet are the result of a review of this normal database and the Macfarlane Western Scotland database of  normals
(see Vol. ), with a similar age and gender distribution.

Studies using this complete scoring system in the first  patients of the same postmortem subjects reported above
[], demonstrated that it predicted extent of infarct in each of the three major coronary distributions with good correla-
tion (r = ., see > Fig. ., Panel d) when compared to quantitative planometric pathoanatomic findings. It was also
demonstrated that, on average, the complete scoring system predicted a distribution of damage in the  LV segments that
correlated well with the average of the planometric pathology found in those same  subdivisions, i.e.: anterior infarcts
r = ., inferior r = . and posterolateral r = . [].

... Comparison of QRS Score toMRI Infarct Quantification

Gadolinium delayed-enhancement magnetic resonance imaging (DE-MRI) has recently emerged as the gold standard
to quantify infarction in-vivo. Engblom et al. performed two studies comparing the simplified scoring system to infarct
size quantified by DE-MRI [, ]. The first study included  patients with chronic anterior infarction and found
only a moderate correlation of r = . (P < .) between ECG and MRI scar size []. The reason for this relatively
poor correlation is not entirely clear. Of note, the population consisted of chronic ischemic heart disease patients who
had significant remodeling and wall thinning that was not taken into account when quantifying infarct size (amount of
myocardium lost by necrosis) as had been done in the necropsy studies by Ideker and colleagues []. Finally, the accuracy
of infarct quantification by MRI in-vivo is confounded by partial volume affects and image quality.

The second study by Engblom et al. in  patients with first-time reperfused infarction found a stronger correlation
of r = . between ECG andMRI infarct size [].They found the best correlation between local QRS score and infarct
size in the middle third of the LV.These small ECG-MRI studies will have to be followed by studies in larger populations
before definitive conclusions can be drawn.

.. Methods for the  Lead ECG QRSMI Size Scoring System,Manual

In all the studies reported, either - or -channel recorders were used to obtain standard  lead ECGs.The duration and
amplitude of each deflection in the QRS complex were measured with hand held micro-adjustable calipers for  of the
standard  leads (I, II, aVL, aVF, and V–V). QRS duration measurements (ms) were made horizontally along the PR
segment baseline.Amplitudemeasurements (mV) weremade vertically from this baseline evenwhen the ST segmentwas
shifted. From these measurements, a point score was determined from weighted criteria for each ECG. However, when
major ST segment shifts are present (.mV or more beyond the % normal confidence limits), scoring is less reliable
because the injury current usually distorts the appearance of the QRS complex.

Clinical observations of durations and amplitudes of Q, R and S waves on the standard  lead ECG are performed
routinely by physicians and paramedical personnel.When these observations are required for identifying specific criteria
for a quantitative QRS scoring system for estimating infarct size, precise observations of the waveforms are required.
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There are several aspects to this precision: (a) adequate ECG recording, (b) rigorous definition of waveforms, (c) accurate
waveformmeasurement, (d) use of simple guidelines for considering relationships among criteria, and (e) a logical format
for presenting the scoring system.

... Adequate ECG Recording

Theperformance of the ECGrecording equipment should be tested at regular intervals to assure properwriting, alignment
between channels, amplitude calibration of mm/mV, and appropriate (.–Hz) frequency response. A minimum
of three channel recording with perfect alignment between channels is required for adequate definition of the times
of waveform onsets and offsets. This precision is particularly important for the identification of the initial isoelectric
portion of a waveform as in (> Fig. .). Several commercially available ECG recorders have the ability to display the
ECG at double gain and effectively double speed. Such recordings increase the resolution and decrease the variability of
measurements for the manual scoring process.

... Rigorous Waveform Definitions

If the initial deflection of the QRS complex is negative, a Qwave is present. Prior to returning to the baseline, this negative
deflectionmay be either smooth or notched. A “smoothQ” is present (>Fig. .) when the initial negative deflection has
no reversal in direction equal to or greater than (≥).mV (“notch”), preceding a positive (R) deflection. The duration
of such a Q is measured as the width of the entire initial negative deflection. When the entire complex is a smooth
negative deflection, no S wave is present.Therefore the amplitude of the Q wave should also be considered as the “S wave”

Smooth Q wave

Notched Q wave

Notched R wave

Q

R

Q
S

R

Q

R

Q

R

Q

R

Q

≤ 40 ms

⊡ Figure .

A “smooth Q” is present, if there is no reversal in direction ≥.mV in the first negative deflection (preceding the R wave).

A “notched Q” is present when there is a reversal in direction ≥.mVwithin the initial negative deflection. The duration of

the Q, as indicated by the vertical dashed line, is taken from the baseline to the point directly above the peak of the notch.

The amplitude of the Q, as indicated by the horizontal dashed lines, is measured from the nadir of the negative deflection

preceding the notch to the PQ-segment baseline. As indicated by the arrow, a “notched R” for the purpose of ECG scoring of

infarct size is defined as a reversal ≥.mV starting within the first ms of the QRS.
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amplitude. A “notched Q” is present (> Fig. .) if there is any reversal in direction ≥.mVwithin the initial negative
deflection. In this instance, the duration of the Q wave extends along the PR baseline only to the point directly above the
peak of the “notch.” The amplitude of the Q extends to the nadir of the depression preceding the notch, and when the
entire complex is a negative deflection (QS), the amplitude of the S extends to the nadir of the negative deflection following
the “notch.” When an initial wave is positive an R wave is present. A positive deflection which follows a Q wave is also
considered an Rwave. For the purpose of the QRS scoring, an “Rwave” is considered to be the first positive deflection that
appears. It extends until it reaches the baseline to become either an S wave or to complete the QRS complex. A “notched”
initial R occurs when there is a reversal in direction ≥.mV beginning within the first ms of the QRS.

Strict and consistent application of the waveform definitions described in detail in this methods section is required to
obtain consistent performance of the infarct size criteria. Failure to observe this definition will result in falsely awarding
points. For example, an rS complex might be present in lead aVF prior to an infarct. The r wave would then be lost as a
result of the infarct, producing an entirely negative deflection. A notch might appear with a peak at ms after the onset.
Only three points would be awarded using the above definitions while five points would be awarded if the entire negative
deflection were considered a Q wave. A graphic of the waveform definitions of > Fig. . is present in the lower right
of the -Criteria/-Point QRS infarct size scoring worksheet, > Fig. ..

... Accurate WaveformMeasurement

Careful manual measurements of both amplitudes and durations should be made with micro-adjustable calipers using
the center of the trace of the inscribed wave form. ECG recorders with double gain, double speed options (some have
recording speeds of –mm/s) would increase the resolution and decrease the variability of measurements for scor-
ing purposes. Only -channel, -lead ECG tracings recorded at mm/mV and at mm/s paper speed were available
on the majority of the tracings used in the validation studies reported. In the presence of major acute ST elevation in any
lead, the amplitude measurements will be influenced by the “injury currents.” To minimize these effects, the R amplitude
should be measured from the PQ segment baseline and the S amplitude from the J point of the ST.

... Guidelines for QRS Scoring

Two aspects of individual criteria must be considered (> Fig. .): weighting and selecting. Weighting refers to the
number of points awarded for criteria satisfied (in brackets in > Fig. .). Of the  criteria,  have a weight of ,  a
weight of , and  a weight of . The additional points are awarded when there is increasing magnitude (either amplitude
or duration) of the same waveform abnormality. Selecting refers to the process of choosing a single criterion from a
group (inside the brackets, > Fig. .). When criteria with multiple weights are included within a bracket, they are
ordered by decreasing weights.Therefore, proceeding from the top down within a bracket, one should select only the first
criterion satisfied. The total point score for each ECG is the sum of the points accumulated from the criteria satisfied.
The significance and appropriate diagnostic statements and probabilities for any given total QRS point score is shown in
> Table .. The six steps to be taken to apply the score in general for infarct size are as follows:

(a) Is normal LV conduction present without ECG changes of emphysema, RVH or LVH? Score ECG for infarct size
and location using age and gender criteria adjustments and attach diagnostic statements with modifiers as tabulated in
> Table ..

(b) Are criteria for LVH or conduction defects LAFB, RBBB, LBBB present? If so, they can be QRS scored, with confi-
dence, for infarct size and location using the revised criteria in Appendix and B:> Figs. .a, b, LVH+Anterior MI,
> Fig. .a, b RBBB + Posterolateral MI, > Fig. .a, b LBBB +Apical MI and an Inferobasal MI.> Figs. .a,
b through > .a, b are examples of typical healed infarcts in each of the three arterial distributions that illustrate
the points made above regarding the scoring methodology.
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INFARCT SIZE - ECG SCORE - “HOW TO” WORKSHEET
COMPLETE 53-CRITERIA/32-POINT QRS SCORING SYSTEM

PANEL B

INFARCT SIZE  -  ECG SCORE - HOW TO --

PANEL A

Lead Criteria Pts.
each
cri.

Lead
max.
pts.

LAD
ant.
1 2 3

LAD
sup.
4 5 6

RCA
inf.
7 8 9

CX
post
10 11 12

111I

II

aVL

aVF

Ant.

Post. R / S > = 1
R > = 50 ms
R > = 1.0 mV
R > = 40 ms
R > 0.7 mV

Q / S < = 0.2 mV

Q / S < = 0.3 mV

any Q

any Q
R < =10 ms
R < = 0.1 mV

R / S > = 1.5
R > = 60 ms
R > = 2.0 mV
R > = 50 ms
R > = 1.5 mV

Q > = 30 ms
R < = 10 mS
R < = 0.2 mv
Q > = 20 mS

Q > = 20 ms
R / Q < = 0.5
R / S < = 0.5
R / Q < = 1
R / S < = 1
R < = 0.5 mV
.04Rnotch

Q > = 30 ms
R / Q < = 1
R / S < = 1
R / Q < = 2
R / S < = 2
R < = 0.6 mV
.04Rnotch

Q > = 30 ms
R / Q < = 1
R / S < = 1
R / Q < = 3
R / S < = 3
R < = 0.6 mV
.04Rnotch

Points 32
TOTALS:

If >1 criterion in bracket met, select one with most points.
If >1 criterion in bracket has the same point, score only once.

Age normalize all amplitude criteria to age 55 by increasing
them 1%yr age 20 – 54 and decreasing them 1%/yr for > 55yrs.

For Females further decrease by 10% all QRSdur and QRSamp Criteria.

>= denotes greater than or equal to
<= denoter less than or equal to

1.

2.

3.

4.

%LVI

V1

Ant.

Post.

V2

V3

V4

V5

V6

Q > = 30 MS
R / Q < = 1
R < = 0.2 MV

Q > = 40 MS
Q > = 30 MS

Q > = 30 MS
R / Q < = 1

Q > = 50 MS
Q > = 40 MS
Q > = 30 MS

R / Q < = 1
R / Q < =2

1
1111

1

1

3 3 2 2 11
2 2 2 2
1

1

1

1
2

1

1

1

1 1 1 1
2 1 1 1 2 1

1

2 2 2 1 1
2

1

1
2 2 1 1 1 1

111
3

1

1
2

2 1 1 2 2

2 1 1 1 1

1

1

1 1 1 1
R

R

Qdur Qamp

Q

Q Q

R

Notched R

Notched Q

<_ 40 ms

1 2

1 1 1
3

3

1 1 1

1 1 1

1 1 1

4 1

1 1 1

1 1

1 1 2

1 1 1
3

2

9
12

6

5

4

10

11

8

Basal

Middle

INFARCT SIZE:

INFARCT LOCATION:

EACH  = 1%  OF  LV  INFARCTED,

(IN  12   LV SEGMENTS)

TOTAL ECG POINTS____ x 3 = % LV INFARCTED (%LVI) ________

65 – %LVI = ESTIMATED EJECTION FRACTION (EEF) ________

EJECTION FRACTION:

Apical

7

4 1 1 1

1 1 1 1 1 1
1 1 1

1 1 2

21
2 3 12

125

2 2 1
1 21

12

2

2 2 2 2 2

ECG POINTS (3% LV each ) % LV INFARCT IN 12 LV SEGMENTS

CIRCLE EACH ECG CRITERIA MET FROM...PANEL A
(If more than one criterion in bracket
met, circle one with most points only)

CIRCLE POINTS SCORED EACH CRITERIA.. PANEL A
(If more than one criterion in bracket
has the same point, score only once)

CIRCLE %LV INFARCT IN EACH SEGMENT}
FOR EACH QRS CRITERIA MET............ PANEL B

PLACE (FOR EACH 1% LVI) FROM..... PANEL B
IN PROPER SEGMENT IN DIAGRAM BELOW

SEGMENT SUBDIVISION

Anterosuperior

Anteroseptal

Posterolateral

Inferior

8  IN  A SEGMENT = 100%  OF SEGMENT

⊡ Figure .

Worksheet that can be copied and used for the routine scoring of an ECG for infarct size. Instructions for scoring are given on

the lower left and for wave-form definitions of notched R and Q on the lower right. Adjustments to the criteria thresholds for

age and female gender are defined lower left. Upper right are instructions for distributing each %of LV infarct in panel B (for

each criterion met in panel A) into the  segment subdivision on the middle right. Also see > Sect. ... for the stepwise

use of the score in the presence of hypertrophies or conduction defects.
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⊡ Table .

Diagnostic statements and significance for ECG infarct-size score

ECG Diagnostic statement Pathology E% Angiography Probability (%)

points (fill in location ()) LVIa (%) EEF (%)b CADc Normal

ld consider small () infarct   – –

 possible small () infarct   – –

 probable small: () infarct   – –

 small () infarct   – <
– moderate () infarct – –  <
– large () infarct – – > <
≥ very large () infarct ≥ < > <

aE% LVI, estimated% left ventricle infarcted
bEEF(%), estimated ejection fraction (%)
cCAD, coronary artery disease
dDiagnostic statement warranted for  point from the following highly specific criteria only: Q ≥ ms, I, aVF, V, V, V; R ≥ ms, V; R ≥ ms,
V. If screening apparently healthy populations where the incidence of CAD is low, accumulate ≥ points before a diagnostic statement “consider
small…” ismade, and ≥ points for “possible small. . .”

... Format of Scoring Criteria

Thecomplexity of the criteria characteristicsmentioned above requires an innovative format of presentation of the scoring
system. The current format (> Fig. .) represents a -year evolution of attempts to present a simple, logical, and
unambiguous approach. As its labeling “INFARCT SIZE – ECG SCORE – ‘HOW TO’ WORKSHEET” indicates, this
worksheet can be readily copied, with enlargement to fill a standard letter copy paper which is the form we have used to
good effect for the last several years.The updated worksheets with adjustments for the confounders LVH and conduction
defects are in appendices A and B.

.. Automated ECG Analysis Programs and QRS Score for Infarct Size

Themanual method of using the QRS scoring system just described in detail in the preceding section is readily adaptable
to automated ECG analysis programs. An automated version of the QRS score that included the distribution of damage
into the  LV segments as defined in > Fig. . was originally written by Schussler, adapted by Sharp and Laks, and
reported in  at the Engineering Foundation Conference byMadrid et al. []. A microprocessor based ECG analysis
program in a portable bedside cart system of  simultaneous leads with the ECG score incorporated into the cart system
was assessedbyMadrid et al. in  []. It was found, not unexpectedly, that both of these automatedmeasurementand
analysis systems were more reproducible than even experienced manual readers.The automatedmeasurement programs
were, in general, more accurate in making measurements of both amplitude and duration than manual readers. The
bedside cart system of  simultaneous leads was also consistently more accurate in measuring QRS onset and offset and
in identifying those criteria that depended on these measurements. Programs for the application of the QRS score for
infarct size by computer are available as special “research tools” options, or by contact with the individual investigators
who developed them.

The well known age, race, and sex differences in QRS amplitudes and durations have an effect on every criterion in
the QRS scoring system. In the specificity studies reported by Hindman et al. [], using only normal Caucasian subjects
stratified by age in decades, and by gender, it was observed that the QRS scoring system performed best in the decade of
– for which the original criteria were established.The number of false positives increased in the younger age groups,
especially males, due to increased voltages commonly seen in this age group, and in older age groups, particularly the
older females due to the lower voltages common in these older subjects. The measurement of a large array of amplitude,
duration and wave shape descriptors of each wave of each lead on the ECG for large populations of normals stratified
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by age, race, and gender, is a near heroic task for the manual reader, but grist for the mill of a modern computer. An
important normal database of ECGs from , ambulatory normal subjects living in Western Scotland recorded using a
simultaneous multilead system has been reported by Macfarlane and Lawrie (Vol.  of the st edition). This database has
become widely available for each decades of s–s and older, subdivided by gender. A smaller cohort of  (
males,  females) normal Chinese was also presented along with a larger cohort of , Japanese with ECGs recorded
earlier on paper and with measurements made by hand. A similar cohort of ambulatory black subjects is not present.
Another limitation of this important normal database is the absence of similar data for the older decades, now being
seen in chest pain centers with major increased frequency. As comprehensive age, gender and race specific databases
become available, the sensitivity and specificity of the ECG diagnosis of the presence, size and location of acute and
healed myocardial infarcts in the younger and older decades can be expected to improve significantly. Criteria for the
quantification of infarct size can be “fine tuned” to be gender, age, and race specific. Some commercial vendors are now
supporting “gender smart” ECG interpretation algorithms and the others appear to be coming online. Enhancements for
gender and age are included in our current edition of the QRS MI Size Scoring System presented in > Fig. ..

Based on the presence of important high frequency components as a result of disruption of the activation fronts by
the complex geometry at the infarct boundary, and by small multifocal infarcts, the optimal normal digital databases will
need to be sampled at rates of at least , samples per second. This will be necessary in order to identify the limits of
these high frequency components in normals before they can be applied with statistical confidence to patient populations
suspected of having a myocardial infarction.

Automated ECG/VCG analysis systems with their large database storage capability are also ideally suited to the
archiving of digitized ECG/VCGs for later comparison to newly acquired tracings. Detailed wave by wave, lead by lead
comparison is a simple task for comparative programs. Automatic gain adjustments are routine to correct for individual
ECG preamplifier drift in amplitude. Serial comparison using large high resolution ECG databases of normal controls
can readily show when newly measured waveforms are outside the % or % age-race-sex matched normal ranges,
and when similar confidence limits for normal variability of serial comparison records have been exceeded. This kind of
detailed comparison to large well validated normal databases is possible by manual means but is so labor intensive that
this discourages it being done routinely. Such high resolution and comprehensive comparisons are trivial for a modern
computer when validatedmeasurement algorithms are installed and the proper digital data is archived in their electronic
files.We again stoutly reaffirm our earlier recommendation:THATEVERYYOUNGADULTACQUIRE SUCHAHIGH
RESOLUTION BASELINE ECG RECORD BEFORE AGE . A wallet sized photographic and electronic copy can
be carried personally thereafter.

. Principal Areas of Infarction and Typical ECG/VCG Changes

.. AcuteMyocardial Infarction, Evolving Changes of Injury, Ischemia and Necrosis

The evolutionary changes that occur after an acute coronary occlusion and subsequent infarction, when viewed from the
vectorial perspective, are the same for each of the arterial perfusion beds. In order to maintain the relationship with part
or all of these three main coronary artery perfusion beds, it is important to maintain the separation in nomenclature of
the regions, anterior for LAD, posterolateral for LCX and inferior for RCA/PDA as indicated earlier in > Sect. ...The
direction and amplitude of local electrical field changes over time (mean vector or axis changes) from injury, ischemia
and necrosis or infarct, have major reflections in individual leads of a -lead ECG (including the -view ECG; to be
discussed shortly) or the orthogonalX,Y , andZ leads.This corresponds to the orientation of the specific lead to themean
direction of the electric field from the local arterial perfusion bed distal to the obstruction. As discussed in more detail
in > Chaps.  and > , if the lead is at right angles to the average direction of the electrical event, that is, on the “null
plane” as defined by Grant [] and others, the particular change, whether it be regional depolarization or repolarization,
will be poorly represented in that lead. Likewise, the event will be maximally represented in leads in three-dimensional
space that are oriented parallel to the mean axis or vector of the event and perpendicular to the null plane. The orderly
sequence (Cabrera) of limb leads used throughout this chapter, including the -view -lead ECG illustrations, enhance
the determination of various axes, i.e., mean P, initial ms, terminal ms and mean QRS, and mean STj and T axes or
vectors.
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Theserial ECGchanges of evolving acutemyocardial infarction associatedwith injury/ischemia, necrosis and healing
of the infarct can in general be classified into four phases: hyperacute, acute, subacute and completed (chronic healing)
(> Fig. .). In general, the acute injury/ischemia process is potentially reversible in the hyperacute and early acute
phases with progressive infarction occurring throughout the acute phase. The healing phase begins in the subacute and
continues with remodeling in the completed or chronic phase.The time course of these phases can vary between individu-
als.Theymay be quite rapid as in first infarction occurring early in life with little or no time to have developed collaterals
from adjacent normally perfused regions. They may be delayed during gradual or intermittent coronary occlusion in
subjects who have developed collaterals. They may be aborted by prompt and sustained reperfusion.

(a) Hyperacute Phase:Within seconds after acute coronary occlusion, there is typically a significant increase in amplitude
and peaking of the T wave, directed outward from the epicardium of the centroid of the acutely ischemic region.
This is commonly called “hyperacute T.” Experimental work by Kleber et al. [] and computer simulation work
by Miller and Geselowitz [] showed that shortening of the action potential is what produces the hyperactue T.
Furthermore, more recent work by Shaw and Rudy has suggested that opening of K-ATP channels is what causes
the most significant shortening of the ischemic action potential and likely results from shift of excess potassium
into the extracellular space []. Although this change may persist for some time in a slowly developing process,
typically in some seconds to a minute later the ST segment begins to join the hyperacute T as a “current of injury”
vector directed outward perpendicular to the epicardium of the centroid of the injured/ischemic region. When these
currents of injury/ischemia are large, indicating a large area of severe ischemia, the DC level of the entire baseline
(see > Fig. .) becomes negative. The middle and late QRS forces are drawn, with the ST-T, outward from the
epicardium of the region at risk.

(b) Acute Phase: In the early part of this phase, the terminal portion of the T wave and early QRS forces begin to decrease
in amplitude along the axis of the acute injury/ischemia vector that is perpendicular to the epicardium of the risk
region. During the early half of this phase, the ischemic process is potentially reversible with consequent salvage
of the injured myocardium. The specific QRS changes of the evolving local infarct begin to appear and progress,

QRS

J–ST

MID T

TERM T

Hyper
Acute Acute

Toward Infarct–ischemia
Away From

Chronic
HealingSub–Acute

⊡ Figure .

Diagram shows the four ECG phases of acute coronary occlusion. Panels showing the evolution of the acute infarction to its

chronic stable phase are indicated at the bottom. Each panel illustrates the typical change in direction and amplitude of the

QRS complex, J point and ST segment, and mid and terminal T wave. A shift outward toward the ischemic/infarcted area is

indicated by an upward-pointing arrow; a shift inward away from this area is indicated by a downward-pointing arrow.
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reaching their full extent at the end of the acute phase. As the QRS emerges from the current of injury it shifts away
from the region at risk, revealing abnormal Q waves, notched or attenuated R waves, and altered terminal forces.
The precise changes depend on the size and location of the infarct. They can be remarkably accelerated following
successful early revascularization interventions. In the absence of such interventions, the acute phase typically lasts
– h from the onset of symptoms.

(c) Subacute (Evolving) Phase: Over the next day or two, as the infarct evolves through the sub-acute to completed or
chronic healing stage, the QRS changes of infarct are fully developed and stable. The ST segments subside toward
their normal location, while the mid and terminal T-wave becomes fused with major displacement inward from the
infarcted region. The ischemic myocardium has become, in general, irreversibly damaged and healing has begun.
T waves are now usually deeply inverted in leads whose positive pole faces the epicardium over the centroid of the
infarct. In the -lead ECGs of > Figs. .–., this relationship is to be noted for either the positive or negative
pole.

(d) Completed phase: During the completed or chronic healing phase, the changes on the ECG caused by the infarction
have stabilized (see > Fig. .). If there is no recurrence of ischemia, these changes will gradually move toward
resolution. The T wave will remain directed inward away from the infarcted region and will gradually decrease in
size unless influenced by ischemia elsewhere, or by ventricular hypertrophy, or bundle branch block.

The reader is encouraged to review the serial changes in > Figs. .–. illustrating those changes seen with acute
anterior, posterolateral, and inferior infarctions in patients who did not receive revascularization interventions. Scores for

aVL
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–aVR

aVF

L.B 44 Wa

aVF aVF

–aVR –aVR

V1 aVL V1 aVL V1

V2V2
V2

V3 V3V3

V4 V4 V4

V5V5V5

V6 V6 V6

Day 2 ECG
Acuteness Score = 2.6

Severity = Grade III
Extent = 30%

⊡ Figure . (Continued)
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Criteria met

Total

24% LV infarcted ( 3 x 8 total points )

41% EF (est. 65–24% LVI)
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⊡ Figure .

(a) Note limb leads are in the orderly (Cabrera) sequence from the top down, aVL, I, -aVR, II, aVF, III. These serial ECGs are of

a -year-old man with chest pain who was admitted to the hospital with possible acutemyocardial infarction. The slight ST

elevation with coving and T inversion in aVL, I, and V–V, indicating atmost a moderate ischemic risk area (see > Sect. ..

for details). By the next morning he has acute ST elevation changes of acute anterior myocardial infarction and had evolved

QRS changes of a moderate sized infarct, see (b). By day , the typical evolution of the STT with deeply inverted T waves as

notedand theQRS changesof amoderate sized anterior infarct showno further evolution. (b) For the caseof (a), themoderate

peak acute ST vector was plotted by the method of Grant from the day  tracing, as was the T vector at day . The scoring

criteria met in the day  record, the points scored for each, and the total of  points are tabulated. As indicated each point

represents % of the left ventricle infarcted (LVI), the  points predict % LVI and an estimated ejection (EF) of %. The

distribution into the  LV segments on the upper right is derived from panel B of the ECG scoring work sheet, shown in more

detail for this specific patient in> Fig. .. Angiographic data is not available.

the extent, severity and acuteness of ischemia are shown in each of these figures. Detailed descriptions of these acuteness
and severity scores are in > Sect. ...

It follows that major injury, ST-T vectors of acute myocardial infarction or evolving infarct, QRS and T vectors from
the anterior or posterolateral wall of the heart, will be seen optimally in anterior-posterolateral oriented leads V, V, V,
V and Z. These changes are usually maximal for either anterior or posterolateral AMI in V or V. Electric field vectors
originating in the opposing anterior and posterolateral walls will produce opposite (mirror-image) effects to each other
in these same leads. Likewise, anterosuperior or inferior wall injury, ischemia or infarct will produce their main changes
in superior-inferior oriented leads aVL, III, aVF, II and Y. As a result of the orientation of the positive end of the leads,
III and aVF will generally show mirror-image acute injury/ischemia effects to aVL for acute anterosuperior injury and
vice-versa for acute inferior injury. If the lesions also extend toward or localize to the apex (left and ○ inferior) or the
left side of the heart, leads with a left-right (base-apex) orientation, i.e., I, -aVR, II, V, V, V, and X, will also reflect
these changes.

The term “reciprocal changes” which occurs in much of the ECG literature to describe these “mirror image” changes
is mainly descriptive. When considered from a vectorial perspective, this term may be misleading and its use should be
avoided. It ismore anatomically and electrophysiologically correct to assign a direction to these acute ST-T changes, along
with a location in the heart, together with size or extentmodifiers that denote their significance. When anterior-posterior
leads V–V show a prominent anterior ST-T change of acute anterior infarction, the term “with reciprocal changes in
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INFARCT SIZE - ECG SCORE - “HOW TO” WORKSHEET
COMPLETE 53-CRITERIA/32-POINT QRS SCORING SYSTEM

PANEL BPANEL A

ECG POINTS (3% LV each ) % LV INFARCT IN 12 LV SEGMENTS
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⊡ Figure .

The specific criteria met in the day  ECG of the patient in > Fig. .; the distribution into the  LV segments for each

criterion is indicated in panel A and B. The totals are depicted in each segment in the diagram to the right. This is themethod

of scoring which is used throughout this chapter.
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⊡ Figure . (Continued)

inferior leads” is ambiguous. When an associated superior ST displacement vector is indicated in superior-inferior leads
aVL, III, aVF and II, we prefer to use the phrase “with significant anterosuperior involvement” to flag this evidence for a
very large area at risk from LAD occlusion proximal to a large first diagonal branch. When the major acute ST changes
occur in V, V, V, and V, and are directed posteriorly, while additionally a lesser degree of acute ST change is directed
inferiorly in II and aVF, the label “acute posterolateral infarction with probable inferior extension” is more anatomically
and physiologically appropriate. Conversely when major ST-T changes of acute inferior injury and ischemia are present
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⊡ Figure .

(a) Note limb leads are in the orderly (Cabrera) sequence from the top down, aVL, I, -aVR, II, aVF, III. The admission ECG of a

-year-old manwith severe chest pain shows a large ST-T deviationwhich is anterior and significantly superior and leftward.

This is indicative of a large area at risk in the proximal LADdistribution. The new onset right bundle branch block that appears

on day  does not influence the QRS infarct size score for anterior infarct as shown in (b). For the case of (a) the large anterior

and significantly superior and leftward ST vector on admission is consistent with a large LAD area at risk. The presence of a

probable left anterior (superior) fascicular block (LAFB) on admission, and of RBBB by day  confirms the large area at risk,

as does the QRS MI size score  points (estimated %LV I (infarct), % and an estimated LV ejection fraction of %). The

predicted distribution of the infarct in the  LV segments is shown on the right. Angiographic data was not obtained for this

patient.

in II, aVF, and III, and posterior changes of a lesser degree are present in V, V, andV, it is more appropriate to diagnose
acute inferiormyocardial infarctionwith posterolateral extension, than ascribing the latter to “reciprocal changes.” If these
local changes extend toward the apex or left border of the heart producing changes in the left-right (apex-base) leads, a
notation so indicating would also be consistent, that is, “acute inferior myocardial infarction with probable posterolateral
and apical extension.” > Table . provides a summary of the anterior, posterolateral, inferior and apical ST-T changes
and the culprit artery responsible for them as well as the probable location in that artery. Details for each of these are
provided in the following > Sects. ..–... We have found that these same local primary acute ST-T changes are
seen as add-ons to the secondary ST-T changes of ventricular hypertrophies, bundle branch blocks, ventricular pacing
and pre-excitation. These are dealt with in detail in > Sect. ..
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⊡ Figure . (Continued)

.. Acuteness, Severity and Extent of Ischemia

Important additions to the ECG evaluation of patients who have acutemyocardial ischemia/infarction would be provided
by formal indices of the three key aspects of this pathologic process, namely: acuteness, severity and extent. Animalmodels
that incorporated these three variables were able to account for % of variability in final infarct size [], while human
studies using the nuclear perfusion agent mTc-Sestamibi were able to account for % of the variability in final infarct
size []. Indeed algorithms for each of these aspects have been developed, and literature regarding their validation has
been accumulating for many years. Detailed instructions on how to calculate each of these scores is contained in the text
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⊡ Figure .

(a) Note limb leads are in the orderly (Cabrera) sequence from the top down, aVL, I, –aVR, II, aVF, III. The admission ECG of this

-year-old man presenting with signs and symptoms of probable acute myocardial infarction had a major acute ST vector

directed posterior, and less but significantly leftward. This is diagnostic of a moderate to large area at risk in the LCX dis-

tribution. Over the next few days QRS changes of a large posteroapical infarct with inferoapical extension evolved, see (b).

(b) The acute ST vector and the evolved T vector at day , for the patient of (a), are consistent with a significant posteroapical

area of potential infarction. The QRS changes and ECG criteria summarized in the upper left and right show a large infarct

estimated to involve % of the left ventricle (estimated EF= %). The upper right of the figure shows an infarct localized to

the distribution of a dominant obtuse marginal branch of the LCX that has significant extension to the inferoapical region.

Angiographic data was not available for this patient.

to follow. Examples of the scoring systems are shown in > Figs. .–., and > . for anterior MI, > Figs. .,
> ., and > . for inferior MI, and > Figs. . and > . for posterolateral MI.

... Acuteness of Ischemia

The Anderson-Wilkins score for application on the presenting ECG for estimation of the acuteness of the
ischemia/infarction process was introduced in  [, ]. It was based on the concept described in > Sect. .. of
the serial hyperacute, acute, and subacute phases of the ischemia/infarction process (> Fig. .).TheAnderson-Wilkins
score is provided as a continuous scale from . (hyperacute) to . (subacute) based on the comparative hyperacute
T waves versus abnormal Q waves in each of the leads with ST-segment elevation. > Table . shows the abnormal



  Myocardial Infarction

⊡ Table .

Limits for abnormalQwavesand tall Twaves indifferent ECG leads, as used for calculating theAWacuteness score. Reproduced

from Heden et al. []

Leads Old abnormal Q-wave criterion New abnormal Q-wave criterion Tall T-wave criterion

I ≥ms ≥ms ≥.mV

II ≥ms ≥ms ≥.mV

III ≥ms and abnormal Q
in aVF

≥ms and abnormal Q
in aVF

≥.mV

aVR – – –

aVL ≥ms ≥ms ≥.mV

aVF ≥ms ≥ms ≥.mV

V Any Q Any Q ≥.mV

V Any Q Any Q ≥.mV

V Any Q Any Q ≥.mV

V ≥ms ≥ms ≥.mV

V ≥ms ≥ms ≥.mV

V ≥ms ≥ms ≥.mV

Q-duration and T-amplitude criteria. The Q-duration criteria were modified by Heden and colleagues in  to achieve
a better distribution of acuteness scores in anterior and inferior MIs [].

The Anderson-Wilkins ECG timing method considers each standard lead (except aVR) with either .mV or greater
ST elevation or abnormally tall T waves. Acuteness phase is designated for each of these leads on the basis of the presence
or absence of a tall T wave or an abnormal Q wave as defined in > Table .:

Phase A, tall T wave and no abnormal Q wave;
Phase B, positive T wave and no abnormal Q wave;
Phase A, tall T wave and abnormal Q wave;
Phase B, positive T wave and abnormal Q wave.
The Anderson-Wilkins (AW) acuteness score was calculated from the following formula:

(# leads A) ± (# leads B) ± (# leadsA) ± (# leads B)
Total # leads with A, B, Aor B

The anteriorMI acuteness score is derived from all precordial leads (V–V), and limb leads aVL, and I.The inferior AMI
acuteness score is derived from limb leads II, III, and aVF, and from the following instances in some of the precordial leads:
For V andV to be considered, the ST elevationmust be greater in V than in V, indicating right ventricular, rather than
anterior left ventricular (left anterior descending artery) involvement. For V–V to be included, the ST elevation must
be greater in V than in V and V, which would also exclude LAD artery occlusion induced anterior wall involvement
[]. To date, the AW-acuteness score has not been developed for patients with posterolateral MI from LCX occlusion.
Future work will look at the relation between ST-depression, T wave inversion and large R waves in V–V to calculate
the acuteness.

The Anderson-Wilkins acuteness score is an ECG estimate of the time course of the myocardial infarction that has
been shown to be superior to time from symptom onset in predicting myocardial salvage in patients receiving angioplasty
for acute MI [–]. This is shown in > Fig. . from Sejersten et al. [] where the Aldrich ECG score was used
to estimate the extent of ischemia and Selvester QRS score was used to estimate the final infarct size. This study showed
a statistically significant relationship between the AW-acuteness score and -year mortality, although the event rate was
small. A separate study by Engblom et al. showed a stronger relationship between the AW-acuteness score andmyocardial
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⊡ Figure . (Continued)

salvage than time from symptom onset [].This study used single photon emission computed tomography (SPECT) to
measure the extent of ischemia and MRI to measure final infarct size.

... The -Lead ECG and AcuteMyocardial Infarction

The visualization of the spatial D ST-T vector and mirror image (“reciprocal”) changes associated with acute occlusion
of each of the three major coronary arteries or their major branches is facilitated by the use of the -lead ECG (which
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⊡ Figure .

(a) Note limb leads are in the orderly (Cabrera) sequence from the top down, aVL, I, –aVR, II, aVF, III. The case of a -year-old

man seen in the emergency room with indigestion and a possible acute infarct. He had significant inferior Q waves, slightly

prolongedQRS (ms)withwide separation of initial and terminal ms vectors typical of inferior fascicular (peri-infarction)

block as described in the text. Only modest ST elevation is seen with minimal terminal inferior T inversion suggesting (with

the Q waves above) that at this time the ST-segment changes are already receding. No evidence of RV infarct (see text) is

seen but transient second-degree AV block is present on day  that has cleared by day . (b) For the patient of (a), by day 

evidence for minor posterior extension of this inferior infarct has evolved. The infarct is somewhat larger ( points, % LV)

than the typical inferior infarct, extendingmore toward the apex than usual. The acute ST vector and the T vector evolution at

 days are quite typical. The admission ST vector in this case underestimated the area at risk and the large infarct that, in fact,

evolved. The patient had been suffering symptoms for several hours before coming to the emergency room and may have

been past his peak ST.

includes both poles of the standard  leads). This concept was introduced by Pahlm-Webb and colleagues in  []
to aid in the visual diagnosis of acute occlusion, especially LCX occlusions with ST-segment depression in V and V but
ST elevation in −V and −V (> Fig. .). Cardiac magnetic resonance imaging (MRI) with gadolinium enhancement
of the acute ischemic injured area, or the resultant scar when adjusted for wall thinning, provides the basis for a quanti-
tative measure of myocardial infarct. This allows for direct measure of LV and infarct volume, mass, and the percent LV
infarcted (%LVI). In the five > Figs. .–., the standard -lead electrocardiogram was recorded at mm/s, gain
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Rs

qR

No ischemia I II III

A. Consider only ECGs with (1) no complete RBBB or LBBB, (2) no LVH, (3) no WPW, (4)
no ventricular paced or ventricular rhythm, (5) supraventricular QRS morphology, (6) total
peak-to-peak QRS amplitude ≥ 0.4 mV, (7) ST elevation (rounded up to ≥ 0.1 mV) and (8)
entirely positive T waves and/or tall positive T waves by Gambill criteria (III and aVL ≥
0.25 mV; I,II, aVF, V1 and V6 ≥ 0.5 mV; V5 ≥ 0.75 mV; and V2, V3 and V4 ≥ 1.0 mV)

B. Measure from PR baseline. If there is PR depression consider TP baseline.

C. Assign Grades I,II, or III, to all leads meeting the stated criteria.

1. Leads with a QR configuration (i.e. R only or QR):
Grade I tall positive T wave, no ST elevation
Grade II positive T wave, J point/R wave amplitude ratio <0.5

•  In cases with QRS axis ≤–30° and with S waves in lead V5: If there is ST elevation with
out an S wave present in V4, assume that the pre-event ECG had S waves in V4;
therefore assign the lead as Grade III.

•  In cases with QRS axis ≤–30° and S waves in V6: If there is ST elevation without an S
wave in V5, assume that the pre-event ECG had S waves in V5; therefore assign the
lead as Grade III.

•  Grade I tall, positive T wave, no ST elevation.
•  Grade II tall, positive T wave, ST elevation with an S wave below the

isoelectric line.
•  Grade III tall, positive T wave, ST elevation without an S wave below the iso

electric line.

Grade III positive T wave, J point /Rwave amplitude ratio =>20 ms

2. Leads with RS or RSR’ configuration (i.e. RSR’ or QSR’): In leads with terminal
S configuration and ST elev; assign grade II because of the presence of S waves.

For leads I, II, III, aVL, aVF, V4 V5 and V6:

Leads V4 and V5 in presence of left axis deviation:

For leads V1, V2 and V3 regardless QRS configuration

⊡ Figure .

Scoring rules for the refined Sclarovsky-Birnbaum [] Ischemia Severity Grading System. Figure and text reproduced and

modified from Billgren et al. [].

mm/mV and displayed as a “-lead ECG” with  views in each of the frontal (above) and transverse (below) planes.
The orientation of the x, y, and z axes of each plane is indicated by the perpendicular arrows. The  leads in each plane
are arrayed as on a clock face around an MRI of the heart within the thorax; as viewed from the front in the frontal plane
and from below in the transverse plane. The three dimensional “box” that appears around the heart in situ is expanded
on the right of each figure to display the  “bread loafed” base to apex slices as viewed from these vantage points.The four
quadrants/walls of the LV, (anteroseptal, anterosuperior, posterolateral, and inferior) are defined by the dashed lines on
each slice.
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⊡ Figure .

Relation of theAnderson-Wilkens acuteness score versus historical timingwithmyocardial salvage (topgraphs) andmortality.

Reproduced from Sejersten et al. [].

... Severity of Ischemia

The Sclarovsky-Birnbaum ischemia grading system was introduced in  as a clinical tool to estimate severity of first
time acute MI []. The grading system is based on qualitative assessment of changes occurring in the ST segment and
the terminal portion of the QRS complex during the early stages ofischemia-infarction. The ischemia grading system
consists of three grades representing increasing severity:

Grade  = tall upright T waves without ST segment elevation,
Grade  = ST segment elevation in ≥ adjacent leads without terminal QRS distortion, and
Grade  = ST segment elevation in ≥ adjacent leads with terminal QRS distortion.

Note that different criteria are used for identifying grade  of ischemia depending on the presumed baseline QRS mor-
phology (> Fig. .). The scoring system is based on the concept that the severity of the ischemia/infarction process
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⊡ Figure .

CardiacMRI and -lead ECG ( mm/s, mm/mV)of a patientwith a small tomoderate acuteMI primarily in theanteroseptal

LV wall with some involvement of the anterosuperior LV wall caused by occlusion distal to the major diagonal branch of the

left anterior descending coronary artery. The infarct is more extensive at the apex. It involves primarily the apical segment

with some extension into the middle segment of the anteroseptal wall, and extends into mid and apical segments of the

anterosuperior wall. The ECG manifestation of the acute phase of this MI is anterior ST segment deviation in the chest leads

of the transverse plane (below) maximal toward leads V and V. There is no apparent ST deviation in the frontal plane limb

leads (above) because the anteriorly directed ST segment deviation is perpendicular to that plane.

is determined by the degree of myocardial protection provided by the combination of collateral vessels and ischemic
preconditioning. Studies have shown that patients with grade  ischemia have a worse prognosis, larger infarct size, less
benefit from reperfusion therapy and less viability in the infarcted zone as compared to patients with grade  ischemia
[–]. Detailed rules for calculation of the score are outlined in > Fig. ..
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CardiacMRI and -lead ECG (mm/s, mm/mV) of a patient with large evolving acuteMI in the anteroseptal and anterosu-

perior LVwalls causedbyocclusionproximal to themajor diagonal branchof the left anterior descending coronary artery. The

infarct is circumferential at the apex with extensive involvement of the middle and basal segments of both the anteroseptal

wall and the anterosuperior wall. The ECGmanifestation of the acute phase of this MI is major anterior ST segment deviation

in the transverse plane chest leads (below) maximally toward lead V, and superior deviation in the frontal plane limb leads

(above) maximally away from lead III (toward lead-III). The QRS changes of a large evolving anterior infarction are already

present.

... Extent of Ischemia (Myocardium at Risk)

TheAldrich score for application on the presentingECG, for estimation of the extent ofmyocardiumat risk of infarction in
the absence of successful reperfusion therapy was introduced in  for anterior and inferior MI [] and in  by Ripa
and colleagues for posterolateral MI []. It is based on the slope of the relationship between the amount in millimeters
of ST segment deviation on the presenting ECG and the QRS score described in this chapter on the predischarge ECG
and is expressed as percent LV at risk of infarction.
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Cardiac MRI and -lead ECG (mm/s, mm/mV) of a patient with a large acute MI primarily in the posterolateral LV wall

caused by left circumflex (LCX) coronary occlusion proximal to the first marginal branch. The infarct is more extensive at the

base extending slightly into the anterosuperior segment and tapers toward the apex. It involves the basal and middle seg-

ments of the posterolateral LVwall extensively, and extends to about %of the apical segment. The ECGmanifestation of the

acutephase of thisMI is posterior ST segment deviation in the transverse plane chest leads (below) maximally away from lead

V (toward lead -V). There is borderline ST deviation superior in the frontal plane limb leads -aVF, -, aVL (above) indicating
aminor extension of the risk area into the basal anterosuperior segment.

The formula in anterior ischemia/infarction is

Extent of ischemia (%LV) = [.(# of leads with ST elevation)−.].
The formula in inferior ischemia/infarction is

Extent of ischemia (%LV) = [.(sum ST elevation in II, III, aVF)+].
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Cardiac MRI and -lead ECG (mm/s,  mm/mV) of a patient with a small acuteMI involving primarily themiddle segment

of the inferior wall with minimal extension into the inferobasal and inferoapical segments. This was caused by occlusion of

the PDA proximal to its branching from the distal RCA. The ECG manifestation of the acute phase of this MI is minimal with

abnormal inferior ST deviation in the frontal plane leads (above) maximally toward lead III.

The formula in posterolateral ischemia/infarction is

Extent of ischemia (%LV) = [.(sum ST elev and ST, dep, all leads)−.].
Future work will need to be done to prospectively evaluate the use of all three of these ischemia scoring sys-
tems to risk-stratify patients and provide decision support for physicians caring for patients with acute myocardial
infarction.
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Cardiac MRI and -lead ECG (mm/s, mm/mV) of a patient with a moderate sized acute MI in the inferior and postero-

lateral LV walls, caused by occlusion distal to the major right ventricular branch of a dominant right coronary artery. The

infarct is extensive at the base and tapers toward the apex. It involves primarily themiddle and basal segments of the inferior

wall, extends into middle and basal segments of the posterolateral wall, and also minimally into the basal inferior septum.

The ECG manifestation of the acute phase of this MI is inferior ST segment deviation in the frontal plane limb leads (above)

about equally toward leads III and aVF, and posterior in the transverse plane chest leads (below) maximally away from lead

V (toward lead -V). The apical involvement is indicated by the inferior directed ST deviation in the frontal plane extending

to lead -aVR.

.. Left Anterior Descending Occlusion and Typical Anterior Infarcts

... Spectrum of ECG/VCG Changes from Acute LADOcclusion

In most patients, the “wrap-around” of the LAD at the apex onto the inferior apex is quite prominent []. Thus acute
occlusion of the distal LAD with acute anteroapical infarction will be associated with ST elevation both in anterior apical
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directed leads V, V, V, and in apical inferior directed leads –aVR, II, and aVF. The evolving infarct may produce
abnormalQ-waves or attenuated/notchedR-wave changes in any or all of these leads depending on its size.The differential
diagnosis of such changes is covered in more detail in > Sect. ...

Infarcts associated with local acute occlusion of a major first diagonal branch of the LAD system may be limited to
the anterosuperior wall or extend into the upper part of the middle and apical segments of the posterolateral wall. These
are so-called high lateral, lateral or superior infarctions with abnormal anterior (superior) ST elevation in I, aVL, -III, and
-aVF. The evolving infarct is evidenced by loss/notching of R and/or evolving Q waves in I, aVL, and possibly –V, –V.

Acute LAD occlusion proximal to the first diagonal adds to the changes mentioned above for the acute ST-T and
evolving QRS changes in leads V–V, along with many added labels for these infarcts. Terms such as septal, anteroseptal,
anterior, strictly anterior, anteroapical, apical and anterolateral are all in wide usage to describe the ECG/VCG changes in
V–V that result from LAD occlusion. A combination of these terms is used to indicate extension of the infarct to more
than one region, along with additional terms such as large, extensive or massive. A significant simplification occurs when
the size modifiers summarized in > Table ., namely, probable small, small, moderate, large and very large, are used
along with the simple descriptor “anterior,” to describe the spectrum of changes that occurs with occlusion in this arterial
system. When major ST-T changes of injury and/or ischemia are also present, modifiers, such as “hyperacute,” “acute”
or “recent” are appropriate. When there are changes of anteroapical infarct with inferior involvement, then adding the
term “with inferior extension” or using “anteroapical inferior” are appropriate but “apical” with size modifiers is simpler.
The reader is reminded that to assess the extent of the anatomic change, the ECG/VCG changes considered must include
not only ST-T and initial Q-wave vectors, but loss of mid-to-later QRS vectors as well. The interaction of these criteria
in the quantification of anterior infarct is discussed in more detail in > Sect. .. Serial ECGs of a typical moderately
sized acute anterior infarct are shown in > Fig. .. The QRS MI size, score of the day  ECG, the interaction with the
individual criteria met and the distribution of the associated infarct in relation to the  segment LV of this patient’s score
worksheet are shown in > Fig. .. The -lead ECG and the MRI images of a small acute and large late acute anterior
infarct are shown in > Figs. . and > .. ECG/VCGs of a moderate size and a very large old anterior infarct with
angiographic correlations are shown in > Figs. . and > ..

... Anterior Infarct with Associated Left Anterior-Superior Fascicular Block, LAFB

Eight percent of the patients in the authors’ ventriculographic series with visible anterior infarct and LAD coronary artery
occlusion had an associated clear-cut left anterior-superior fascicular block (LAFB), by criteria advocated by the Bethesda
Conference Task Force on Standardization of terminology []. > Figure . shows a simulation of the sequence of
activation seen in these patients. The major difference seen in the ECG/VCGs of these patients in comparison to those
with normal conduction and anterior infarct are:

(a) QRS prolonged to –ms (–ms when evidence of LVH is present);
(b) qR pattern in aVL with wide separation of initial ms vectors from the terminal ms vectors; and
(c) Mean frontal QRS axis −○ to −○, depending on the size of the infarct.

The important ECG/VCG features for the diagnosis of this combination of fascicular block and infarct are the wide
divergence of initial and terminal vectors in the frontal plane. This is particularly evident in the larger infarcts. Grant
and Dodge [, ] postulated that these changes initially described by First [] “may be due to a block in the superior
division(s) of the left bundle.” The important ventriculographic feature which relates to the ECG and VCG is that in
no instance in the Rancho Los Amigos Hospital, University of Southern California (Rancho/USC) series of this group
was the entire anterosuperior base akinetic (infarcted). It follows that this region, which is activated late and unopposed,
will produce prominent late superior posterior vectors. The absence of this vector effectively excludes the diagnosis of
left anterior-superior fascicular block. This is unlike left inferior-posterior fascicular block (LIFB), where the inferior
base, which produces terminal inferior vectors in this conduction abnormality, is commonly infarcted. A typical clinical
example of a patient who developed a left anterior-superior fascicular block (LAFB) and complete RBBB from a very large
acute anterior infarct, where the QRS MI size score suggests involvement of % of the LV, is shown in > Fig. ..
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(a) The Cube VCG is the upper half of the figure and theMcFee in the lower half. The horizontal, frontal and left sagittal QRS-T

loops are to the left; P loops and the initial msof theQRS at higher gain are to the rightof each set. Timemarks are every ms,

the small arrows every ms, and the large arrow at the ms vector. The calibration is indicated below the Cube and McFee

QRS-T VCGs on the left and P VCGs on the right. This -year-old man with a history of a previous infarct shows significant

loss of initial anterior and apical forces. The dotted line represents the average VCG for each lead system recorded from 

age-matched normal males. The peak magnitude of this QRS deformity in each is indicated by the solid line and arrowhead.
The peakmagnitude and the duration for each lead system, transferred to the nomogram in> Fig. ., yields the following:

For the Cube, .mV for ms estimates the infarct size as  cm and the ejection fraction (EF) as %. For the McFee, .mV

for ms estimates an  cm infarct and an EF of %. (b) Note limb leads are in the orderly (Cabrera) sequence from the top

down, aVL, I, -aVR, II, aVF, III. The ECG here and the VCGs shown in (a) are signal averaged from ms digitized data. The gain

is indicated at the bottom of each panel. There are abnormal Qs V–V and further loss of R waves, V, V yielding  ECG

points as shown above with an estimated infarct size of % LV and estimated EF of %. These criteria using the autopsy

validated distribution from the QRS MI size score shown in > Fig. . yield the prediction of local infarct as shown in the

upper right. The lower figures show the findings of single vessel LAD occlusion at angiography, and the localized anteroapical

infarct shown on biplane ventriculograms with an ejection fraction of %.

.. Non-Dominant Circumflex Occlusion and Typical Posterolateral Infarcts

The typical serial ECG changes of a large acute posterolateral infarct with apical extension consistent with occlusion of a
large obtusemarginal branch of a non-dominant LCX coronary artery are shown in> Fig. .. Note that the ST changes
in this example reflect predominantly posterior and apical injury and ischemia. The evolving QRS shows major loss of
posterior and leftward apical vectors that, by the QRS MI size score, involves % of the LV. The activation sequence
relating to a similar infarct, but smaller with less apical extension, is shown in > Fig. .. ECG/VCGs with angiographic
correlations of similar healed small and moderate old posterolateral infarcts from patients in the Rancho/USC CAD
database with LCX occlusion are shown in > Figs. . and > .. Note that in these two more typical examples of
posterolateral infarct, theQRS changes are limited to themid and terminalQRS. Lesions in this location, as in the example
shown in > Fig. .b, extend onto the inferior surface (and/or apex) in about one third of cases. They produce acute
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(a) The Cube VCG is the upper half of the figure and theMcFee in the lower half. This -year-old man had a history of a single

acute myocardial infarct prior to his angiogram. The P loops displayed to the right of both lead systems demonstrate major

increases in left atrial voltage and activation times indicative of major LV diastolic dysfunction. There is increased posterior

QRS voltage of both VCG lead systems consistent with the clinical history of hypertension. The initial right atrial voltages

were also mildly increased and the QRS frontal axis is shifted rightward fromwhere it would be expected with LVH. These are

consistent with the acute course and the post-infarct period, which had been complicated by congestive heart failure. There

is major loss of initial anterior and leftward vectors in both VCGs. Compared to the VCG loops of early LVH, the Cube has lost

. mV for ms and the McFee .mV for ms. When transferred to the nomogram of > Fig. . this yields a predicted

infarct size of  and  cm, respectively, and an EF of % and % respectively. (b) Note limb leads are in the orderly (Cabrera)

sequence from the top down, aVL, I, -aVR, II, aVF, III. The ECG demonstrates a large anterior infarct and increased posterior

voltage suggestive of LVH. There is a rightward shift of the frontal axis to + unexpected for LVH, but a common finding

in large anterior infarcts with major anterosuperior wall involvement. In this case, as in most, the frontal QRS does not show

wideseparationof initial and terminal msvectorsand theQRSdurationhere isms. Thus inferior fasciculardisease ismost

unlikelyand itsbloodsupply isnormal. The total ECGscore for infarct of wouldbe indicativeof %LV infarctpathologically,

andwouldpredict anEFof %. It is noteworthy that no infarctwasdistributed to the inferior or posterolateralwall at theapex

by the observed QRS criteria. A large thin walled anteroapical aneurysm was present with a LV EF of %, large LV volumes

and high end diastolic pressures. Following resection of the aneurysm there was significant return of inferior wall motion at

the apex indicative of “tethering”and improvement in EF to %.

ST-T changes in inferior (and/or left-sided) leads, and evolve variable small-to-significant Q waves in aVF, II, -aVR, I and
V (see > Sect. ..).

.. Right Coronary Occlusion and Typical Inferior Infarcts

The right coronary artery supplies the AV nodal artery in –% of patients. This artery takes origin from the crux or
“U-turn” in the right coronary at the origin of the posterior-inferior descending branch of this artery. This AV nodal
artery terminates in a “T,” one limb of which supplies the AV node, while the other limb supplies the bundle of His and
the first – cm of the left bundle []. Thus, transient AV block is common with right coronary occlusion and in part
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due to the dual and variable blood supply to the region, His bundle and left bundle branch conduction abnormalities
are less common. This region has a dual and variable blood supply. The other artery which supplies it is the first septal
perforator from the left anterior descending coronary artery. The proximal left bundle is more often supplied by the AV
nodal branch of the right coronary. Acute infarction and recent onset left bundle branch block is associated with recent
inferior infarct more often than with anterior infarct [].
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(a) The Cube VCG is the upper half of the figure and the McFee in the lower half. The main abnormality seen here is a shift

of the mid and late QRS vectors superior and anterior to their usual location. The QRS loop in the left sagittal projection is

inscribed clockwise particularly evident in the McFee system, and the terminal displacement anterior is clearly abnormal in

the Cube. The P vectors for both right and left atria, and the ST-T vectors are normal. The deformity in the Cube is .mV for

ms, and in the McFee is .mV for ms. From the nomogram (> Fig. .) these changes are predictive of a  cm and a

 cm infarct respectively andanEFof %and%. BothVCG systemshave leadson theback and ingeneral aremore sensitive

to posterolateral infarct from LCX occlusion than the -lead ECG. (b) Note limb leads are in the orderly (Cabrera) sequence

from the topdown, aVL, I, -aVR, II, aVF, III. The ECG has abnormal left axis and only  point (% LVI) for posterolateral infarction.

There was total occlusion as shown of the LCX just proximal to the obtuse marginal branch and on the LAO ventriculogram a

small posterolateral infarct at the junction of the middle and basal segments of the posterolateral wall. Many angiographic

laboratories do not routinely report a left anterior oblique (LAO) ventriculogram. Small posterolateral infarcts are easily over-

looked in the traditional RAO ventriculogram. Except for a faint double contour on the RAO ventriculogram in this case, there

is no reflection of this infarct on the RAO systolic contours. It is also noteworthy that abnormal left axis deviation is seen with

little support angiographically for superior fascicular disease. Occlusive arteriographic disease was identified as shown in the

proximal LAD, but it was less than % and no regional wall motion abnormalities were noted. In this case, the VCG changes

which correspond well to the lesion found suggest that the axis change is a straightforward expression of the loss of basal

posterior-inferior vectors.

The inferior-posterior fascicles of the left bundle through the distal third of their course are supplied from sep-
tal branches of the posterior (inferior) descending and the first posterolateral branches of the RCA. The fascicles are
variably vulnerable to disruption with right coronary occlusion and inferior infarction. Eighty five percent of patients
with inferior MI from RCA occlusion develop the ECG/VCG changes of peri-infarction/inferior fascicular block (LIFB)
described below. The changes due to this conduction abnormality must first be reviewed in order to understand the
changes seen with right coronary occlusion and inferior infarct. This group of patients has the following evidence of
LIFB:

(a) Twenty ms prolongation of QRS to –ms, which may be intermittent in the early stages of acute inferior
infarction.
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(a) The Cube VCG is the upper half of the figure and the McFee in the lower half. P vectors here show a modest increase in

left atrial activation times (P duration ms) and leftward vectors consistent with mild to moderate LV dysfunction. There

is significant loss of posterior and leftward vectors in both lead systems with significant inferior losses from ms onward.

The frontal plane is not that of inferior fascicular (peri-infarction) block in that the initial QRS vectors are irregular and ter-

minal vectors are not directed inferior and rightward. The QRS duration is less than ms and is much more suggestive of

posterolateral infarct with inferior extension from a codominant LCX occlusion, rather than RCA disease. The large T vector is

directed anterior and somewhat rightward and superior predominantly away from theposterolateral wall or LCX distribution.

The deformities from the average normal loop are .mV/ms in the Cube and .mV/ms for theMcFee. The nomogram

of . predicts an  cm lesion for each, and an EF of %. (b) Note limb leads are in the orderly (Cabrera) sequence from the

top down, aVL, I, -aVR, II, aVF, III. The  lead ECG in this case above as in the earlier > Fig. .b shows abnormal left axis

with a Q in aVL and I thatmight suggest left anterior fascicular block. The lack of a prominant inferior initial ms vector and

of a prominant superior terminal  ms vector of . mV or more in aVF and aVL are inconsistent with this diagnosis as is a

QRS duration of < ms. In this case the left axis, as in > Fig. .b, is a simple subtraction effect from significant inferior

extension of amoderate sized posterolateral infarct from occlusion of codominant LCX, proximal to four prominent marginal

branches. The LAD is free of disease and there is little support for the hypothesis that the left axis deviation is due to anterior

fascicular conduction delay. Six points are generated by the ECG/QRS score for infarct size, all indicatingposterolateral infarct

with inferior and apical extension. The predicted infarct size is % LVwith a predicted EF of %.

(b) Patients with very small infarcts from right coronary occlusion have the ECG/VCG changes of LIFB, described in
> Chap. , with an open frontal plane loop as seen in > Fig. .a. They have wide separation of the initial ms
and terminal ms of Grant and Dodge’s [, ] peri-infarction block, which they suggested “was probably due to
a block in the inferior fascicles.”

(c) The initial vectors are seen as a smooth arc superior and leftward, with no high frequency notches or splintering
in the smooth abnormal Q, and are consistent with early unopposed propagation through a normal anterosuperior
wall.

(d) The high frequency notching and irregularities are in themid- and terminal vectors, consistent with activation fronts
traversing the areas around the late activated and infarcted inferior wall.

(e) Finally, for years it has been observed that the classic Q wave of inferior infarction occasionally disappears after a
typical course of infarction. When this happens, the QRS usually returns to a more normal duration of –ms,
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⊡ Figure .

(a) Cube (top) and McFee (bottom) sets of VCGs from a  year old man with the history of prior infarct is typical of a number

of patients from the Rancho series with RCA occlusion and small or no visible infarcts. The QRS duration is ms. The frontal

plane initial and terminal ms QRS vectors are widely separated in both. In those with no visible wall motion abnormali-

ties, and in simulations of inferior fascicular block, the initial arc superior swings far to the left, as is seen here. It crosses the

horizontal plane (and the X axis in the frontal plane) at ms on the average. The peak left voltage occurs at –ms. When

there is little or no infarction of the inferior base ormiddle segments, the terminal inferior vectorswhich arise from this region

are well preserved as seen here. The inferior amplitude is / of the leftward amplitude on the average. This ratio should be

used in construction of the non-infarct loop for estimating inferior infarct size in the presence of this conduction abnormality.

When this ratio is used for this patient, small infarcts are predicted by both lead systems of – cmwith a predicted EF of %.

The P vectors are entirely normal, indicating little or no LV diastolic dysfunction. (b) Note limb leads are in the orderly (Cabr-

era) sequence from the top down, aVL, I, -aVR, II, aVF, III. Because the initial and terminal ms are nearly perpendicular to the

frontal plane, the QRS duration appears shorter than the ms recorded in the VCG and seen in the precordial leads. Since

the electrophysiological variable we look for in measuring QRS duration is total time of ventricular excitation it is important

to measure it in the lead where it is longest. In general, ECG analysis from three orthogonal or eight simultaneous standard

leads eliminates this ambiguity. The wide separation of initial and terminal ms vectors is also evident in the frontal plane.

Three points are accumulated for inferior infarct from the QRS score which represents % LV infarcted and % EF.

and the axis shifts superiorly. These findings support the Grant and Dodge hypothesis that a “block in the infe-
rior fascicles” was transient and has now disappeared. The decrease in QRS duration is due to the return to
normal conduction. A significant axis shift to the left, superiorly, would result from the disappearance of the
LIFB and a further axis shift superiorly from the inferior infarct. This would be proportional to the infarct size,
with loss of late inferior QRS vectors from the base of the inferior LV wall, which activates normally during the
late QRS.

The serial ECG changes of a patient with a typical acute inferior infarction from right coronary occlusion, andwho evolves
the changes of LIFB, described above, is shown in > Fig. .. A -lead ECG andMRI image of a small inferior infarct
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⊡ Figure . (Continued)

from occlusion of the posterior-inferior descending distal branch of the right coronary artery is shown in > Fig. ..
A large inferior infarct with significant posterolateral and apical extension is seen in > Fig. .. Typical ECG/VCGs
of patients with small and large inferior infarcts are presented in > Figs. .a and > .a, along with the biplane
ventriculograms from these same subjects (> Figs. .b and > .b).
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⊡ Figure .

(a) The Cube VCG is the upper half of the figure and the McFee in the lower half. This -year-old man has Cube and McFee

VCG changes typical of the occasional patientwith RCA occlusion and large inferior infarct involvingmost of the inferior wall,

with some posterolateral wall and inferior septal extension. There is a slight decrease in initial anterior and terminal posterior

vectors resulting in a flattened horizontal plane loop. The QRS duration is ms, initial and terminal ms are widely sepa-

rated, with the initial vector superior as one would expect with RCA occlusion and inferior fascicular (peri-infarction) block.

The terminal inferior rightward vector expected with this conduction, while very diminutive because of the extensive infarc-

tion of the segments producing it, is still visible. The initial arc leftward remains superior for  and ms respectively and is

indicative of significant inferoapical extension. In reconstructing the expected loop for inferior fascicular block by the rule of

inferior vectors equal to / of the maximal leftward vector, it is evident that most of the inferior middle and basal segments

are infarcted. Deformities of .,mV/ms and .mV/ms yield transferred to the nomogram (> Fig. .) estimates of 

and  cm and estimates of EF of % and %. The left atrial activation times are indicative of mild to moderate left atrial

overload, but the voltage is only at the upper limits of normal, which is unusual considering the evidence for large inferior

infarct. This suggests that infarct size may be overestimated. (b) Note limb leads are in the orderly (Cabrera) sequence from

the topdown, aVL, I, -aVR, II, aVF, III. The small terminal rightward and inferior ms vectorwhich is widely separated from the

initial ms vector is evident in the frontal plane ECG. The QRS infarct size score accumulated  points for inferior infarct and

distributes them into the inferiorwallwith significant extension into theapex andonto theposterolateralwall andpredicts an

EF of %. When the systolic and diastolic left ventriculogram center lines were superimposed, there is an akinetic segment

involving the same regions predicted by theQRS score. The remaining LV contracted vigorously producing anunusually good

ejection fraction (%) for an infarct of this size.

... Right Ventricular Infarction

Subsequent to proximal RCAocclusion, right ventricular (RV) infarctionhas been shown [, ] to be about as common
as LV infarction. The completed infarct in the right ventricle, however, is patchy, macroscopic and multifocal. The lack of
confluent localized visible scar probably accounts for the statement in older pathology literature that RV infarct is uncom-
mon. Also, the absence of a large confluent scar can be evoked to account for the fact that, until recently, no QRS changes
of RV infarct have been elucidated in the ECG/VCG. Based on the location of RV potentials in body-surface map data,
and the proximity of the RV base to the sternum, it was to be expected that both the acute ST-T and evolving QRS changes
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(a) The Cube VCG is the upper half of the figure and the McFee in the lower half. This VCG combines many of the changes of

large posterolateral infarct seen in > Fig. .a, b and large inferior infarct of > Fig. .a, b. The QRS changes of inferior

fascicular conduction delay are less well documented, althoughmuchof the small terminal ms vector is opposite the initial

ms vector, and the QRS duration is ms. Assuming the basic activation of inferior fascicular block, and reconstructing

a non-infarct loop using the / rule and a normal average left voltage, deformities of .mV/ms and .mV/ms are

seen in the Cube and McFee respectively. Infarcts of  and . cm are read from the nomogram (> Fig. .) in which case

EFs of % and % would be expected. If normal conduction is assumed, the infarct sizes would be – cm smaller and the

predicted ejection fractions would be –%. (b) Note limb leads are in the orderly (Cabrera) sequence from the top down,

aVL, I, -aVR, II, aVF, III. The main point of interest in QRS scoring this ECG for infarct size is to note the “notched” Q in F. This

leads to a Q duration of only ms when one measures to the point on the baseline directly above the peak of the “notch.”

Notching this early in the Q is unlikely in inferior fascicular delay where a “smooth” Q is usual in the presence of a normal

anterosuperior wall. A “notched”Q in F in normal conduction is usually the result of border effects from inferior extension of

anterior or posterolateral infarcts into the apical and middle segments of the inferior wall. In this case  QRS points accrued

and the criteria distributed the infarct more into the base that was found at ventriculography, and underestimated the apical

involvement, although the overall estimate of infarct size and EF were appropriate.

of RV infarct would be most marked in VR, VR and V. The abnormal changes of RV infarct are also prominent in
lower midchest and right parasternal leads. A series of papers [–], which have been reviewed by Kulbertus et al.
[], reported that an ST segment in VR elevated by as little as .mV (.mm at a gain of mm = mV) is a highly
sensitive and specificmarker of acute RV infarction. Carson and associates [] reported vectorcardiographic changes in
the ST-T vectors in seven patients with acute RV infarction in association with inferior infarction. They suggested that a
rightward and anterior ST vector of magnitude ≥.mVwas a good discriminator between these  patients and  others
with acute inferior infarction and no evidence of RV infarction on cardiac scintigraphic studies. Geft and coworkers []
also reported that elevated ST segments in precordial leads V–V may be caused by RV, rather than anterior LV infarc-
tion. The magnitude of the ST change in this event decreases from right to left and there are no evolving abnormal Q
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waves in these precordial leads. It is also not surprising that the time-course of the peak amplitude, or even the pres-
ence of these acute ST changes, is short and must be looked for attentively to make accurate assessment of the extent of
RV infarction.

With the advent of the balloon catheter for right-heart catheterization, themeasurement of right-sided hemodynamics
has become routinely available in present-day coronary-care units. The clinical evidence for RV infarction is often acute
right-heart failure. In the presence of normal left-heart filling pressures and RV failure, there is increased RV diastolic
filling pressure, increased right atrial (central venous) pressure and ECG/VCG changes of right atrial overload. Since
single inferior infarcts of the left ventricle from an RCA occlusion are rarely large, it follows that LV failure with a high
left-atrial filling pressure is, indeed, also rare. The low-cardiac-output state seen in these patients is thus very likely a
result of RV failure, not left, and the LV is usually volume-depleted owing to a low output from the right heart. In the
adult P wave, .mV amplitude anteriorly in V, V, or Z and .mV amplitude inferiorly in aVF or Y exceeds the %
upper limits of normal (see > Table .), and should be read as suggesting right-atrial overload. Acute and transient
P-wave voltage amplitudes of .mV in V, and V (and Z) and as much as .mV in aVF (and Y) can be seen in this
circumstance, from acute right-atrial overload (RAO).

Morgera and coworkers [] reported on a pathology series of patients with RV infarct in association with infe-
rior infarct in whom right precordial leads VR-VR had been recorded serially along with a standard -lead ECG.
Twenty-one subjects with pathoanatomically confirmed inferior LV infarct and variable degrees of RV infarct were com-
pared to nine patients with necrosis limited to the inferior LV. Specificity studies also included  subjects of similar age
and sex distribution without clinical evidence of heart disease, for whom VR-VR had been recorded in addition to the
standard -lead ECG. In the normal subjects, an rS complex was seen in VR in % and in VR in % (rSr′ was seen
in %). On the other hand,QS orQr in VR andVRwere specificmarkers of RV infarct in this small number of autopsy-
validated patients (specificity %, sensitivity %).This group also confirmed that ST elevation ≥.mV in these leads
did not occur in the normal subjects, and ST elevation of ≥ .mV was not seen in the acute stage of the patients with
inferior infarction limited to the LV. Zehender and associates [] in a large clinical series of  consecutive patients
with acute inferior infarction, confirmed the high sensitivity and specificity of the .mV of ST elevation in VR for the
diagnosis of acute RV infarction. The relative risk of in-hospital mortality was . for those with this finding.

In summary, the changes of right atrial overload are seen in conjunction with acute inferior infarction without a
history of prior infarct, and suggest RV involvement in the infarct. Prominent ST elevation inV, especially if accompanied
by decreasing or depressed ST amplitude in V–V, would further confirm the suspicion of acute RV infarction, even in
the absence of a low-output state. If ST amp ≥.mV is seen in VR and VR [], the diagnosis of acute RV infarct is
confirmed with a high specificity (%), sensitivity (%) and diagnostic accuracy (%). QS or qR complexes usually
evolve in these same leads. Furthermore, the peak ST-segment elevation in these leads, while of short duration, appears
to be a reliable measure of the extent of RV involvement.

.. Dominant Left Circumflex Occlusion and Typical Posterolateral Inferior Infarcts

When the left posterior circumflex supplies the posterior (inferior) descending coronary artery, three locations of
infarction occur based on the site of the occlusion as follows:

(a) Acute occlusion of the dominant LCX distal to the main marginal take-off produces acute inferior ST-T changes of
LV posterolateral and inferior infarction and evolution of an LIFB pattern indistinguishable from the typical acute
distal RCA occlusion described above. On the other hand, the changes in right precordial leads V, VR, VR of
acute RV infarction exclude acute LCX occlusion.

(b) Obtusemarginal occlusion produces identical changes to those described earlier for non dominant LCX with infarc-
tion of the posterolateral mesial region. In one third of these, there is some extension onto the inferior wall and
posterolateral apex.

(c) The group of patients with proximal occlusion of the left dominant posterior circumflex produces a wide range of
infarcts from small to very large, involving both the posterolateral and inferior walls.
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In the author’s (RHS) Rancho/USC database, all of those who had significant infarction met the ECG/VCG criteria for
left inferior (posterior) fascicular block (LIFB) described above. A typical ECG/VCG from a patient with these changes
is presented in > Fig. ..

.. Differential Diagnosis of Poor R-Wave Progression in Leads V–V

Pulmonary emphysema, right or left ventricular hypertrophy, anterior preexcitation (Wolff-Parkinson-White (WPW)
pattern) and diffuse infiltrative or myopathic processes are all well-known causes of poor R-wave progression in
right precordial leads. In general, consideration of these pathologies sets in motion the differential diagnostic process
in the interpretation of the ECG/VCG that will separate out such causes of decreased or absent R waves in V–V from
anterior infarction.

In pulmonary emphysema, the generalized low voltage, and in particular the significant attenuation of anterior, left-
ward and inferior vectors, are volume-conductor effects. Owing to the pulmonary overexpansion, there is an increase
in the AP diameter, an elevation of the sternum and ribs anteriorly, a lowering of the diaphragms which “peel off”
from the inferior surface of the heart and a downward and posterior displacement of the heart. In addition to these
major geometric changes, there is a decrease in the conductivity of lungs resulting from the changes secondary to the
emphysema.The displacementof the ribs with their ECG/VCG recording locations upward and anteriorly, along with dis-
placement of the heart downward and posteriorly, significantly increases the distance from the heart to all the precordial
recording electrodes.These two factors decrease field strength remarkably to all the usual precordial-lead recording sites.
The loss of contact of the heart with the diaphragm decreases the inferior field strength of the ventricles as a result,
but the atria, especially the right atrium, have a direct conductor (the vena cava) into the abdomen and to the left-
leg recording electrode. The net effect of all of these changes in patients with otherwise normal hearts is to shift
the mean P vector so that it is directed inferiorly, while the mean QRS vector is directed posteriorly with general-
ized low-voltage QRS amplitudes. These are the classic ECG/VCG changes of pulmonary emphysema [] and rarely
lead to a problem in diagnosis. Anteroapical infarct with loss of anterior, leftward and inferior vectors can result in
similar or identical QRS changes including generalized low voltage. LV infarct of this degree is generally associated
with high-frequency notching of the early to mid-QRS and with significant left atrial overload (LAO) including a
leftward shift in the mean frontal-plane P axis. The absence of a vertical frontal P vector and an increase in P dura-
tion of ≥ms effectively excludes emphysematous changes, and the presence of ST-T changes, of anteroapical injury
and ischemia, if seen, makes it much more likely that the QRS changes described, together with LAO, are a result of
infarction.

Patients with moderate to severe right ventricular hypertrophy (RVH) may have qR changes in right precordial leads
without anatomic evidence of an anterior infarct which it mimics. When these changes occur in patients under the age
of –, the chance that they are a result of infarction is slight. The presence of moderate to severe right atrial overload
(RAO) as defined in>Tables . and> ., and the absence of LAO especially when associatedwith right axis deviation,
effectively excludes anterior infarct as a cause of these changes even in the older patients. Conversely, in older patients,
when initial and/or mid-QRS notching is widely observed, abnormal Q waves are seen in other leads and definite LAO
is seen. Even if the ECG signs of RVH and RAO are noted, it is now highly probable that the q of the qR in V and V is
caused by an anterior infarct.

In –% of patients with left ventricular hypertrophy (LVH), there are decreased or absent initial R waves in V and
perhaps to V and V, without anatomic evidence of anterior infarct. There is also an increased incidence of infarction
in the presence of LVH. It is important, therefore, to assess the presence or absence of each, alone or in combination.
Since prognosis is a function of the severity of the LVH and the size of the infarct, it is important to quantify both. If
the ECG/VCG signs of LVH (i.e., increased voltage, duration, repolarization changes or LAO) are present, the absence
of initial R waves in V–V may not represent anterior infarct, especially in the absence of signs of infarction in other
ECG/VCG leads. It has been found appropriate to suppress anterior infarct points from V and V when scoring for
infarct size if the ECG/VCG signs of LVH are present []. Notched initial vectors or a qrS pattern is not present in
these leads with LVH alone, and when present in V or V, should be tabulated as one point each in the infarct score.
For any ECG QRS point score for infarct size of more than three obtained from the rest of the ECG, the probability that
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absent Rwaves in V–V are a result of infarct, even if smoothly transcribed, increases tomore than %, and they should
therefore be tabulated.

Anterior pre-excitation can produce absent initial R waves in V–V. Since by definition this form of WPW pat-
tern is pre-excitation of the anterior wall (either the septum or right ventricle) via direct accessory pathways from the
right atrium, it follows that the PR interval is particularly short and the delta wave from the pre-excitation is unusually
prominent, making the diagnosis of WPW pattern straightforward.

The differentiation of the infiltrative and myopathic processes as a cause of poor R-wave progression in right
precordial leads is usually made on clinical grounds. These entities should be considered when widespread splinter-
ing of the QRS is seen along with significant atrial overload, especially LAO, and increased QRS duration associated
with a dilated left ventricle, without the voltage changes of ventricular hypertrophy. When the myopathic process
involves the peripheral conduction, as it often does, an atypical wide complex LBBB pattern is commonly seen along
with abnormal left or right axis deviation. This is not a confounder in the differential diagnosis of poor R-wave
progression.

.. Differential Diagnosis of Prominent Anterior (and Rightward) Forces

Abnormal initial and/or terminal R waves in V or V, and prominent S waves in V and V are seen routinely in
moderate to severe RVH and quite commonly in posterolateral infarct. Two thirds of the latter do not have inferior
or leftward Q waves, and the differentiation of prior posterolateral infarct from RVH cannot be made securely on the
basis of QRS changes alone. When the prominent anterior and rightward QRS changes are associated with abnormal
inferior or leftward Q waves and abnormal posterior/inferior ischemic ST-T changes, they pose little problem in the
differential diagnosis. The case for evolved prior posterolateral infarct becomes quite secure if the mean T vector is
anterior, there is no right axis shift in the frontal plane, RAO (right atrial overload) is absent and definite LAO (left
atrial overload) is present. In this case, the QRS score for infarct size can be applied with confidence even in the absence
of abnormal inferior and leftward Q waves. Conversely, in the presence of even “probable RAO” by the criteria of
> Tables . and > ., the diagnosis of posterolateral infarct is much less reliable and its quantification by the QRS
score is unreliable. When the following requirements are satisfied:

(a) Criteria for definite RAO are present,
(b) The QRS axis in the frontal plane is oriented to the right, and
(c) The mean T axis is directed posteriorly,

then the likelihood of RVH is very high and the likelihood of posterolateral infarct very low.
The QRS score is reliable for estimating anterior and inferior infarct size, providing that points from all R/S ratio

criteria in V–V are suppressed as well as all posterolateral points in V and V. The probability modifiers as indicated
in > Table . should also be used.

.. Differential Diagnosis of Abnormal Inferior QWaves and ST Vectors

Abnormally acute ST-T vectors, together with evolving significant Q waves in II and aVF, and the changes of
inferior-posterior fascicular block described earlier, occur in % of patients with RCA occlusion and local infe-
rior wall motion abnormalities. These ECG changes also occur in % of those with RCA occlusion and no wall
motion abnormalities. This is presumed to be a result of small focal lesions disrupting the inferior fascicle. In
the latter case, the ST-T change is much less prominent. The Q wave, as it develops, is consistently smoothly
inscribed.

Abnormal initial superior QRS vectors evolve in % of patients with acute LAD coronary occlusion and anterior
infarction. With a mid to distal acute LAD occlusion, the risk area localizes to the apex with the usual “wrap around”
of the distal LAD onto the apical third of the inferior wall. This is associated with a variable acute ST vector directed
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inferiorly and leftward. From a quick review of the spatial relationships of the heart in > Fig. ., it is clear that the
apical third of the anterosuperior wall is facing almost entirely left while the inferior apical third faces directly inferiorly.
The acute ST change and the evolving QRS changes of infarction are simple subtraction effects. For the evolving infarct,
there is a loss of initial inferior QRS vectors because of the loss of activation fronts from the inferior extension of the
infarct and dominance of the normal superior activation fronts and their normal superior vectors. The Q waves are
usually shallow, irregular, slurred and/or notched and the QRS does not show the wide separation of initial and terminal
ms vectors, or the ms increase in QRS duration seen with typical RCA occlusion and the inferior fascicular block
pattern.

Acute LCX occlusion and consequent visible posterolateral infarct on biplane ventriculograms is associatedwith some
inferior extension in about one third of cases. This produces abnormal acute inferior, as well as posterolateral, ST-T
vectors, while abnormal initial superior QRS vectors with an abnormal left axis evolve. Abnormal Q waves may appear in
inferior leads, especially lead III and aVF (but usually not in lead II). This is also a simple subtraction effect, as described
above. Typically, the abnormal initial QRS waves in this instance are notched or slurred with a normal QRS duration.
They are distinguished from the abnormal but smooth inferior Q waves, wide separation of initial and terminal ms
vectors and slightly prolonged QRS of inferior-posterior fascicular block as seen so commonly with the infarcts from
RCA occlusion.

.. Summary of Electrocardiographic Changes Following Acute Coronary Occlusion

In summary for this section, the early minutes of acute coronary occlusion and evolving acute infarction produce a
major shift in the ST segment that is vectorially related to the region undergoing acute ischemic injury (> Table .).
There is:

(a) Prominent superior and slightly leftward and posterior ST vector deviation for proximal occlusion of the first large
diagonal branch of the LAD;

(b) Moderate anterior, inferior and leftward ST vector deviation for mid to distal acute LAD occlusion with the usual
prominent “wrap around” of the distal LAD onto the inferior apex;

(c) Prominent anterior, superior and leftward ST vector deviation for acute proximal LAD occlusion;
(d) Prominent posterior and moderate leftward (± minimal inferior) ST vector deviation with acute proximal LCX

occlusion;
(e) Prominent posterior and moderate inferior ST vector deviation with acute proximal left dominant LCX occlusion.

This specific ST change also occurs in acute proximal occlusion of the rare, very right dominant RCA with a large
posterolateral branch perfusing most of the posterolateral wall and a diminutive LCX. In this case, local ST amp≥.mV in VR and VR due to RV infarction excludes LCX occlusion. If the occlusion in the RCA is distal, the two
are indistinguishable; and

(f) Inferior, ± leftward, and ± posterolateral ST deviation of acute distal RCA occlusion.

The magnitude of the peak ST change is related to the extent of myocardial area at risk. From a review of > Fig. .
and > Chap. , the acute injury process of acute infarction can be seen as a continuous process throughout systole
and diastole. It follows that the “primary” localized acute injury currents will be superimposed on the “secondary” ST-T
changes of RBBB, LBBB, pre-excitation, RVH, and LVH. When adjusted for the secondary ST-T changes of each, the
residual ST-T displacement vector of the localized acute injury can still be recovered.This is dealt with in detail for LBBB
and ventricular pacing for patients with acute infarction in > Sect. ....

As the infarction process progresses, if circulation to the affected region is reestablished either spontaneously, by
clot lysis, or balloon dilatation, the ST segment returns toward or to normal in a matter of seconds to minutes. The
ST-T wave also becomes terminally inverted as the healing infarct evolves. By day  post infarction, a large T vector
evolves directed away from the infarcted region. In chronic infarct, the T vector tends to decrease in magnitude being



Myocardial Infarction  

⊡ Table .

Summary of local ECG lead ST deviation changes of acute myocar-

dial infarction from occlusion of the Left Anterior Descending, Left

Circumflex and Right Coronary arteries

 Culprit risk areas in the  coronary arteries

. Proximal left anterior descending

Anterior ST deviation V, V∗, V, V and
Superior ST deviation -aVF, -III, aVL, I

. Main diagonal LAD

Superior ST deviation -aVF, -III, aVL, I

Minor or no anterior ST deviation V, V, V

. Mid to distal LAD

Anteroapical ST deviation V V, V, V and
Inferoapical ST deviation aVF, II, -aVR, I

. Non-dominant LCX

Posterolateral ST Deviation V, V, V, V, V and

Less Inferior ST Deviation III, aVF, II

. Left dominant LCX

Posterior and Inferior ST Deviation about equal

in V, V, V, V, V and aVL, III, aVF, II
. Proximal RCA

Inferior ST deviation aVL, VR, III, aVF, II
Less or no Posterior ST Deviation V, V, V

. Distal RCA

Inferior ST deviation aVL, III, aVF, II, None VR

Less or no posterior ST deviation V, V, V

∗Italics/Bold indicates usual leads with maximum deviation

in general directed posteriorly and rightward in anterior infarct, superiorly and leftward with inferior infarct, and ante-
riorly with posterolateral infarct. It is important to recognize further that there are effects other than infarction that
produce major changes in repolarization. Since repolarization is a passive process linked to depolarization, it follows
that any major change in depolarization such as left or right bundle branch block or pre-excitation, for example, has
major “secondary” effects on repolarization (> Chap. ). The D spatial vector of the ST and T electric fields is directly
opposite the late activated terminal half of the QRS in both RBBB and LBBB. Likewise, moderate to severe right and
left ventricular hypertrophy have their ST and T vector fields opposite to their mean QRS vector. Electrolyte abnormal-
ities (for specifics see > Chap. ) also have a major generalized effect on repolarization, as well as variable effects on
depolarization.

. Bundle Branch Block and Infarction

.. Essential Principles

In the consideration of bundle branch block (BBB) and infarction, the following important points should be noted. In the
first place, complete disruption of either the right or left bundle from coronary disease produces an uncoupling in time of
the excitation of one side of the heart from the other, separating right from left ventricular excitation. Also, a predictable
activation sequence occurs with each. Finally, when the activation sequence is taken into account, an associated local
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infarct produces additional deformities in the resultant surface ECG/VCG which are predictable. The location of an
infarct can still be determined, and its size predicted. During an acute infarction, the primary ST-T changes of acute
ischemia/injury are add-ons to the secondary effects of the bundle branch blocks.When the secondary effects are adjusted
for, the direction and magnitude of residual ST-T deviation is predictive of the location of the acute infarction and its
size and/or extent. In the light of the current knowledge of activation, primary and secondary repolarization, coronary
anatomy and infarct distribution and size, it is no longer appropriate to say “in the presence of left bundle branch block
no statement can be made about the presence or absence of myocardial infarction.”

.. Validation Studies in Bundle Branch Blocks

Thepathoanatomic studies correlating infarct size at autopsy and ECGpoint score for infarct size, reported by the authors
[, –] and described earlier, excluded patients with ECG evidence of conduction defects, ventricular hypertrophy
or emphysema. The angiographic correlations did not. For those subjects with complete RBBB and LBBB discussed in
this section, the validation consists of coronary and biplane ventricular angiographic correlations from the (Rancho/USC
database) databank, as shown in > Figs. .–., and Figure .. The authors are also indebted to the large body
of clinical [, –], epidemiologic [–] and anatomic [, , ] correlations reported in the literature. In
pathoanatomic correlations with BBB, the presence of RBBB is generally unambiguous. However, it is difficult to establish
from the literature the true incidence of, and therefore the pathoanatomic correlations with, complete LBBB.Most reports
in the literature use the original Wilson/NYHA [] criteria for LBBB which includes a QRS duration of ≥ms. On the
other hand, Grant and Dodge [] pointed out that in intermittent LBBB the QRS duration is –ms in patients with
a QRS duration of –ms in the normally conducted beats. A QRS duration of <ms is uncommon in typical LBBB
and durations of –ms occur in many. As these authors point out, those ECGs with intermediate durations of –
ms are often atypical and many have the wide separation of initial and terminal ms vectors typical of the fascicular
(or “peri-infarction”) blocks. When the published ECG (and VCG) records of LBBB are reviewed, it seems evident that
about half of these records with QRS ≥ms meet the criteria of fascicular blocks with QRS prolongation. The prolon-
gation appears to be due in part to LVH. The authors estimate the incidence of complete LBBB by the criteria defined by
Grant and Dodge (which conform to the authors’ data) to be about half that reported in most of the series cited. Horan,
Flowers et al. [] also point out that the reported autopsy correlations of ECG/VCG changes of infarct in patients with
so-called LBBB suffer significantly from this admixture of fascicular blocks and complete LBBB. It is not possible from
the published data, except in a few instances, to separate out these subgroups and their specific associated pathoanatomic
lesions.

In our hands, those patients with an ECG/VCG pattern resembling LBBB with a QRS duration <ms, but meeting
the Wilson criterion of QRS duration ≥ms, usually have LV overload and local infarction which produces the initial
and mid-QRS changes reminiscent of LBBB. Indeed, as Grant and Dodge previously observed, it has been found in the
patients studied by the authors that even in many of those with LV conduction delay of the left type with QRS duration≥ms, the ECG/VCGwill showwide separation of initial and terminal vectors without mid-QRS notching and slowing
of transcription. This is atypical for LBBB andmore consistent with fascicular block, usually anterior (superior) combined
with severe LVH. These patients will have increased LV dimensions at ventriculography. In both subsets, the ECG score
and the VCG criteria for infarct size and location, which assume LBBB is not present, will perform well in predicting the
angiographic change.

.. Incidence and Prognosis of BBB in Patients with Coronary Artery Disease

... Incidence of Preexisting or Recent Onset RBBB

In the series of Hiss and Lamb [], complete RBBB was found  times (.%) in , healthy US Air Force person-
nel under  years of age (whereas LBBB was not seen in this age-group). Acquired RBBB below the age of  occurred



Myocardial Infarction  

⊡ Figure . (Continued)
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Myocardial Infarction

ST Leads V Leadsb

⊡ Figure .

(a) The Cube VCG is the upper half of the figure and the McFee in the lower half. This -year-old woman apparently had

preexisting right bundle branch block (RBBB). Prior to angiograms done because of angina she had the VCGs recorded. In

both lead systems, theVCG inscription is atypical for RBBB in that the–msvectors arewritten in a clockwise fashion in the

horizontal and left sagittal planes instead of counterclockwise. The usual VCG change for this interval is shown by the dotted

lines in both lead systems. It is perhaps more anatomically consistent to say that after the peak leftward vector, i.e., at apical

breakthroughof LVactivation, the vector fails to swing toward the freeposterolateral LVwall before it is overriddenby the late

RVactivation. The latter change is the stereotypical change seen inRBBBeven in thepresenceof severeRVhypertrophy. These

subtleties in phase of the surface ECG signal are difficult if not impossible to appreciate fromvisual inspection of conventional

 lead ECGs. They can be mathematically defined easily in simultaneous digitized orthogonal lead or  lead ECG data. The

specific changedescribedand thepresenceof anabnormal superior initial  msvector are strongVCGevidence for infarction

of the posterolateral-inferior wall from this codominant LCX occlusion, as shown on these illustrations the magnitude and

duration of the deformities in each lead system, transferred to the nomogram (> Fig. .), yielded an estimate of infarct size

of  cm and an EF of %. (b) Note limb leads are in the orderly (Cabrera) sequence from the top down, aVL, I, -aVR, II, aVF, III.
Since the st edition of this book chapterwe, the authors, have developed and validatedQRS infarct size scores for RBBB. LAFB

± RBBB, LVH and LBBB (see Appendix A). The score for RBBB as shown above, in addition to  points for abnormal Qs II, aVF (as

noted in st edition) gives  points each for V, V wide initial R, increasing the points to  (% LVI) for posterolateral-inferior

infarct and a % EF.

in .% of US Air Force pilots [], and % of these (.% of the total) were found to have coronary artery disease
at angiography. All but a small percent of the remainder had entirely normal angiographic findings and hemodynam-
ics, normal exercise tests and performance, normal electrophysiologic studies, and were returned to flying status. Right
bundle branch block is, per se, not incompatible with long life. On the other hand, when it occurs as the result of an
acute myocardial infarct, it is usually an ominous sign []. The survival rate is reduced to less than one fourth of that
expected for acute myocardial infarction as a whole owing to the extensive infarction that usually produces this con-
duction abnormality. In the setting of acute infarction, RBBB is more common than LBBB. It occurs as a new event
in % of all patients with acute infarction. In the large majority of cases, it is a result of very proximal LAD coronary
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artery occlusion with an anterior infarction, which is usually very large, with significant basal septal involvement. Only
occasionally (<.% of acute infarcts) it is caused by RCA occlusion with inferior and basal septal infarction. Infarc-
tion in any of the three arterial distributions can occur in patients with stable long-standing RBBB. Since the presence
of the block does not affect prognosis and infarct size does, it becomes very important in terms of management to be
able to evaluate infarct size in the presence of this conduction abnormality. Only then can it reasonably be predicted
whether the patient has a good prognosis and can be expected to go back to high levels of activity, or whether the patient
must expect serious limitation of functional reserve and must plan activity and possible return to gainful employment
accordingly.

... Incidence of Preexisting or Recent Onset Complete LBBB

Hiss and Lamb [] found % incidence of LBBB in , otherwise healthy US Air Force personnel below the age of .
Acquired LBBB also occurred much less often in the pilot population below  years of age than RBBB [], namely .%
as compared to .%. Significant coronary disease was found at angiography in % of subjects with LBBB (.% of
the total) compared to % for RBBB (.% of the total). In both groups, all but a small percentage of the remainder
were found to have normal angiography, hemodynamics, electrophysiological studies and exercise performance, and
were returned to flying status. In patients with angiographically documented coronary artery disease, the incidence of
LBBB in the Rancho/USC and Duke University databanks using the Wilson (and NYHA) definition of LBBB was .%.
Using the more appropriate criteria from the Grant and Dodge report [] that include a QRS duration of ≥ms, the
incidence was %.

In earlier reports [], LBBB was seen as a new event in –% of patients with an acute myocardial infarction. In the
current aging populations, –% of patients presenting to chest pain centers who evolve an acute infarction have LBBB
on their admission ECG (see > Sect. ... below).

... Prognosis

In the US Air Force study, RBBB, while being more common as an incidental finding, was also more common as an
acquired finding on follow-up examination. It was four times more often associated with newly diagnosed coronary
disease at angiography than acquired LBBB. In both groups, over three fourths of these pilots had normal coronary
arteries, normal stress hemodynamics andwere allowed to remain on flying status. Long-term survival in epidemiological
studies of the general populations of subjects with either RBBB or LBBB is decreased threefold over age-matched cohorts
[–]. It was concluded that the survival wasmore closely related to the underlying heart disease and other risk factors
than to the presence of the block per se.

In asymptomatic subjects, or in those suspected of coronary disease who have preexisting RBBB or LBBB on the
ECG/VCG, there is a different admixture of patients with no infarcts or small infarcts with normal LV function, and
patients with very large infarcts or ischemic myopathy and very poor LV function. Since prognosis is much more closely
related to the severity of the underlying heart disease than to the presence or absence of BBB, it becomes important for
both management and prognosis to be able to evaluate the presence, size and location of the infarct. Patients with recent
onset LBBB in the setting of acute infarction have, in general, small infarcts, although a few are very large. Such patients
have been found to have the same survival rate as age-matched subjects without BBBs []. It is not surprising that they
have a threefold improved short-term survival rate compared to those with an acute infarct and recent onset of RBBB,
most of whom have large anterior infarcts.

.. Myocardial Infarction and RBBB

In uncomplicated RBBB, the abnormal right ventricular depolarization produces a stereotypic repolarization pattern.
These secondary ST-T changes are seen as displacement of the ST segment to the left and posteriorly, directly opposite to
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the terminal right and anterior QRS of delayed RV depolarization. The prominent T-wave (and vector field) follows the
ST segment to the left and posteriorly. The early ST-T changes of acute anterior, posterolateral, or inferior infarction
superimposed on the secondary repolarization of RBBB are readily discernible. There are subtle but important changes
in the initial ms of the QRS with this abnormality. The most important is a ○–○ shift of the initial forces anteriorly
and superiorly owing to loss of normal posteriorly directed vectors from the right septal surface and loss of normal early
inferior vectors in the right ventricle. This, however, has no important effect on criteria for quantifying healed anterior
infarcts. It does havemajor effects on criteria for posterolateral infarct andminor, but important, effects for inferior infarct
with inferior-posterior fascicular block discussed in > Sect. ... below.

... Left Anterior Descending Occlusion, Anterior Infarction and RBBB

When an anterior superior infarct has produced the RBBB, as discussed in the recent onset block described above, the
infarct is usually large to very large. On the other hand, when it occurs in a patient with a long-standing congenital or
stable RBBB the infarct can be of any size. Thus, the distribution of the size of the infarct is weighted to the end of the
scale from large to very large. Nevertheless, the criteria for prior (healed) or acute anterior infarct described in this chapter
perform quite well as predictors of the size of this infarct as seen on biplane ventriculograms.

... Left Anterior Descending Occlusion, Anterior Infarction. RBBB and LAFB

The left anterior-superior fascicles of the left bundle and the right bundle are both supplied by the LAD coronary artery.
It is not surprising, therefore, that this combination of blocks and infarction is relatively common. See > Fig. . for
an example of a very large acute anterior infarct in which these conduction abnormalities developed. The left anterior
(superior) fascicular block (LAFB) produces changes described in the section on typical anterior infarct. The presence
of the additional RBBB does not significantly alter the ability of the ECG and VCG criteria to localize and size anterior
infarcts and to predict biplane angiographic change.

... Circumflex Occlusion, Posterolateral Infarction and RBBB

It is theoretically possible for a very dominant circumflex coronary that also provides a major blood supply to the septum
to be etiologically involved in the production of RBBB. Four percent of all recent onset RBBBs are associated with recent
inferior infarction. Since –%of all inferior infarcts are the result of total occlusion of a dominant circumflex, it follows
that .–.% of all recent onset RBBBs would be associatedwith a recent occlusion of a dominant circumflex and a recent
inferior posterolateral infarction. In fact, such a finding has never been documented in the authors’ centers, but Grant
and Dodge [] reported a preexisting posterolateral infarct in  out of  (.%) subjects with intermittent RBBB. On
the other hand, we have noted that acute chest pain patients with RBBB who have >.mV posterior ST deviation in two
leads of V–V have a high probability of having an acute LCX occlusion.

Circumflex occlusion with posterolateral infarction in patients who also have a preexisting RBBB does occur as an
isolated lesion. Since initial forces are displaced somewhat anteriorly by the RBBB, a QRS vector loop which is entirely
anterior occurs occasionally without any infarction at angiography or autopsy. The changes in QRS described above for
RBBB replicate the criteria for posterolateral infarct listed in the ECG score for infarct size, > Fig. ., in the absence
of the infarction. Thus, posterolateral points by the ECG QRS score are completely unreliable in the presence of RBBB
and should not be used. In patients with large posterolateral infarcts, with apical and inferior extension, the abnormal
loss of R and/or Q waves in I, V, V and V and in inferior leads may be the most reliable sign of this lesion. Unfor-
tunately, these leads are not usually involved with the more usual small posterolateral infarcts. VCG changes (especially
with the Cube lead system – see > Chap. ) are, however, still reliable predictors of infarct size with ventriculographic
posterolateral wall motion abnormalities from circumflex occlusion. Irregularities of the –ms vectors, with anterior
displacement that produces a clockwise initial inscription of the horizontal plane VCG (> Fig. .), are indicators of
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localized posterolateral infarction and RBBB. Statistically adequate numbers of these patients to test significance do not
exist in the authors’ database. Nevertheless, the amount of deformity from the usual counterclockwise initial inscription
of the horizontal plane loop has been predictive of the size of posterolateral lesions as seen angiographically in this small
number of patients.

... RCAOcclusion, Inferior Infarction, RBBB and LIFB

In those patients with stable preexisting RBBB (and the few patients with recent onset RBBB) and acute RCA occlusion,
the significant ST inferior deviation of acute inferior ischemia/injury (≥.mV) is superimposed on a minor secondary
ST elevation (.mV) of RBBB (for a total of ≥.mV). In the evolved/healed inferior infarct, LIFB (inferior-posterior
fascicular block), as defined earlier in this chapter, is nearly always present. In these situations, with a normal antero-
superior wall and apex, the criteria for inferior infarct are nearly as effective as if the RBBB were not present. RBBB
itself produces early loss of inferior forces (from the absent early activation inferior right ventricle). Thus, there is a
slight increase (%LV) in the inferior QRS MI size score and overestimation of inferior infarct size in the presence
of RBBB.

On the other hand, in the somewhat more common situation where the RBBB has been caused by a large anterior
infarct, the presence of an inferior infarction is more difficult to deduce and the infarct size is less reliably estimated.The
reasons are the same as if the RBBB were not there, namely, inferior Q waves as evidence for inferior infarction, with
or without inferior-posterior fascicular block, are dependent upon an intact anterosuperior wall for their production.
When a large anterior infarct is also present, there is a major decrease in anterosuperior wall vectors needed to produce
abnormal superior vectors. However, the major loss of leftward vectors from the apical involvement of the large anterior
infarct is still present. When inferior infarction is present together with a large anterior infarct (with or without RBBB),
the anterior infarct is rarely missed by the criteria for infarct size presented in this chapter. Its size, however, may be
underestimated.The presence of a separate posterolateral infarct from circumflex occlusion or a significant posterolateral
extension of an inferior infarct is suspected in RBBB plus inferior fascicular block by the same criteria described in
> Sect. ... above for RBBB alone.

.. Myocardial Infarction and LBBB

Recent onset LBBB, when seen, is usually intermittent, rate-dependent, and associated with a high degree of intra-
nodal block. The diagnosis of prior infarct, or the estimation of its size, is rarely a problem in this context because the
LBBB is intermittent and the more normal conducted beats are available for analysis. In preexisting or persistent LBBB
in patients with chronic angina pectoris or a previously documented infarct, many of the ECG/VCGs exhibiting a LBBB
configuration will be atypical. Those with a mild increase in QRS duration of –ms, small or absent R in V, V,
notched R in V or V, LVH, and/or with the criteria for superior or inferior-posterior fascicular block, that is, wide
separation of initial and terminal ms vectors, are readily analyzed as to presence and size of infarct by the criteria pre-
sented in this chapter. In the absence of clinical idiopathic cardiomyopathy in the current aging population, LBBB with
QRS ≥ ms will be present in –% of the subset with angina or documented coronary artery disease. Of this subset
–% of the “typical” LBBB, as described in detail below, will usually be associated with calcification at the base of the
heart around the aortic and mitral rings and/or multiple proximal coronary occlusions involving both the LAD and the
right coronary arteries.

... Secondary ST-T of LBBBModified by a Local AcuteMyocardial Infarction

In the current aging population of patients presenting to chest pain centers, there is an increasing incidence (–%) of
LBBB, and a similar incidence of ventricular pacing with LBBB type morphology. It has been observed that patients
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presenting with these LBBB morphologies and signs and symptoms of acute myocardial infarction are significantly less
likely to undergo early intervention for coronary reperfusion []. The window of opportunity to salvage threatened
myocardium is – h from onset of symptoms []. Consequently, a rapid and accurate diagnosis of AMI has become
essential.Those with symptoms, normal conduction, and ECG ST deviations of acutemyocardial infarction (AMI), in the
absence of contraindications, are managed with immediate thrombolytic therapy or percutaneous coronary angioplasty
of the acutely occluded artery. However, for those with LBBB morphologies, methodological limitations and conflicting
reliabilities of various proposed ECG criteria have resulted in their limited acceptance.This has improved since Sgarbossa
et al. and Sgarbossa/Wagner established three electrocardiographic criteria with independent value in the diagnosis of
AMI in patients with chest pain and LBBB, which have begun to be more widely utilized.The criteria are () STj elevation≥ μV in any lead and discordant with theQRS complex, and () STj depressionV, V orV ≥  μV, () STj elevation≥  μV in any lead with upright QRS. A scoring system is utilized.

An improvement in both sensitivity and specificity was found by Polizos and Selvester [] when they reported a
LBBB “% rule” for the ratio of STj to the ∣R-S∣ amplitude. In a control population of  chest pain patients documented
to be non-ischemia or acute infarction, the STj deviation was % of the ∣R-S∣ amplitude ± μV in anterior-posterior
leads V, V, V and ± μV in all other leads for / leads giving a specificity of %. The sensitivity was %
(/) for the patients with LBBB morphology, QRS ≥ ms and documented acute myocardial infarction (AMI) who
exceeded the biomarker thresholds confirmatory of the clinical suspicion of possible acute infarction. > Figure .
panel A illustrates the implementation of the % rule. There was a
reasonable distribution of STj deviations exceeding the % ratio consistent with acute anterior, inferior, posterolateral,
and apical MIs of the  in the following contiguous lead pair(s): Anterior STj deviation beyond the % rule in anterior-
posterior leads V, V, V of ± μV in  (%) consistent with anterior AMI, and posterior STj deviations in  (%)
consistent with posterolateral AMI; + μV inferior in inferior-superior leads II, aVF, III, aVL in  (%) consistent
with inferior AMI; − μV base-apex leads I, aVR, V, V, V in  (%) consistent with acute apical and/or global
subendocardial ischemia. Twelve of the  did not meet the Sgarbossa-Wagner criteria for acute injury/ischemia. It was
also noted that the % rule for localizing ST changes of acuteMI worked as well for those with single chamber RV pacing
which usually has atypical LBBB morphology and a QRS duration ≤ ms.

... Activation Sequence in LBBB and Regional Healed Infarcts

The incidence of LBBB in the subset of the aging population with angina, history of infarct and documented coronary
artery disease is –%. A normal ventriculogram will be seen in –% despite definite angiographic coronary disease,
and a diffuse myopathic change will be seen on the ventriculogram in –% of this subset. A typical LBBB with QRS
duration ≥ms (≥ms for females) now represents –% of patients with documentable coronary artery disease
and either single or multiple local infarcts. The computer simulation of the total-body ECG during depolarization and
repolarization was used to unravel the complex interactions of hypertrophy, infarcts (single and multiple) and ischemia
and injury, in RBBB and LBBB. The following discussion of ventricular activation in typical LBBB is presented as a basis
for the development of the criteria for infarcts in all of the three main coronary distributions.

A better appreciation of this topic can be gained if the activation sequence of LBBB, summarized in -plane isochrone
maps in > Fig. ., is reviewed along with the distribution of the infarcts associated with LAD, LCX and RCA occlu-
sion shown in > Fig. .. These are the major determinants of ECG/VCG changes of healed infarct plus LBBB. A short
review of the activation in LBBB is given here as a basis for understanding these changes. For the first ms of LBBB, the
activation fronts are developing simultaneously anteriorly in the right ventricle and posteriorly on the right septal surface
in its apical and middle segments as indicated from > Fig. .A and > .. As RV breakthrough of the anterior fronts
occurs at about ms, there is a rapid shift of the resultant QRS vector posteriorly since it is dominated by the enlarging
posteriorly directed fronts in the anteroseptal wall of the left ventricle.This produces thefirst in a series ofQRST changes
typical of LBBB, namely a small, short-duration initial vector directed anteriorly and leftward, and sets the stage for all
the others.

In the absence of LVH, it requires about ms for this rapidly enlarging posteriorly directed wavefront to traverse the
septum in the lower portion. A hole then develops in these septal fronts and remains for next –ms as the Purkinje
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Pane a. For acute myocardial infarction with LBBB the % rule line represents the expected STJ opposite the absolute value

of R-S. The % confidence limit is ± μV for V, V, V and ± μV in V, V, and limb leads. In patients with persistent

ischemic chest pain, STJ deviation in  or more contiguous leads exceeding these thresholds, the diagnosis of acute myocar-

dial infarction can be made with % specificity. The extent of the evolving infarction and its location are a function of the

number of leads with ST deviation exceeding thresholds directed outward from the center of the local epicardial region in

jeopardy. Pane b. For prior infarct size with LBBB this diagram depicts visually R,R′,S, and S′ used in the QRS scoring system

The S in V or V and the R in V or V represent change in direction of mean QRS vector (and electric field) at the break-

through of septal activation on the left septal surface (see > Fig. .). This occurs near the first / of the QRS (at –ms)

when activation fronts propagating through the septum from the right side arrive at the left and a hole develops in the pre-

viously continuous activation front. As the fronts propagate outward in the septum, their area directed posterior remains

rather constant (from  to ms.) resulting in “slow mid QRS conduction,” one of the “classic” criteria for diagnosis of LBBB.

It follows that an S′ in V or V and the R′ in V or V is the change in direction of the mean QRS vector that occurs near the

/ point of the QRSwith breakthrough of activation at the apex of the LV. This may show up as a definite S′ or R′ , but may be

only a slurring of terminal QRS as shown. For the purpose of the infarct size score, any extra notching in themidQRS between

the R and R′ should be ignored. When a definite inflection point does not occur at the / or / point in any designated V

lead, the time when it occurs in the others is transferred to the lead in question and the R, R′, S, or S′ amplitude is taken at

this point.

network on the left side is being entered. This produces the second QRST change typical of LBBB, that is a slurred
notch develops at about ms into the QRS, best seen in anterior leads V, V, and Z and in left leads I, V, V and X.
Activation progresses outward in the septum enlarging the hole in a ring of active surface of about the same surface area
directed from anterior to posterior in the remaining basal, superior, inferior and apical septum. A review of the LBBB
activation in > Fig. . with special attention to the –ms isochrones in the lower left sagittal view will account for
the ring of active fronts and their average direction that remain relatively unchanged for this period of time. This adds
the third change of typical LBBB, namely, mid-QRS slowing of transcription to the notch just described, which is also
seen in the same leads as the slurred notch. As the left Purkinje network in the midseptal region is entered, activation
spreads rapidly out in the endocardium. At –ms from the QRS onset, fronts are developing in the subendocardium
and mural myocardium of the superior and inferior walls and much of the apex, especially anteriorly. Besides the broad
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Activation sequences (ms isochrones) for LBBB in horizontal, frontal and left sagittal planes with QRS changes of a healed

myocardial infarct in any local perfusion bed of the three major coronary arteries and their branches. See > Figs. . and

> . for details of the how the typical LBBB QRS complexes shown in this figure are changed of infarction involving

infarction in the local regions supplied by the  main coronary arteries or thneir branches.

fronts propagating in the left ventricle, the only unopposed front at this time is that developing leftward in the apex.This
produces a shift leftward in the QRS vector, reaching a peak at about ms, as apical LV breakthrough of activation fronts
occurs.This produces the fourth change typical of complete LBBB, namely, a second peak in theQRS amplitude, usually
higher than the first and following the mid-QRS slowing and notch just described.This change too is best seen in anterior
and leftward leads. As this peak is receding, the activation fronts that have been developing on the posterolateral wall are
also beginning to decrease in size.The prolated ellipsoid shape of the LV and the smaller diameter of the LV at the mitral
valve and adjacent basal segments accounts for the following. Posteriorly directed fronts in the most basal portions of the
superior, inferior walls meet and merge on the most basal part of the posterolateral free wall prior to the posterior and
leftward directed fronts in the apical andmiddle posterolateral segments.This produces the fifth change typical of LBBB;
namely, clockwise inscription of the QRS loop in the horizontal plane. In an LV wall of normal thickness, this activation
takes –ms for a total QRS duration of –ms (the sixth classic feature of LBBB). Since the propagation velocity
in humanmyocardium is –mm/ms, any increase in septal or and posterolateralwall thickness will increase total QRS
duration (i.e., for every mm added to the septum and to the posterolateral wall (or mm total), –ms is added to the
total QRS duration).

In uncomplicated LBBB, the balance of superior and inferiorwall vectors, where large wavefronts are present through-
out much of the QRS, is such that the mean frontal-plane axis is at or near zero degrees with a very narrow frontal-plane
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Left bundle branch block QRS MI size score criteria
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Criteria Definitions

Additional Rules
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Age normalize all amplitude
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The definitions of S, S’, R and  R’
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projection of the loop. This is the seventh QRST change typical of uncomplicated LBBB. Any shift beyond ±○ rep-
resents disruption of this balance of vectors, either from missing myocardium or further disruption of the more distal
Purkinje conduction.The latter is rare in recent onset LBBB in patients with coronary artery disease, but is common in the
congestive cardiomyopathies where the myopathic autoimmune process also extensively involves the peripheral Purkinje



  Myocardial Infarction

system. Marked left axis or right axis shifts have been reported as markers of the process. The eighth classic change of
LBBB relates to repolarization, which is directly linked to the very abnormal depolarization. ST-T vectors in LBBB are
directed opposite to those of QRS in all projections.

In summary, with respect to superimposed myocardial infarction on LBBB, the first ms of ventricular depo-
larization is dominated by the septum and right ventricle (see > Fig. .); the middle ms is dominated by the
paraseptal areas of the left ventricle adjacent to the septum, namely, the anterosuperior, anteroapical and inferior walls;
and the last ms is made up of activation fronts in the posterolateral wall of the left ventricle. It follows that anterior
infarction will result in loss of initial posteriorly directed anteroseptal vectors unmasking the early anterior RV forces
with the resultant increase in initial anterior vector magnitude and duration. There will also be a significant increase
in high-frequency notching and slurring in the initial QRS as the activation fronts encounter the patchy interdigita-
tion of scar and normal myocardium at the border of the infarct. Anterosuperior extension of the anterior infarct
will deform the early to mid-QRS vectors inferiorly with a mean axis shift inferiorly. Significant anteroapical exten-
sion of the anterior infarct will result in a loss of leftward vectors and a loss of the second peak of R in I, V, V,
and X with a shift of the mean axis to being almost directly posterior (and/or rightward and inferior if major antero-
superior extension is also present). Details of the QRS MI size score to reflect these changes due to infarct and to
quantify infarct size are presented in > Sect. ... Inferior infarction from posterior-inferior descending artery (PDA)
occlusion, usually as the result of RCA occlusion, results in loss of inferior vectors in the early to mid-QRS and sig-
nificant displacement of these vectors superiorly from their usual location, as seen in typical LBBB. Posterolateral
infarct from occlusion of a non-dominant LCX, results in an attenuation of the late posterior vectors and a shift of
the mid to terminal QRS anterior vectors. Posterolateral-inferior infarct from a left dominant LCX, or a rare very
dominant RCA occlusion with a large distal posterolateral branch and a diminutive LCX, has a simple combination effect
on the QRS of inferior and posterolateral infarct just described. These changes are defined more explicitly for each of
the three major coronary distributions in Appendix B, > Fig. ., and in the three sub-sections of the > Sect. ..
to follow.

... LADOcclusion, Anterior Infarction and LBBB

> Figure .a, b is an example of a patient who at the time of angiography had two areas of infarction: a large
anterior infarct with inferoapical extension from proximal LAD coronary occlusion and a second moderate-sized infe-
rior infarct from RCA occlusion. The ECG/VCG shows changes of atypical LBBB with a QRS duration of ms.
In this case, the P vectors seen to the right of the VCG plots show significant abnormalities. The P duration is
increased to ms. The initial right atrial vectors are mildly increased in amplitude above normal anterior and infe-
rior component limits, indicative of mildly decreased RV diastolic compliance consistent with mild RV and pulmonary
hypertension. The left atrial activation times are significantly increased and voltage amplitude directed leftward and
posteriorly is greatly increased (– times normal), which is consistent with a major decrease in diastolic compliance
in the left ventricle such as might be seen with severe LV dysfunction from extensive infarction and compensatory
hypertrophy.

In the uncomplicated LBBB, all of the QRS except for the first –ms is directed leftward and posteriorly owing to
the posteriorly directed fronts in the septum and the left ventricle. In this case, infarction in the anteroseptal area and
apex has two effects. First, notching and slurring is seen especially in V, V and V in the initial –ms, which in
uncomplicated LBBB is usually smoothly written. Second, there is increased amplitude and duration of the initial anterior
forces or vectors owing to infarction in the septum which allows the anteriorly directed fronts in the right ventricle to
dominate. In this case, the first ms are smoothly written with an increased anterior amplitude. This suggests, along
with the mild RAO changes, that mild RVH might be responsible for some of this change. Typically, significant septal
involvement would produce a broad slurred and notched R wave in V and V and a prominent, prolonged, irregular
initial anterior vector loop in the VCG, in addition to the other features of LBBB. The magnitude and duration of the
anterior vectors is related to the size or extent of septal involvement.

The LV apex is extensively infarcted in this patient as it often is in anterior infarcts. There is a significant loss of
leftward vectors from  to ms when the apex is expected to be activated.This is the usual marker of the presence of
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⊡ Figure . (Continued)

apical extension of this infarct in LBBB. Again, the more extensive the apical involvement, the greater the loss of expected
leftward vectors and the longer this deformity lasts. The anterosuperior wall also demonstrates significant involvement.
This produces a loss of early superior vectors with a consequent inferior shift of the initial QRS. The two VCGs for this
first infarct (see > Fig. .a for details) showed major deformities in the early and mid QRS that when transferred to
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LBBB criteria met Points
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R V1    30 ms
R V2    30 ms

Q V6    20 ms

2 (AS)
2 (AS)

S/S¢ V1    2 3 (PL)
S/S¢ V2    2 2 (PL)

1 (AP)
2 (AP)
1 (AP)
1 (AP)

Any Q V5
R/R¢ V5    2

R/R¢ V6    1
16Total

(1 IN, 4 AS, 5 PL, 6 AP)
48% LVI (3´16 total points)
17% EF (est. 65 – 48% LVI)

Also present : mild RAO, severe LAO

Apical
Middle

Basal
Inferior

Anterosuperior
6

12

1

2

3

9

8

8

9
10

1
2

3

5

6

7

4

5

EF 18%

Segment subdivision

aVL
V1

I V3

V2

– aVR

aVF

II

III

V5

V6

V4

0.2s 0.2s

0.
5

m
V

1
m

V

ST leads V leads

Myocardial Infarction
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(a) The Cube VCG (top) and the McFee (bottom) are from a -year-old man who had a history of two myocardial infarcts.

After the first infarct the ECG and VCG demonstrated a large anterior infarct and normal conduction. Coronary angiograms

and biplane Vgrams revealed major  vessel disease, % LAD, and a large anterior infarct. The patient declined surgery

and was symptomatically well controlled on medical management. Three years later he suffered a second infarct and had

the VCGs shown here. A second angiogram demonstrated % RCA occlusion in the interim and a moderate sized inferior

infarct. These VCGs demonstrate a very atypical LBBB with QRS duration of ms. VCGs for typical LBBBs of ms duration

are shown in dotted lines. The specific changes are discussed in the text in the sections on LAD occlusion, anterior infarct, and

LBBB and on RCA occlusion, inferior infarct and LBBB. Infarct #, shows major deformities (a) of the initial /rds of the QRS

in both lead systems, i.e., .mV/ms for the Cube and .mV/ms for the McFee. From the nomogram (> Fig. .) a

large anteroapical infarct is estimated for both VCGs of  cm and % involvement of the LV perimeter. Infarct # produced

deformities (b) in the latter / of theQRS of .mV/ms and .mV/ms.When transferred to the nomogram (> Fig. .)

resulted in an estimate for the inferior posterolateral infarct of  cm for each VCG and % LV involvement angiographically.

The sum of % of the LV perimeter predicts an LVEF of %. (b) Note limb leads are in the orderly (Cabrera) sequence from

the top down, aVL, I, -aVR, II, aVF, III. Using the version of the LBBBQRSMI size scoring system shown in Appendix B, a total of

 points or % LV infarct is accumulated. As seen in the upper middle panel above, this predicted a % EF, and distributed

the damage into the anterior (septal/superior), apex, inferior, and posterolateral walls as shown. These criteria picked up the

anterosuperior and inferior wall involvement seen on the angiogram, and predicted well by the VCGs as shown in (a). A left

anterior obliqueventriculogamwasnot available to evaluate theposterolateral changespredictedby this versionof the LBBB

QRSMI size scoring system.

the nomogram (> Fig. .) estimated a large anterior infarct of  cm and % of the LV perimeter. For the second
infarct, there is displacement of the terminal ms vectors sharply superiorly and anteriorly from their usual location
with LBBB.This is most evident on the Cube lead system and on the  lead ECG as prominent S′ in the inferior leads, an
abnormal left axis and a broad slurred S” V–V.These findings are indicative of a moderately sized basal posterolateral-
inferior infarct in addition to the large anterior one described above (see > Fig. .a, b and legends for details). When
the magnitude and duration of the VCG changes of both infarcts are transferred to the nomogram, % of the perimeter
of the LV on the RAO ventriculogram is predicted be involved with infarction and the ejection fraction is predicted to
be %.
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Losses from the septum, apex and superior wall each contribute to the total sum of the criteria for the QRS MI size
score for anterior infarct size in LBBB seen here in > Fig. .b and tabulated from Appendix B. A total of  points
(% LV) for anteroapical infarction and  points (% LV) for a posterolateral-inferior infarct were scored. The total is
 points for % LV infarcted and an estimated LV ejection fraction of %. Appendix B.

... Differential Diagnosis of LBBB and Prominent Anterior Forces

Left ventricular hypertrophy is often associated with superior fascicular block, and can have a total QRS duration of
greater than –ms. If the fascicular block is associated with or is the result of a moderate anterior apical infarct,
as it often is, it may produce a QRS morphology (large notched RR′ V, V, V) quite suggestive of complete LBBB as
are small R waves in V, V and Z. A second moderate posterolateral infarct would produce a prominent wide R wave
in V, V mimicking a LBBB + anteroseptal infarct. Wide separation of frontal plane (limb leads) initial and terminal
ms vectors, as described by Grant and Dodge [], effectively identifies this combination of changes. The associated
infarcts are usually large, and the ECG QRS score and the nomogram for VCG infarct size will give reliable estimates of
angiographic regional wall motion abnormalities and global function.

A second major change that mimics some of the changes described above for LBBB and anterior infarct is RVH in
the presence of complete LBBB. The increase of anterior, rightward and inferior vectors for the first –ms from RVH
produces a shift in the LBBB vectors. This results in sharp, smooth, and widened initial anterior vectors with increased
amplitude in leadsV,V, andZ similar to those described above for anterior infarct. It also displaces the – ms vectors
to the right and inferiorly. This decreases the initial leftward vector in I, aVL, V, V and X. As a result, in some cases
Q waves are produced in these leads, again mimicking anterior infarction with apical and superior wall extension. There
are two major features that can be used in the differential diagnosis of these changes. First, in right-sided overload, the
degree of RAOparallels the degree of RV overload.When evenmild tomoderateRAO is present, by the criteria described
in > Table ., the likelihood increases greatly that the changes described above are in fact caused by RV overload. The
second feature that serves as a marker of RV overload in this situation is the presence of a sharp, smooth abnormal
initial anterior vector loop of .mV or more, lasting ms or longer. The magnitude and duration of this deformity,
as well as the severity of the RAO, is related to the degree of RV overload. In summary, the presence of RAO and the
absence of notching in the initial vectors reasonably exclude anterior infarction as a cause for the changes described
above.

Significant confounding can occur with LBBB owing to coronary disease which is associated with extensive infarc-
tion, primary or secondary LV overload, left-heart failure, and severe LAO. Significant right-heart failure, RAO and RV
overload are then the secondary results which can produce additive effects in the presence of anterior infarct as far
as increased amplitude and duration of initial anterior QRS vectors are concerned. However, even so, the information
exists in the ECG/VCG, as it did in the case presented in > Fig. . to provide a reasonable basis for unscram-
bling each of these effects and in most cases assessing the relative contribution of each to the final ECG/VCG changes
observed.

... Circumflex Coronary Occlusion, Posterolateral Infarction and LBBB

Only in the presence of a dominant circumflex coronary artery would the blood supply to the proximal left bundle be
influenced by total occlusion of this vessel. This anatomy occurs in –% of all human hearts. Since a significant per-
centage of recent onset LBBBs are as a result of inferior infarction, theoretically –% of these (% of the total) are the
result of total circumflex occlusion. These infarcts could be expected to produce a combination of inferior and postero-
lateral effects as described above. No such combination was identified in the authors’ database of single-vessel circumflex
occlusions, but an example of such changes is presented in the case shown in> Fig. ..This patient with RCAocclusion
appeared to have significant posterolateral extension of the inferior infarct. Appendix B.
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... RCAOcclusion, Inferior Infarct and LBBB

> Figure ., discussed earlier, shows an example of a patient who had LBBB and a moderate inferior-posterolateral
infarct from total RCA occlusion in addition to a large anterior infarct and total LAD occlusion. The activation of the
base of the septum and the base of the inferior and posterolateral walls are separated in time in LBBB from the apical and
midseptum. Therefore much of the area perfused by the RCA is activated after that perfused by the LAD, and separate
QRS deformities can be identified for each as shown in the figure. In this case, the late deformity, superior and anterior
to that seen in typical LBBB, results from local losses, inferiorly and posteriorly. The uncoupling in time of the activation
of septal and free wall fronts in LBBB has produced less cancellation and more reliable estimates of multiple infarct size
in the presence of this conduction abnormality than in normal conduction.

. Future Advances in ECG Diagnosis and Imaging of Infarction

There are two areas in the ECG/VCG diagnosis of infarction where as yet the possibilities have not been fully exploited:
the very early quantification of area at risk in acute infarction and the quantification of infarct size and residual ischemic
area at risk in the considerable number of patients with the complex mix of chamber enlargement, BBB and single or
multiple infarcts in the various coronary distributions. It is likely that both management and prognosis in these patients
will continue to be tightly bound to infarct size and the extent of ischemia or mass of myocardium at risk. The computer
simulation of ventricular excitation and recovery is expected to be an important tool in the further clarification of these
complex interactions involved in the manifold combinations of regional ischemia, infarction, chamber enlargement and
conduction abnormalities (both minor and major).

From reported studies with the model of the authors [–], some aspects of which were detailed in this chapter,
this exploration is expected to move into larger numbers of simultaneously recorded leads, probably – with at least
two or three of these leads recorded on the back of the thorax. Smallmultilead ECG recording systemswith onboard com-
puter analysis of these – leads are well within the capability of twenty-first century technology.The computer model,
clinical and cardiac MRI, and postmortem validation studies will be used to provide the optimal lead array, digitizing
rates, location of these leads and criteria for quantifying regional acute ischemia and chronic infarct size in the pres-
ence of normal conduction, various conduction abnormalities, chamber enlargement and variations in torso geometry,
conductivity, and heart or coronary anatomy.

With respect to acute coronary care, the future may see more optimal use of three simultaneous quasi-orthogonal
monitoring leads with online identification and continuous monitoring of the area of myocardium at risk, including (a)
its extent, (b) the size of the evolving infarct in the risk area, and (c) intermittent conduction change and ectopic activity
related to the perfusion bed of the area at risk or at a distance. These would all involve straightforward extensions of
existing knowledge.The rapid advances in miniaturization of electronic and computer chip components make it realistic
to expect this quantitative capability to be resident in online computer monitoring systems, ambulance recorders and
highly portable long-term ambulatory physiological monitoring devices.

Noninvasive ECG imaging with inverse isochrone and potential mapping of endocardium, and epicardium from a
few centers has appeared []. Inverse imaging of the electromotive surface of the propagating wave of excitation using
“smart” constraints of the solution is in process in a few centers as well. The three-dimensional color graphic imaging of
the heart and infarct geometry for a specific patient, along with direct imaging of the wave of excitation of the atria and
ventricles and the recovery process specific for that patient, are also direct extensions of these modeling efforts and auto-
mated signal processing and analysis technology. From this type of imaging, it is possible to visualize, directly, regional,
and transmural extent of ischemia and infarction, wall thickness and details of local excitation and recovery. This would
include delayed or fractionated excitation potentials and areas of slow conduction. Direct visualization of reentrant path-
ways and their anatomic substrate would also be a direct outgrowth of such developments.The compelling advantage of
working first-hand with the heart’s own ECG signal is that these noninvasive measurements can be repeated as often as
needed with little or no discomfort or risk to the patient. Indeed, continuous monitoring of many ECG leads and algo-
rithmic processing of the information requires only adaptation of existing technology and carefully controlled validation
studies.



Myocardial Infarction  



  Myocardial Infarction

References

. Hurst, J.W., Current status of clinical electrocardiography with
suggestions for the improvement of the interpretive process. Am.
J. Cardiol., ;: –.

. Foundation, T.N., The Nobel Prize in Physiology or
Medicine .  [cited January , ]; Available from:
http://nobelprize.org/nobel_prizes/medicine/laureates//.

. Overton, E., The general muscle- and nerve physiology – Sec-
ond Notice – The indispensability of natrium (or lithium)
ions for muscle contraction. Arch. Ges. Physiol., ;
: .

. Smith, F.M., The ligation of coronary arteries with electrocar-
diographic study. Arch. Int. Med., ;: –.

. Pardee, H.E.B., An electrocardiographic sign of coronary artery
obstruction. Arch. Int. Med., ;: –.

. Otto, H.L., The ventricular electrocardiogram. An experimental
study. Arch. Int. Med., ;: –.

. Barnes, A.R., Study of the R-T interval in myocardial infarction.
Am. Heart J., ;: –.

. Wilson, R.N., A.G. MacLeod, and P.S. Barker, The distribution of
action and injury displayed by heart muscle and other excitable
tissues. Scientific Series, vol. X. Ann Arbor, MI: University of
Michigan Press, .

. Wilson, F.N, F.D. Johnston, A.G. MacLeod, et al., Electrocar-
diograms that represent the potential variations of a single
electrode. Am. Heart J., ;: –.

. Wilson, F.N., F.D. Johnston, F.F. Rosenbaum, et al., Einthoven’s
triangle, the theory of unipolar electrocardiographic leads, and
the interpretation of the precordial electrocardiograms. Am.
Heart J., ;: –.

. Braunwald, E. and P.R. Maroko, The reduction of infarct size –
an idea whose time (for testing) has come. Circulation, ;:
–.

. Holland, R.P. and H. Brooks, Precordial and epicardial surface
potentials during Myocardial ischemia in the pig. A theoretical
and experimental analysis of the TQ and ST segments. Circ. Res.,
;: –.

. Holland, R.P., H. Brooks, and B. Lidl, Spatial and nonspatial
influences on the TG-ST segment deflection of ischemia. The-
oretical and experimental analysis in the pig. J. Clin. Invest.,
;: –.

. Braunwald, E. and P.R. Maroko, ST-segment mapping.
Realistic and unrealistic expectations. Circulation, ;:
–.

. Janse, M.J., ST segment mapping and infarct size. Cardiovasc.
Res., ;: –.

. Grant, R.P. and H.T. Dodge, Mechanisms of QRS complex pro-
longation in man; left ventricular conduction disturbances. Am.
J. Med., ;: –.

. Wagner, G.S., M.J. Cowan, N.C. Flowers, L.E. Ginzton, R.E.
Ideker, M.M. Laks, R.H. Selvester, and S.R. Swiryn, Nomencla-
ture of myocardial wall segments. Committee report. Comput-
erized Interpretation of the ECG VIII. Proceedings of the Engi-
neering Foundation Conference, vol. , R.H. Selvester, Editor.
New York, .

. Ideker, R.E., G.S. Wagner, W.K. Ruth, et al., Evaluation of a QRS
scoring system for estimating myocardial infarct size. II. Corre-
lation with quantitative anatomic findings for anterior infarcts.
Am. J. Cardiol., ;: –.

. Horan, L.G., N.C. Flowers, and J.C. Johnson, Significance of the
diagnostic Q wave of myocardial infarction. Circulation, ;:
–.

. Henry, W.L., A. DeMaria, H. Feigenbaum, R. Kerber, N. Nanda,
R.L. Popp, D. Sahn, N.B. Schiller, A.I. Tajik, and A.E. Weyman,
Identification of myocardial wall segments: Report of the
ASE Committee on Nomenclature and Standards, Raleigh, NC:
American Society of Echocardiography, .

. Zinn,W.J. and R.S. Cosby, Myocardial infarction; a re-evaluation
of the diagnostic accuracy of the electrocardiogram. Am. J. Med.,
;: –.

. Johnson, W.J., R.W. Anchor, H.B. Burchell, and J.E. Edwards,
Unrecognized myocardial infarction; a clinicopathologic study.
AMA Arch. Intern. Med., ;: –.

. Woods, J.D., W. Laurie, and W.G. Smith, The reliability of
the electrocardiogram in myocardial infarction. Lancet, ;:
–.

. Anderson, J.L., Chair Writing Committee, ACC/AHA 
guidelines for the management of patients with Unstable
Angina/Non-ST-Elevation myocardial infarction. A report of
the American College of Cardiology/American Heart Associ-
ation task force on practice guidelines (Writing Committee to
revise the  guidelines for managing UA/NonSTEMI). JACC,
;(No ): e–.

. Selvester, R.H., Nomina anatomica contradicta. Especially as
relates to the heart and electrocardiology. J. Electrocardiol,
;: –.

. Reimer, K.A. and R.B. Jennings, The “wavefront phenomenon”
of myocardial ischemic cell death. II. Transmural progres-
sion of necrosis within the framework of ischemic bed size
(myocardium at risk) and collateral flow. Lab. Invest, ;:
–.

. Christian, T.F., R.S. Schwartz, and R.J. Gibbons, Determinants
of infarct size in reperfusion therapy for acute myocardial
infarction. Circulation, ;: –.

. Reimer, K.A., J.E. Lowe, and M.M. Rasmussen, The wavefront
phenomenon of ischemic cell death. . Myocardial infarct size
vs. duration of coronary occlusion in dogs. Circulation, ;:
–.

. Selvester, R.H. and M.E. Sanmarco, Infarct size in hi-gain,
hi-fidelity VCGs and serial ventriculograms in patients with
proven coronary artery disease, in Modern Electrocardiology,
Z. Antaloczy, Editor. Amsterdam: Exerpta Medica, , pp.
–.

. Wagner, G.S., C.J. Freye, S.T. Palmeri, S.F. Roark, N.C. Stack,
R.E. Ideker, F.E. Harrell Jr., and R.H. Selvester, Evaluation of
a QRS scoring system for estimating myocardial infarct size.
I. Specificity and observer agreement. Circulation, ;:
–.

. Palmeri, S.T., D.G. Harrison, F.R. Cobb, K.G. Morris, F.E. Har-
rell, R.E. Ideker, and R.H. Selvester, A QRS scoring system for
assessing left ventricular function after myocardial infarction.
N. Engl. J. Med., ;: –.

. Roark, S.F., R.E. Ideker, G.S. Wagner, D.R. Alonso, S.P. Bishop,
C.M. Bloor, D.A. Bramlet, J.E. Edwards, J.T. Fallon, G.J. Got-
tlieb, D.B. Hackel, H.R. Phillips, K.A. Reimer, W.J. Rogers, W.K.
Ruth, R.M. Savage, R.D. White, and R.H. Selvester, Evaluation
of a QRS scoring system for estimating myocardial infarct size.



Myocardial Infarction  

III. Correlation with quantitative anatomic findings for inferior
infarcts. Am. J. Cardiol., ;: –.

. Ward, R.M., R.D. White, R.E. Ideker, et al., Evaluation of a QRS
scoring system for estimating myocardial infarct size. IV. Cor-
relation with quantitative anatomic findings for posterolateral
infarcts. Am. J. Cardiol., ;: –.

. Ideker, R.E., G.S. Wagner, and R.H. Selvester, Anatomic val-
idation of computer model ECG criteria for infarct size and
location, in Computeized Interpretation of ECG VII, Proceedings
of the Engineering Foundation Conference, M.M. Laks, Editor.
New York: Engineering Foundation, , pp. –.

. Daniel, T.M., J.P. Boineau, and D.C. Sabiston Jr., Comparison
of human ventricular activation with a canine model in chronic
myocardial infarction. Circulation, ;: –.

. Cox, J.L., T.M. Daniel, and J.P. Boineau, The electrophys-
iologic time-course of acute myocardial ischemia and the
effects of early coronary artery reperfusion. Circulation, ;:
–.

. Lie, K.I., H.J. Wellens, and R.M. Schuilenburg, Bundle branch
block and acute myocardial infarction, in The Conduction Sys-
tem of the Heart: Structure, Function, and Clinical Applications,
H.J. Wellens, K.I. Lie, and M.J. Janse, Editors. Philadelphia, PA:
Lea and Febiger, , p. .

. Mullins, C.B. and J.M. Atkins, Prognoses and management of
venticular conduction blocks in acute myocardial infarction.
Mod. Concepts Cardiovasc. Dis., ;: –.

. Marriott, H.J. and P. Hogan, Hemiblock in acute myocardial
infarction. Chest, ;: –.

. Rosenbaum, M.B., The hemiblocks: diagnostic criteria and
clinical significance. Mod. Concepts Cardiovasc. Dis., ;:
–.

. Grant, R.P., ClinicalElectrocardiography, the Spatial Vector
Approach, New York: McGraw-Hill, .

. Durrer, D., R.T. Van Dam, F.L. Meijler, R.C. Arzbaecher, E.J.
Muller, and G.E. Freud, Electrical activation and membrane
action potentials of the perfused normal human heart. Circu-
lation, ;: –.

. Durrer, D., R.T. van Dam, G.E. Frued, F.L. Meijler, and J.P. Roos,
Excitation of the human heart, in Electrical Activity of the Heart,
C.C. Thomas, Editor. Springfield: C.C. Thomas, , p. .

. Durrer, D., R.T. van Dam, G.E. Freud, M.J. Janse, F.L. Meijler, and
R.C. Arzbaecher, Total excitation of the isolated human heart.
Circulation, ;: –.

. Selvester, R.H. and J.C. Solomon, Optimal ECG electrode sites
and criteria for detection of asymptomatic coronary artery dis-
ease at rest and with exercise. USAFSAM Technical Report,
;–: –.

. Spach, M.S., R.C. Barr, C.F. Lanning, and P.C. Tucek, Origin
of body surface QRS and T wave potentials from epicardial
potential distributions in the intact chimpanzee. Circula-
tion, ;: –. of IEEE. Computer Society, , pp.
–.

. Burgess, M.J., K. Millar, and J.A. Abildskov, Cancellation of
electrocardiographic effects during ventricular recovery. J. Elec-
trocardiol., ;: –.

. Burgess, M.J., K. Millar, and J.A. Abildskov, The geometry of
ventricular repolarization boundaries. Am. Heart J., ;:
–.

. Burgess, M.J., L.S. Green, K. Millar, R. Wyatt, and J.A. Abild-
skov, The sequence of normal ventricular recovery. Am. Heart
J., ;: –.

. Abildskov, J.A., M.J. Burgess, K. Millar, R. Wyatt, and G. Baule,
The primary T wave – a new electrocardiographic waveform.
Am. Heart J., ;: –.

. Abildskov, J.A., A.K. Evans, R.L. Lux, and M.J. Burgess, Ventric-
ular recovery properties and QRST deflection area in cardiac
electrograms. Am. J. Physiol., ;: H–.

. Abildskov, J.A., L.S. Green, A.K. Evans, and R.L. Lux, The
QRST deflection area of electrograms during global alterations
of ventricular repolarization. J. Electrocardiol., ;: –.

. Spach, M.S. and R.C. Barr, Ventricular intramural and epicar-
dial potential distributions during ventricular activation and
repolarization in the intact dog. Circ. Res., ;: –.

. Selvester, R.H., R. Kalaba, C.R. Collier, R. Bellman, and H. Kagi-
wada, A digital computer model of the vectorcardiogram with
distance and boundary effects: simulated myocardial infarction.
Am. Heart J., ;: –.

. Selvester, R.H., J.C. Solomon, and T.L. Gillespie, Digital com-
puter model of a total body electrocardiographic surface map.
An adult male-torso simulation with lungs. Circulation, ;:
–.

. Solomon, J.C. and R.H. Selvester, Simulation of measured acti-
vation sequence in the human heart. Am. Heart J., ;:
–.

. Selvester, R.H., J.C. Solomon, and D. Sapoznikov, Computer sim-
ulation of the electrocardiogram, in Computer Techniques in
Cardiology, L.D. Cady, Editor. Washington, DC: Marcel Decker,
Inc., , pp. –.

. Selvester, R.H., M.E. Sanmarco, J.C. Solomon, and G.S. Wag-
ner, Methods of determining infarct size, ECG: QRS change,
in Myocardial Infarction: Measurement and Intervention, G.S.
Wagner, Editor. Hague: Martinus Nijhoff, , p. .

. Wilson, F.N., A.G. Macleod, P.S. Barker, and F.D. Johnston, The
determination and the significance of the areas of the ventric-
ular deflections of the electrocardiogram. Am. Heart J., ;
: .

. Wilson, F.N., A.G. Macleod, and P.S. Barker, The potential vari-
ations produced by the heart beat at the apices of Einthoven’s
triangle. Am. Heart J., ;: –.

. Burger, H.C., A theoretical elucidation of the notion ventricular
gradient. Am. Heart J., ;: –.

. Fruehan, C.T., B. Crain, M.J. Burgess, K. Millar, and J.A. Abild-
skov, Observations concerning the validity of the ventricular
gradient concept. Am. Heart J., ;: –.

. Schafer, H., A. Pena, and P. Scholmerich, Der Monophasis-
che Aktionsstrom von Spitze und Basis des Warmbluterherzens
und die Theorie der T-Welle des EKG. Pflugers Arch., ;:
–.

. Ling, G. and R.W. Gerard, The normal membrane potential
of the frog Sartorius fibers. J. Cell. Comp. Physiol., ;:
–.

. Hoffman, B.F. and E.E. Suckling, Relationship between cardiac
cellular potentials and the deflections of the electrogram. Am. J.
Physiol., ;: .

. Hoffman, B.F., C.Y. Kao, and E.E. Suckling, Refractoriness in
cardiac muscle. Am. J. Physiol., ;: –.

. Hoffman, B.F. and P.F. Cranefield, Electrophysiology of the Heart,
New York: McGraw-Hill, .

. Brady, A.J. and J.W. Woodbury, Effects of sodium and potassium
on repolarization in frog ventricular fibers, in The Electrophys-
iology of the Heart, H. Hecht, Editor. Ann. N.Y. Acad. Sci., ,
p. .



  Myocardial Infarction

. Hoffman, B.F., P.F. Cranefield, E. Lepeschkin, B. Surawicz, and
H.C. Herrlich, Comparison of cardiac monophasic action poten-
tials recorded by intracellular and suction electrodes. Am. J.
Physiol., ;: –.

. Autenrieth, G., B. Surawicz, and C.S. Kuo, Sequence of repo-
larization on the ventricular surface in the dog. Am. Heart J.,
;: –.

. Scher, A.M. and A.C. Young, The pathway of ventricular depo-
larization in the dog. Circ. Res., ;: –.

. Scher, A.M. and A.C. Young, Ventricular depolarization and the
genesis of QRS. Ann. N.Y. Acad. Sci., ;: –.

. Scher, A.M., A.C. Young, A.L. Malmgren, and R.R. Paton, Spread
of electrical activity through the wall of the ventricle. Circ. Res.,
;: –.

. Durrer, D. and L.H. Van Der Twell, Spread of activation in
the left ventricular wall of the dog. I. Am. Heart J., ;:
–.

. van Dam, R.Th. and D. Durrer, Experimental study on the intra-
mural distribution of the excitability cycle and on the form of the
epicardial T wave in the dog heart in situ. Am. Heart J., ;:
–.

. Kootsey, J.M. and E.A. Johnson, The Origin of the T wave. CRC
Crit. Rev. Bioeng., ;: –.

. Gussak, I. and C. Antzelevitch, Editors. Cardiac Repolarization,
Bridging Basic and Clinical Science. Totowa, NJ: Humana Press,
.

. Arnsdorf, M.F. and E.K. Louie, The ECG: spatial and non spa-
tial determinants of the extracellularly recorded potential with
emphasis on the TQ-ST segment, in Myocardial Infarction, Mea-
surement and Intervention, G.S. Wagner, Editor. The Hague:
Martinus Nijhoff, , p. .

. Janse, M.J., J. Cinca, H. Morena, J.W. Fiolet, A.G. Kleber, G.P.
de Vries, A.E. Becker, and D. Durrer, The “border zone” in
myocardial ischemia. An electrophysiological, metabolic, and
histochemical correlation in the pig heart. Circ. Res., ;:
–.

. Harken, A.H., C.H. Barlow, W.R. Harden, and B. Chance, Two
and three dimensional display of myocardial ischemic “border
zone” in dogs. Am. J. Cardiol., ;: –.

. Simson, M.B., W. Harden, C. Barlow, and A.H. Harken, Visual-
ization of the distance between perfusion and anoxia along an
ischemic border. Circulation, ;: –.

. Cox, J.L., V.W. McLaughlin, N.C. Flowers, and L.G. Horan, The
ischemic zone surrounding acute myocardial infarction. Its mor-
phology as detected by dehydrogenase staining. Am. Heart J.,
;: –.

. Harumi, K., M.J. Burgess, and J.A. Abildskov, A theoretic model
of the T wave. Circulation, ;: –.

. Thiry, P.S. and R.M. Rosenberg, On electrophysiological activity
of the normal heart. J. Franklin Inst., ;: .

. Miller, W.T. and D.B. Geselowitz, Simulation studies of the elec-
trocardiogram. I. The normal heart. Circ. Res., ;: –.

. Miller, W.T. rd and D.B. Geselowitz, Simulation studies of
the electrocardiogram. II. Ischemia and infarction. Circ. Res.,
;: –.

. Selvester, R.H., J.C. Solomon, and G.D. Tolan, Fine grid com-
puter simulation of QRS-T and criteria for the quantitation of
regional ischemia. J. Electrocardiol., ;(Suppl. –).

. Maroko, P.R., P. Libby, J.W. Covell, B.E. Sobel, J. Ross Jr., and
E. Braunwald, Precordial S-T segment elevation mapping: an
atraumatic method for assessing alterations in the extent of

myocardial ischemic injury. The effects of pharmacologic and
hemodynamic interventions. Am. J. Cardiol., ;: –.

. Akiyama, T., M. Hodges, T.L. Biddle, B. Zawrotny, and C. Vangel-
low, Measurement of S-T segment elevation in acute myocardial
infarction in man. Comparison of a precordial mapping tech-
nique and the Frank vector system. Am. J. Cardiol., ;:
–.

. Wikswo, J.P. Jr., S.C. Gundersen, W. Murphy, A.K. Dawson, and
R.F. Smith, Sequential QRS vector subtractions in acute myocar-
dial infarction in humans. Time course and relationship to serial
changes in serum CK-MB concentration. Circ. Res., ;:
–.

. Sederholm, M., P. Grottum, L. erhardt, and J. Kjekshus, Quan-
titative assessment of myocardial ischemia and necrosis by con-
tinuous vectorcardiography and measurement of creatine kinase
release in patients. Circulation, ;: –.

. Aldrich, H.R., N.B. Wagner, J. Boswick, A.T. Corsa, M.G. Jones,
P. Grande, K.L. Lee, and G.S. Wagner, Use of initial ST-segment
deviation for prediction of final electrocardiographic size of
acute myocardial infarcts. Am. J. Cardiol., ;: –.

. Friedman, H.H., Diagnostic Electgrocardiography and Vectorcar-
diography. San Francisco, CA: McGraw-Hill, .

. Benchimol, A., Vectorcardiography. Baltimore, MD: Wilkins &
Wilkins, .

. Eisenstein, I., M.E. Sanmarco, W.L. Madrid, and R.H. Selvester,
Electrocardiographic and vectorcardiographic diagnosis of pos-
terior wall myocardial infarction. Significance of the T wave.
Chest, ;: –.

. Selvester, R.H., J.C. Solomon, K. Baron, H.A. Saetre, and M.H.
Ellestad, Optimal electrode sites and crriteria for detection of
asymptomatic coronary artery disease detection: update .
USAF Armstrong Laboratory Technical Report, :: –.

. Ellestad, M.H., Personal communication.
. Nelson, G.R., P.F. Cohn, and R. Gorlin, Prognosis in medically-

treated coronary artery disease: influence of ejection fraction
compared to other parameters. Circulation, ;: –.

. Coronary artery surgery study (CASS): a randomized trial
of coronary artery bypass surgery. Survival data. Circulation,
;: –.

. Heikkila, J., P.G. Hugenholtz, and B.S. Tabakin, Prediction of left
heart filling pressure and its sequential change in acute myocar-
dial infarction from the terminal force of the P wave. Br. Heart
J., ;: –.

. Wickline, S.A. and J.J. McNamara, Vectorcardiographic quan-
tification of infarct size in baboons. Circulation, ;: –
.

. Cowan, M.J., D.D. Reichenbach, R.A. Bruce, and L. Fisher, Esti-
mation of myocardial infarct size by digital computer analysis of
the VCG. J. Electrocardiol., ;: –.

. Cowan, M.J., R.A. Bruce, and D.D. Reichenbach, Estimation of
inferobasal myocardial infarct size by late activation abnormal-
ities of the QRS complex. Am. J. Cardiol., ;: –.

. Anderson, C.I., D.G. Harrison, N.C. Stack, N.B. Hindman, R.E.
Ideker, S.T. Palmeri, R.H. Selvester, and G.S. Wagner, Evalu-
ation of serial QRS changes during acute inferior myocardial
infarction using a QRS scoring system. Am. J. Cardiol., ;:
–.

. DePace, N.L., A.S. Iskandrian, A.H. Hakki, S.A. Kane, and
B. Segal, Use of QRS scoring and thallium- scintigraphy to
assess left ventricular function after myocardial infarction. Am.
J. Cardiol., ;: –.



Myocardial Infarction  

. Madrid, W.L., M.M. Laks, and R.H. Selvester, Evaluation of
the performance of a Hewlett Packard program for myocardial
infarct size determination. Computerized Interpretation of the
Electrocardiogram, in Engineering Foundation Conference, Santa
Barbara, CA, .

. Madrid, W.L., N.B. Hindman, G.S. Wagner, and R.H. Selvester,
Infarct size by on-line computer analysis of ECG in a bedside
microprocessor ECG cart, in Computers in Cardiology, Proceed-
ings of the IEEE Computer Society, Los Angeles, CA, , pp.
–.

. Hindman, N.B., D.D. Schocken, M. Widmann, W.D. Anderson,
R.D. White, S. Leggett, R.E. Ideker, T. Hinohara, R.H. Selvester,
and G.S. Wagner, Evaluation of a QRS scoring system for esti-
mating myocardial infarct size. V. Specificity and method of
application of the complete system. Am. J. Cardiol., ;:
–.

. Engblom, H., G.S. Wagner, R.M. Setser, R.H. Selvester, T. Bill-
gren, J.M. Kasper, C. Maynard, O. Pahlm, H. Arheden, and
R.D. White, Quantitative clinical assessment of chronic ante-
rior myocardial infarction with delayed enhancement magnetic
resonance imaging and QRS scoring. Am. Heart J., ;:
–.

. Engblom, H., E. Hedstrom, E. Heiberg, G.S. Wagner, O. Pahlm,
and H. Arheden, Size and transmural extent of first-time reper-
fused myocardial infarction assessed by cardiac magnetic reso-
nance can be estimated by -lead electrocardiogram. Am. Heart
J., ;: .

. Kleber, A.G., M.J. Janse, F.J. van Capelle, and D. Durrer, Mech-
anism and time course of S-T and T-Q segment changes during
acute regional myocardial ischemia in the pig heart determined
by extracellular and intracellular recordings. Circ. Res., ;:
–.

. Shaw, R.M. and Y. Rudy, Electrophysiologic effects of acute
myocardial ischemia: a theoretical study of altered cell excitabil-
ity and action potentialduration. Cardiovasc. Res., ;: –
.

. Reimer, K.A., R.B. Jennings, F.R. Cobb, et al., Animal models for
protecting ischemic myocardium: results of the NHLBI Coop-
erative Study. Comparison of unconscious and conscious dog
models. Circ. Res., ;: –.

. Anderson, S.T., M. Wilkins, W.D. Weaver, R.H. Selvester, and
G.S. Wagner, Electrocardiographic phasing of acute myocardial
infarction. J. Electrocardiol., ;(Suppl. –).

. Wilkins, M.L., A.D. Pryor, C. Maynard, et al., An electrocardio-
graphic acuteness score for quantifying the timing of a myocar-
dial infarction to guide decisions regarding reperfusion therapy.
Am. J. Cardiol., ;: –.

. Heden, B., R. Ripa, E. Persson, Q. Song, C. Maynard,
P. Leibrandt, T. Wall, T.F. Christian, S.C. Hammill, S.S. Bell,
O. Pahlm, and G.S. Wagner, A modified Anderson-Wilkins
electrocardiographic acuteness score for anterior or inferior
myocardial infarction. Am. Heart J., ;: –.

. Wagner, G., T. Lim, L. Gettes, A. Gorgels, M. Josephson, H.
Wellens, S. Anderson, R. Childers, P. Clemmensen, P. Klig-
field, P. Macfarlane, O. Pahlm, and R. Selvester, Consideration
of pitfalls in and omissions from the current ECG standards
for diagnosis of myocardial ischemia/infarction in patients
who have acute coronary syndromes. Cardiol. Clin., ;:
–.

. Corey, K.E., C. Maynard, O. Pahlm, M.L. Wilkins, S.T. Anderson,
M.D. Cerqueira, A.D. Pryor, M.H. Raitt, R.H. Selvester, J. Turner,

W.D.Weaver, and G.S. Wagner, Combined historical and electro-
cardiographic timing of acute anterior and inferior myocardial
infarcts for prediction of reperfusion achievable size limitation.
Am. J. Cardiol., ;: –.

. Sejersten, M., R.S. Ripa, C. Maynard, P. Grande, H.R. Andersen,
G.S. Wagner, and P. Clemmensen, DANAMI- Investigators.
Timing of ischemic onset estimated from the electrocardiogram
is better than historical timing for predicting outcome after
reperfusion therapy for acute anterior myocardial infarction:
a DANish trial in Acute Myocardial Infarction  (DANAMI-)
substudy. Am. Heart J., ;(): e–.

. Engblom, H., B. Heden, E. Hedstrom, G. Wagner, and H. Arhe-
den, ECG Estimate Of Ischemic Acuteness and Time from Pain
Onset for Predicting Myocardial Salvage in Patients Undergo-
ing Primary Percutaneous Coronary Intervention. Circulation,
;: II  (abstr).

. Sclarovsky, S., A. Mager, J. Kusniec, E. Rechavia, A. Sagie, R. Bas-
sevich, and B. Strasberg, Electrocardiographic classification of
acute myocardial ischemia. Isr. J. Med. Sci., ;: –.

. Birnbaum, Y., R.A. Kloner, S. Sclarovsky, C.P. Cannon, C.H.
McCabe, V.G. Davies, B.L. Zaret, F.J. Wackers, and E. Braunwald,
Distortion of the terminal portion of the QRS on the admission
electrocardiogram in acute myocardial infarction and correla-
tion with infarct size and long-term prognosis (Thrombolysis in
Myocardial Infarction  Trial). Am. J. Cardiol., ;: –.

. Birnbaum, Y., I. Herz, S. Sclarovsky, B. Zlotikamien, A. Chetrit,
L. Olmer, and G.I. Barbash, Prognostic significance of the
admission electrocardiogram in acute myocardial infarction.
J. Am. Coll. Cardiol., ;: –.

. Sejersten, M., Y. Birnbaum, R.S. Ripa, C. Maynard, G.S. Wag-
ner, and P. Clemmensen, ;ANAMI- Investigators. Influences
of electrocardiographic ischaemia grades and symptom dura-
tion on outcomes in patients with acute myocardial infarction
treated with thrombolysis versus primary percutaneous coro-
nary intervention: results from the DANAMI- trial. Heart,
;: –.

. Ripa, R.S., L. Holmvang, C. Maynard, M. Sejersten, P. Clem-
mensen, P. Grande, B. Lindahl, B. Lagerqvist, L. Wallentin, and
G.S.Wagner, Consideration of the total ST-segment deviation on
the initial electrocardiogram for predicting final acute posterior
myocardial infarct size in patients with maximum ST-segment
deviation as depression in leads V through V. A FRISC II
substudy. J. Electrocardiol., ;: –.

. Pahlm-Webb, U., O. Pahlm, S. Sadanandan, R.H. Selvester, and
G.S. Wagner, A new method for using the direction of ST-
segment deviation to localize the site of acute coronary occlu-
sion: the -view standard electrocardiogram. Am. J. Med.,
;: –.

. Engelen, D.J., A.P. Gorgels, E.C. Cheriex, E.D. De Muinck, A.J.
Ophuis, W.R. Dassen, J. Vainer, V.G. van Ommen, and H.J.
Wellens, Value of the electrocardiogram in localizing the occlu-
sion site in the left anterior descending coronary artery in acute
anterior myocardial infarction. J. Am. Coll. Cardiol., ;:
–.

. Surawicz, B., H. Uhley, R. Borun, et al., Task Force : Standard-
ization of terminology and interpretation. Am J Cardiol., :
: –

. First, S.R., R.H. Bayley, and D.R. Bedford, Peri-infarction block;
electrocardiographic abnormality occasionally resembling bun-
dle branch block and local ventricular block of other types.
Circulation, ;: –.



  Myocardial Infarction

. Isner, J.M. and W.C. Roberts, Right ventricular infarction com-
plicating left ventricular infarction secondary to coronary heart
disease. Frequency, location, associated findings and signifi-
cance from analysis of  necropsy patients with acute or healed
myocardial infarction. Am. J. Cardiol., ;: –.

. Ratliff, N.B, and D.B. Hackel, Combined right and left ventricu-
lar infarction: Pathogenesis anc clinicalpathologic correlations.
Am. J. Cardiol., ;: –.

. Cohn, J.N., N.H. Guiha, M.I. Broder, and C.J. Limas, Right ven-
tricular infarction. Clinical and hemodynamic features. Am. J.
Cardiol., ;: –.

. Klein, H.O., T. Tordjman, R. Ninio, P. Sareli, V. Oren, R. Lang,
J. Gefen, C. Pauzner, E. Di Segni, D. David, and E. Kaplinsky,
The early recognition of right ventricular infarction: diagnos-
tic accuracy of the electrocardiographic VR lead. Circulation,
;: –.

. Geft, I.L., P.K. Shah, L. Rodriguez, S. Hulse, J. Maddahi, D.S.
Berman, and W. Ganz, ST elevations in leads V to V may
be caused by right coronary artery occlusion and acute right
ventricular infarction. Am. J. Cardiol., ;: –.

. Kulbertus, H.E., P. Rigo, and V. Legrand, Right ventricu-
lar infarction: Pathophysiology, diagnosis, clinical course, and
treatment. Mod. Concepts Cardiovas. Dis., ;: .

. Carson, W., Y.Z. Tseng, P.J. Huang, C.D. Tseng, and T.L. Wu, Vec-
torcardiographic features of acute right ventricular infarction. J.
Electrocardiol., ;: –.

. Morgera, T., E. Alberti, F. Silvestri, C. Pandullo, M.T. Della Mea,
and F. Camerini, Right precordial ST and QRS changes in the
diagnosis of right ventricular infarction. Am. Heart J., ;:
–.

. Zehender, M., W. Kasper, E. Kauder, M. Schonthaler, A. Geibel,
J. Olschewski, and H. Just, Right ventricular infarction as an
independent predictor of prognosis after acute inferior myocar-
dial infarction. N. Engl. J. Med., ;: –.

. Selvester, R.H. and H.B. Rubin, New criteria for electrocardio-
graphic diagnosis of emphysema and cor pulmonale. Am. Heart
J., ;: –.

. Freye, C.J., N.B. Wagner, C.M. Howe, N.C. Stack, R.E. Ideker,
R.H. Selvester, and G.S. Wagner, Evaluation of a QRS scoring
system for estimating myocardial infarct size. VIII. Specificity in
a control group with left ventricular hypertrophy and proposal
of a new scoring system for use with this confounding factor.
J. Electrocardiol, ;: –.

. Norris, R.M. and M.S. Croxson, Bundle branch block in acute
myocardial infarction. Am. Heart J., ;: –.

. Bauer, G.E., Development of bundle branch block. Am. J. Car-
diol., ;: –.

. Dodge, H.T. and R.P. Grant, Mechanisms of QRS complex pro-
longation in man; right ventricular conduction defects. Am.
J. Med., ;: –.

. Scott, R.C., Left bundle branch block–a clinical assessment. III.
Am. Heart J., ;: –.

. Scott, R.C., Left bundle branch block–a clinical assessment. II.
Am. Heart J., ;: –.

. Scott, R.C., Left bundle branch block–a clinical assessment. I.
Am. Heart J., ;: –.

. Ostrander, L.D. Jr., Bundle branch block: an epidemiological
study. Circulation, ;: .

. Edmands, R.E., An epidemiological assessment of bundle-
branch block. Circulation, ;: –.

. Schneider, J.F., H.E. Thomas Jr., B.E. Kreger, P.M. McNamara,
and W.B. Kannel, Newly acquired left bundle-branch block: the
Framingham study. Ann. Intern. Med., ;: –.

. Schneider, J.F., H.E. Thomas, B.E. Kreger, P.M. McNamara, P.
Sorlie, and W.B. Kannel, Newly acquired right bundle-branch
block: The Framingham Study. Ann. Intern. Med., ;:
–.

. Rhoads, D.V., J.E. Edwards, and R.D. Pruitt, The electrocardio-
gram in the presence of myocardial infarction and intraven-
tricular block of the left bundlebranch block type. A clinical
pathologic study. Am. Heart. J., ;: –.

. Haft, J.I., M.V. Herman, and R. Gorlin, Left bundle branch block:
etiologic, hemodynamic, and ventriculographic considerations.
Circulation, ;: –.

. Horan, L.G., N.C. Flowers, and W.J. Tolleson, Thomas JR: The
significance of diagnostic Q waves in the presence of bundle
branch block. Chest, ;: –.

. Hiss, R.G. and L.E. Lamb, Electrocardiographic findings in
, individuals. Circulation, ;: –.

. Hickman, J.R. and G.M. McGranahan Jr., Clinical aerospace car-
diology, in Fundamentals of Aerospace and Flight Medecine, R.L.
DeHart, Editor. Philadelphia, PA: Lea & Febiger, , p. .

. Polizos, G. and R.H. Selvester, Left bundle branch block and
acute myocardial infarction: Diagnosis and location. abstract in
AHA Scientific Sessions. Circulation, .

. Rogers, W.J., L.J. Bowlby, N.C. Chandra, W.J. French, J.M.
Gore, C.T. Lambrew, R.M. Rubison, A.J. Tiefenbrunn, and W.D.
Weaver, Treatment of myocardial infarction in the United States
( to ). Observations from the National Registry of
Myocardial Infarction. Circulation, ;: –.

. Sgarbossa, E.B., S.L. Pinski, A. Barbagelata, D.A. Underwood,
K.B. Gates, E.J. Topol, R.M. Califf, and G.S. Wagner, Electro-
cardiographic diagnosis of evolving acute myocardial infarction
in the presence of left bundle-branch block. GUSTO- (Global
Utilization of Streptokinase and Tissue Plasminogen Activator
for Occluded Coronary Arteries) Investigators. N. Engl. J. Med.,
;: –.

. Tolan, G.T., R.H. Selvester, and J.C. Solomon, Optimal ECG elec-
trode sites and criteria for detection of asymptomatic coronary
artery disease. Computer ECG Analysis: towards Standardiza-
tion, in rd International Conference on Common Standards for
Quantitative Electrocardiography, Amsterdam: North Holland
Publ. Co. .

. Selvester, R.H., J.C. Solomon, and R.B. Pearson, ECG body
surface map criteria for quantifying infarct, as derived from
computer simulations, in rd International Symposium on
Body Surface Mapping. Dordrecht: Martinus Nijhoff, Publ. Co.,
.

. Solomon, J.C., R.H. Selvester, and G.T. Tolan, Forward ECG sim-
ulation. Proceedings of the Society for Computer SiDulation.
in th Annual Multiconference, Society for Computer Simulation,
San Diego, .

. Ramanathan, C., R.N. Ghanem, P. Jia, K. Ryu, and Y.
Rudy, Noninvasive electrocardiographic imaging for car-
diac electrophysiology and arrhythmia. Nat. Med., ;:
–.



 Ventricular Repolarization: Theory and
Practice in Non-Ischemic Myocardium
Borys Surawicz

. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. ST Segment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Duration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Deviations from the Baseline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... ST Deviations in the Absence of Ischemia (Secondary Repolarization Changes) . . . . . . . . . . . . . . . . . . . . . . 
... ST Deviations Arising from Primary Repolarization Abnormalities in the Absence of Ischemia . . . 
... Depression of the ST Segment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Elevation of the ST Segment .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... ST Segment Depression-Normal Variant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... ST Segment Elevation-Normal Variant and Acute Pericarditis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... ST Segment: Effect of Gender and Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Alternans of the Depressed and the Elevated ST Segment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. T Wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. General Considerations: Ventricular Gradient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Normal Configuration and Direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Classification of T-Wave Abnormalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Secondary T-Wave Abnormalities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Primary T-Wave Abnormalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Ventricular Transmembrane Action Potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Cardiac Glycosides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Class IA Antiarrhythmic Drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Class III drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Phenothiazines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Hyperkalemia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Hypokalemia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Combination of Abnormal Potassium and Calcium Concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. T-Wave Abnormalities Caused by Nonhomogeneous Repolarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Syndrome X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Pericarditis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Other T-Wave Abnormalities Attributed to Myocardial Damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... ECG Pattern of Cerebrovascular Accident. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Other T-Wave Abnormalities AssociatedWith an Apparent Dysfunction of the

Autonomic Nervous System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Giant and Global Negative TWaves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Isolated T-Wave Inversion of Adults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Hypothyroidism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... T-Wave Abnormalities Attributed to Fear, Anxiety, and Nervous Tension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Transient T-Wave Abnormalities Arising from Extracardiac Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Tests Employed in the Recognition of Rapidly Reversible T-Wave Abnormalities . . . . . . . . . . . . . . . . . . . . . 
.. T Wave Alternans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

P. W. Macfarlane, A. van Oosterom, O. Pahlm, P. Kligfield, M. Janse, J. Camm (eds.), Comprehensive Electrocardiology, DOI ./----_,
© Springer-Verlag London Limited 



  Ventricular Repolarization: Theory and Practice in Non-Ischemic Myocardium

.. ST–T Abnormalities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Prognostic Value of the Descriptors of T-Wave Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. UWave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Identification of the UWave .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Relation Between the UWave and Other Deflections of the ECG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. ST Segment .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. U-Wave Amplitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. The Negative UWave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Timing of the Negative UWave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Theories of U-Wave Genesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Repolarization of Purkinje Fibers .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Ventricular Repolarization Theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Mechanoelectrical Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 



Ventricular Repolarization: Theory and Practice in Non-Ischemic Myocardium  

. Introduction

Of all components of the electrocardiogram (ECG), the ST segment and the T wave are subject to the greatest potential
misinterpretation because the line dividing normal from abnormal is not sharp, and because the patterns of abnormal
repolarization resulting from structural derangements and functional disturbances are similar to each other. The ampli-
tudes of ST and T deflections can be measured accurately, but the normal ranges are wide and the absolute values are not
meaningful unless related to the QRS amplitude. Also, a meaningful interpretation of the direction of the T wave vector
in one or more planes requires correlations with the mean QRS vector or the vector of one of the QRS components; for
example, terminal slurred portion of QRS in right bundle branch block. The greatest difficulties of interpretation may be
caused by problems related to the timing, and involve the following questions:

. When does the ST segment end and the T wave begin?
. Where does the T wave end and the U wave begin?
. How does one differentiate the terminal dip of the T wave from a depressed TU junction or a negative TU segment?

Electrocardiography is abundant in descriptive terms. The depression of the ST segment is pictured as trough-, sickle-,
claw-, plane-, or wing-like. Various forms of T waves bear such designations as notched, diphasic, coved, saddlelike,
blunted, dimpled, cloven, tent-shaped, and so on []. It is apparent that the evaluation of the ST segment and the T wave
is frequently based on descriptive rather than measurable properties, and that the electrocardiographic diagnoses are
frequently made on the basis of visual impressions rather than detailed measurements.

Cellular electrophysiology hasmade an important contribution to the understanding of the processes controlling ven-
tricular repolarization. The uniform changes in the shape and duration of the ventricular action potential can adequately
explain most of the metabolic and pharmacological effects on repolarization []. However, other types of ST segment
and T wave changes are caused predominantly by the changes in the sequence of repolarization. Such changes may be
either primary or secondary to the changes in the sequence of depolarization. The latter may not involve changes in the
shape and duration of the ventricular action potential. Accordingly, assumptions underlying the interpretation of T wave
changes concern the basic shape of the ventricular action potential, the local difference between action potential durations
and the sequences of activation.

> Figure . shows the electrocardiogram (ECG) and the right ventricular endocardial monophasic action potential
(MAP), recorded with a suction electrode in man. It can be seen that the MAP ends near the end of the T wave, that
the ST segment corresponds to the early slower phase of repolarization, and that the T wave corresponds to the more

⊡ Figure .

Normal right ventricular monophasic action potentials (RVMAP) and normal electrocardiogram (ECG) in a patient withmitral

stenosis. (After Shabetai et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission.)
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rapid terminal portion of repolarization. More detailed correlations between the morphology of repolarization in the
ECG and in the single fibers have been performed in isolated perfused rabbit hearts. With the exception of a shorter
QRS duration (i.e., ms as opposed to ms), the morphology of the ECG complex in the rabbit and man is similar
[, ]. Our correlations of simultaneously recorded ventricular transmembrane action potentials (TAPs) and ECGs in
isolated perfused rabbit hearts showed that action potentials (APs) of varying shape and duration terminated near the
end of the T wave. A shorter duration of the AP was accompanied by a shorter QT interval, and a longer duration of the
AP was accompanied by a longer QT interval in the ECG. A prolonged plateau was associated with a longer duration
of the ST segment, and a shorter plateau with a shorter duration of the ST segment. The increased velocity of the initial
portion of repolarization was associated with a deviation of the ST segment from the baseline, and a steeper slope of
terminal repolarization with a more abrupt descent of the T wave; that is, “peaking.” A slower slope of repolarization,
approaching a straight line, was associated with a wide, poorly defined T wave of low amplitude; a prolongation of the
terminal portion of repolarization was accompanied by the appearance of a prominent U wave and fusion of T and
U waves []. Such abnormalities were induced by changes in heart rate, body temperature, electrolyte imbalance, and
drugs, and were reversible when the underlying metabolic or pharmacological abnormality disappeared. It follows that
an accurate interpretation of the ECG requires information regarding the metabolic status and the drug intake of the
patient.

. ST Segment

.. Duration

The isoelectric course of the ST segment is caused by the relatively long flat slope of ventricular repolarization during
phase  (plateau) of the AP.The duration of the ST segment tends to parallel the duration of ventricular AP, and the rate-
dependent changes in the duration of the ST segment reflect the rate-dependent changes in the duration of the plateau of
the ventricular AP []. The parallel relation between the durations of the ST segment and the plateau of ventricular AP
is exemplified by the effects of the extracellular calcium concentration. Both the plateau of the AP and the ST segment
lengthen during hypocalcemia and shorten during hypercalcemia. However, the Twave remains unchanged, provided the
slope of terminal repolarization and the sequence of repolarization are not changed. > Figure . shows a simultaneous
recording of the MAP and ECG in a patient with hypocalcemia due to hypoparathyroidism. Both the amplitude and the
polarity of the T wave remain unchanged when the ST segment shortens after the administration of calcium. It can be
seen that the ST segment shortening is associated with shortening of the plateau but without change in the slope of phase
 (see > Chap.  for definitions). As a rule, hypocalcemia and hypercalcemia do not change the polarity of the T wave,
but a few exceptions have been found in patients in whom severe hypocalcemia caused flattening or inversion of the T
wave in the leads with an upright QRS complex [–].

Aside from the effects of heart rate, catecholamines, calcium, and several class III antiarrhythmic drugs the changes in
the duration of the ventricular AP are seldom a result of, solely or predominantly, changes in the duration of the plateau.
Under most other conditions that alter the duration of the AP, changes in the duration of the plateau are associated with
a concomitant change in the slope of the plateau, and usually with the changes in the slope of phase . For example,
digitalis and hypokalemia shorten phase  and prolong phase , while class A antiarrhythmic drugs, e.g., quinidine and
disopyramide, prolong both the phase  and the phase  of the ventricular AP.

.. Deviations from the Baseline

Theoretically, the absence of ST segment deviation from the baseline implies an absence of significant potential differences
during phase  of ventricular repolarization. Even under normal circumstances, this condition is not always fulfilled,
particularly at the onset of repolarization. > Figure . is a schematic diagram in which the ECG is derived from the
potential difference between two APs hypothetically attributed to the first and the last ventricular fiber depolarized during
recording of a single QRS complex. In the derived ECG, the configuration of the ST segment and T wave is determined
by the potential difference during repolarization. The diagram shows that after the end of depolarization, some potential
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⊡ Figure .

Effect of the administration of CaCl to a patient with hypoparathyroidism (top left). Plasma calcium is .mEq l−. Phase  of

the right ventricular MAP and the ST segment in lead II are prolonged. Retouched tracings of left ventricular pressure and its

first derivative are superimposed on the first complex (top right). After intravenous administration of . g of CaCl, plasma

calcium concentration is .mEq l−. Note shortening of phase  of the right ventricular MAP and of the ST segment and

increased left ventricular pressure and first derivative. (After Shabetai et al. []. © American Heart Association, Dallas, Texas.

Reproduced with permission.)

differences do exist before the onset of uniform depolarization to the level of the plateau.This interval is short but it may
cause deviation of the junction (J depression) and of the early portion of the ST segment.As a result of this, measurements
of ST segment deviation are usually made about –ms after the end of the QRS complex when all ventricular fibers
are expected to be depolarized (discharged) to the same membrane potentials indicated by two superimposed segments
of repolarization (phase ) before the onset of rapid repolarization. Mapping studies have shown that the ST segmentmay
be appropriately modeled as a single current dipole directed toward the apex of the heart, unaltered by the heart rate [].
The potential difference between the rapid repolarizations (phase ) is responsible for the T wave. Afterward, all fibers
are “at rest” (charged) and potential differences are absent [].

... ST Deviations in the Absence of Ischemia (Secondary Repolarization Changes)

The two diagrams in > Fig. .c explain why the entire ST segment or its major portion may deviate from the baseline
in the absence of myocardial ischemia. The diagram on the left shows the mechanism of repolarization abnormalities
secondary to conduction delay, indicated by a prolonged interval between the upstrokes of the first and the last APs. The
longer conduction time lengthens the QRS complex and enhances the potential differences during the entire repolariza-
tion. This happens because some of the early depolarized fibers begin to pass through the rapid phase  repolarization
while the late depolarized fibers will be still at the level of the plateau. In the diagram, potential differences (arrow) persist
throughout the entire repolarization phase and therefore the entire ST segment deviates from the baseline. Secondary ST
segment changes are usually accompanied by secondary T wave changes.
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⊡ Figure .

Schematic diagrams: (a) the normal electrocardiogram is derived from the potential differences between two ventricular APs;

(b) the potential differences responsible for systolic and diastolic currents of injury; (c) potential differences responsible for

secondary repolarization abnormalities to the left and changes in the repolarization slope (e.g., digitalis effect) to the right.

(After Surawicz and Saito []. © Yorke Medical Group, Magazine Division, New York. Reproduced with permission.)

... ST Deviations Arising from Primary Repolarization Abnormalities in the Absence of

Ischemia

The diagram on the right in> Fig. .c shows the mechanisms of primary repolarization abnormalities caused by APs in
which potential differences persist during most or all of repolarization because the slope of repolarization during phase
 is steeper than normal. This mechanism will cause deviation of the ST segment from the base line in the absence of
ischemia or any changes in the sequences of depolarization. The short ventricular AP with a steep slope of repolarization
shown in this diagram depicts changes induced by digitalis or tachycardia. This may be one of the mechanisms of ST
segment depression during exercise-induced tachycardia in the absence of myocardial ischemia.

... Depression of the ST Segment

ST depression in precordial leads reflects a posteriorly directed deviation of the ST-segment vector. Severalmechanisms of
such deviation are shown in schematic diagrams in> Fig. .. In the upper left diagram, the crosshatched area represents
a region of subendocardial ischemia or infarction that causes a systolic and a diastolic current of injury; the former results
in depression of the ST segment (solid arrow) and the latter in elevation of the baseline (dashed arrow). It has been shown
that ST segment depression during ischemia correlated well with the decrease in subendocardial blood flow and presence
of perfusion defects in scintigrams as well as wall motion abnormalities in the echocardiogram (see > Chap. ).
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⊡ Figure .

Diagram of several mechanisms of ST-segment depression. The direction of the arrows indicates the flow of current and not

theST-segment vector. See text for explanation. (After Surawicz andSaito []. © YorkeMedicalGroup,MagazineDivision, New

York. Reproduced with permission.)

In the upper right diagram, secondary ST segment depression is a result of delayed repolarization in the subepicardial
region, or alternatively because of premature repolarization in the subendocardial region. In the lower left diagram, ST
segment deviation occurs in the absence of injury or conduction delay, because of the uniform shortening of phase 
(plateau) of the ventricular AP; owing to the effect of digitalis, hypokalemia, or tachycardia, for example.

Finally, the lower right diagram shows that the depression of ST segment may be caused by atrial repolarization
represented by a negative T wave of the P wave (TP), which is inscribed during the interval between the two arrows.
Note that the ST depression is relative to P onset and would not be measured as such by a computer program using QRS
onset as a baseline reference.The inscription of atrial repolarization during the ST segment has been documented inman
during the recording of atrial MAP using suction electrodes [] (> Fig. .). In > Fig. ., the negative TP wave causes
an upsloping course of the PR segment.This pattern helps to recognize false positive ST depression, even though it may
be caused not only by a negative TP wave but also by a P wave superimposed on a U wave.

... Elevation of the ST Segment

ST elevation in precordial leads reflects an anteriorly directed deviation of the ST segment vector. Several mechanisms
of such deviation are shown in the schematic diagrams in > Fig. .. In the diagram on the left, the crosshatched
region represents a region of subepicardial injury, infarction, pericarditis [], cardiac tumor [], or transient ischemia
during variant angina pectoris. The resulting systolic and diastolic currents of injury will cause elevation of the ST seg-
ment (solid arrow) and depression of the baseline (dashed arrow). In the diagram on the right, secondary ST segment
elevation is a result of either delayed repolarization in the subendocardial region, or alternatively from premature repo-
larization of the subepicardial region. The latter phenomenon is the commonly assumed mechanism of a normal male
pattern in young males Another cause of ST segment elevation is an abnormal atrial repolarization; that is, an upright Ta
wave [].



  Ventricular Repolarization: Theory and Practice in Non-Ischemic Myocardium

⊡ Figure .

Effect of rate on the right atrialmonophasic action potential (RAMAP). The duration of the RAMAP cannot be accuratelymea-

sured because the QRS artifact distorts phase . However, phase  is not distorted. Phase  is longer in the sinus beats (first

and third potentials) than in the atrial premature beat (second potential) with aberrant ventricular conduction. The tracing

shows also that atrial repolarization continues during the inscription of the QRS complex and ST segment. (After Shabetai

et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission.)
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Diagram of several mechanisms of ST-segment elevation. The direction of the arrows indicates the flow of current and not

the ST-segment vector. See text for explanation. (After Surawicz and Saito []. © Yorke Medical Group, Magazine Division.

Reproduced with permission.)

... ST Segment Depression-Normal Variant

A slightly downsloping or horizontal ST segment depression may occur as an apparent normal variant in the absence of
myocardial ischemia, digitalis, hypokalemia, or secondary repolarization abnormalities. At rest, in the routine ECG, this
occurs more commonly in women than in men [–]. However, during ambulatory monitoring, transient ST segment
depression from . to .mV, lasting from  s to  h was recorded in  of  normal male volunteers who were –
years old [].

... ST Segment Elevation-Normal Variant and Acute Pericarditis

In some individuals, particularly young men, ST segment elevation occurs as a normal variant [–]. The term early or
premature repolarization is frequently applied to this pattern [, ] although inmost cases this is a normal male pattern
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(see below). The latter term implies that the ST segment shift is attributed to the shortening of ventricular APs in some
epicardial regions. A rapid early repolarization in these regionsmay be expected to produce potential differences resulting
in a “current of injury” and a consequent elevationof the ST segment. In partial support of this theory are the observations
that exercise and isoproterenol [, ] abolish the ST segment elevation presumably as a result of diminished difference
between ventricular AP durations []. However, mapping studies have not substantiated the rationale for the term “early
repolarization” because in normal young volunteers, the overlap between the onset of ventricular repolarization and the
end of QRS ranged from  to ms. Further, there was no significant correlation between these values and ST segment
deviation in the precordial leads [].

The pattern of “early repolarization” may simulate the early pattern of acute pericarditis, possibly because both may
be caused by a similar mechanism. In both patterns, the inscription of the ST segment begins before QRS forces have
returned to baseline [, ] but the ST elevation in pericarditis is usually present in both limb and precordial leads, while
in the pattern of “normal variant,” ST elevation is confined more frequently to only the precordial leads []. Also, the
T-wave amplitude in the left precordial leads tends to be greater in persons with “normal variant” than in patients with
acute pericarditis [].

... ST Segment: Effect of Gender and Age

Anecdotal differences between ventricular repolarization in males and females have been observed for a long time, but
only recently quantitatively defined.The typical male pattern prevails in young males and the typical female in ca % of
women of all ages and in elderly males [, ].The pattern is usually best expressed in the precordial lead with the tallest
T wave, and the measurable descriptors are the level of J point and the angle of the ascent of the ST segment. In the male
pattern, which is often labeled as premature or early repolarization variant (see above), the J point is situated more than
.mV above the baseline, and the ST segment ascends at an angle > ○. In the female pattern, the J point is situated less
than .mV above the baseline, most often on the baseline, and the angle of the ST ascent is < ○, most often close to ○.
The indeterminate patter, present in about –% of men and women is characterized by J point as in male and the ST
segment as in female pattern. Typical patterns are shown in > Fig. . and the distribution of patterns in both genders
from childhood to old age is shown in > Fig. ..

⊡ Figure .

Method of pattern determination in representative ECG complexes of lead V. The two horizontal lines represent theQ–Q line

and the line parallel to the Q–Q line at the level of the J point, respectively. The arrow marks the J point; the short ventricle

line marks the point ms after the J point; the oblique line connects the J point with the above point (see text). (a) Female

pattern: the J point is at the level of the Q–Q line, and the ST angle is ○. (b) Male pattern: the J point is > .mV above the

Q–Q line, and the ST angle is ○. (c) Variant of the male pattern in which the T wave ascends at the J point; the J point is >
.mV above the Q–Q line, and the angle between the line parallel to the Q–Q line at the level of the J point and the ascent of

the Twave is ○. (d) Indeterminate pattern: the J point is > .mV above theQ–Q line, and the ST angle is ○. (From Surawicz

et al.,  []. © J. Am. Coll Cardiol. Reproduced with permission.)



  Ventricular Repolarization: Theory and Practice in Non-Ischemic Myocardium

Female Pattern (%) Indeterminate (%)Male Pattern (%)

100

80

60

40

20

0 5
–

7 yrs

8
–

12 yrs

13
–

16 yrs

17
–

24 yrs

25
–

35 yrs

36
–

45 yrs

46
–

54 yrs

55
–

75 yrs

76
–

96 yrs

Pattern Distribution in Females

Age Groupa

b

P
er

ce
nt

 E
C

G
s

100

80

60

40

20

0

P
er

ce
nt

 E
C

G
s

Female Pattern (%) Indeterminate (%)Male Pattern (%)

5
–

7 yrs

8
–

12 yrs

13
–

16 yrs

17
–

24 yrs

25
–

35 yrs

36
–

45 yrs

46
–

54 yrs

55
–

75 yrs

76
–

96 yrs

Age Group

Pattern Distribution in Males

⊡ Figure .

Pattern distribution in different age groups of females and males. (From Surawicz et al.,  []. © J. Am. Coll. Cardiol.

Reproduced with permission.)

... Alternans of the Depressed and the Elevated ST Segment

Alternans of the ST segment is known to occur both in experimental animals and in man. The alternans pattern may
consist of an alternating depth of ST segment depression, or an alternating amplitude of ST segment elevation. To the
best of the author’s knowledge, an alternation of ST segment depression and elevation has not been reported.

The most common cause of the alternans of the ST segment is myocardial ischemia [–]. Alternans of an elevated
ST segment was observed also in man during hyperkalemia [] and in a cyanotic infant []. Alternation in the degree
of ST segment depression was observed following critical decrease of flow in the left main coronary artery in dogs, in
association with alternation of blood pressure, stroke volume, and occasionally with alternation of T wave []. In the pig,
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During symptoms

Control tracing

⊡ Figure .

Electrocardiogram of a patient recorded from a continuous coronary-care unit monitor lead during an episode of Prinzmetal

angina. Note the striking : electrical alternans involving the ST segment. A control tracing (for comparison) was taken with

the same leads immediately after the pain subsided. (AfterWilliams et al. []. © AmericanCollege of Physicians, Philadelphia,

Pennsylvania. Reproduced with permission.)

ST segment alternans was observed not only after coronary artery ligation but also during reperfusion [].The alternans
of the ST segment elevation in man is not uncommon during attacks of vasospastic angina pectoris (> Fig. .), but has
not been reported in the presence of ST segment elevation resulting from myocardial infarction [].

More than one hypothetical mechanism can be postulated to explain the alternans of the ST segment elevation or
depression in association with the alternans of contractile force. However, the most plausible mechanism appears to be
an alternans of the slope of phase  (plateau) of the ventricular AP. Such an alternans has been observed in the records
of MAPs registered simultaneously with electrograms during ST segment alternans produced by occlusion of the left
anterior descending coronary artery (LAD) artery in dogs []. In some cases, the alternans appeared to occur also at the
level of resting membrane potential [].

. TWave

.. General Considerations: Ventricular Gradient

The T wave represents the uncanceled potential differences of ventricular repolarization. Since most of the electromotive
forces generatedduring cardiac activity undergo cancellation, the area of the Twave is estimated to represent only –% or
less of the total time–voltage product of the heart [, ]. As will be discussed later in this section, the normal sequences
of ventricular repolarization and the anatomic sites of the uncanceled potential differences responsible for the T wave in
the normal heart are still not known.

The analysis of the T wave may be approached by relating the T-wave area to the QRS area. Wilson et al. pointed out
that if all ventricular action potentials had the same magnitude and the same duration, the net area of the ventricular
complex (QRS and T) should be zero []. However, in the normal heart, the mean QRS vector and the mean T vector
form a narrow angle, and the area of the ventricular complex has a positive value.This indicates that in some parts of the
ventricles, the intensity, or the duration of activity,must be greater than in others.This difference of activity was designated
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as the ventricular gradient.The ventricular gradient points from the parts of the ventricle with greater duration of activity
toward the parts with the lesser duration [, ]. The main source of the ventricular gradient is the nonhomogeneous
duration of recovery; that is, the difference in duration of action potentials in different parts of the ventricles [–].
Several other sources of expected differences between the QRS area and the T area in the surface ECG (changes in the
position or orientation of cardiac fibers during activity, and the nonlinear relation between the source of potentials and
the surrounding field) appear to play only a negligible role in the genesis of the ventricular gradient [, ].

The concept of ventricular gradient developed byWilson et al. applied only to a small unit of two adjacent fibers with
different AP durations []. Subsequently, Gardberg and Rosen extended the validity of the concept to a strip of turtle
ventricle []. In this preparation, the area of the electrogram was determined by differences in the rate of repolarization,
but was not dependent on the path of excitation []. The presence of ventricular gradient in the entire heart can be
demonstrated after an application of a brief and very strong electric shock that depolarizes simultaneously all ventricular
elements.This shock causes a T wave without a QRS complex, and the area of this T wave represents the pure ventricular
gradient []. The application of such shocks to dogs produced a large, upright T wave in leads II and III, and suggested
an overall direction of repolarization from the apex to the base of the heart []. The principle of the independence of
ventricular gradient of the sequence of activation has been reaffirmed in a study of QRST isoarea maps utilizing  elec-
trodes [] The same conclusion was reached by the mathematical analysis of a theoretical model in which propagation
occurred under uniform isotropic conditions and the action potentials were identical except for possible variations in the
duration of plateau [].

It has been shown that compared to depolarization, repolarization generatesmore dipolar electrical fields []. How-
ever, our present knowledge of the spatial and temporal characteristics of the normal recovery process is still very
incomplete. Studies of local electrograms and local effective refractory periods indicate that the general order of recovery
is approximately the same as the order of activation [, , , ]. However, the QRST area in the local electrograms is
seldom zero, even when the records are made with very closely spaced bipolar electrodes []. This indicates that inho-
mogeneities of repolarization occur within very small distances over the entire surface of the heart, and most probably
within the entire ventricular wall [].

Studies utilizing suction electrodes to record MAPs on the ventricular surface in dogs suggested a complex and geo-
graphically nonuniform sequence of ventricular repolarization [], which had a tendency to shorten progressively in
progressively later activated areas. This shortening appeared to be determined by the time of activation rather than by
the site of activation [] (> Table ..). Accordingly, the relation of the. MAP duration on the ventricular surface agreed
with the direction of ventricular gradient []. Several studies utilizing refractory periods to estimate the sequence of
repolarization reported similar recovery properties [, ]. It was shown that the sequence of recovery at the epicardial
level was similar to the sequence of normal activation, but the sequence of excitation and recovery differed at the endo-
cardium with some basal areas recovering excitability earlier than the apex in spite of later activation [–]. Also, in
humans, body-surface mapping utilizing  electrocardiographic leads showed that the normal sequences of ventricu-
lar excitation and recovery were similar, and that the potential-difference boundaries with stable locations were widely
distributed during later portions of the T wave [].

With regard to the transmural sequence of excitation, early studies showed that the functional refractory period in the
canine ventricle was approximately ms longer in the subendocardial than in the subepicardial layers [] (> Fig. .).
Subsequently, more detailed studies confirmed that the normal sequence of recovery proceeded from epicardium to

⊡ Table .

Relation between the duration of the monophasic action potential (MAP) expressed as a percentage of longest MAP in each

dog and the activation time on the ventricular surface

Group Activation

time (ms)

Number

of dogs

Number of

APs

Duration

average ± SD
Differences

between groups

I –   . ± . III∗

II –   . ± . III∗∗

III >    . ± . I∗, II∗∗

∗p < .; ∗∗p < .
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⊡ Figure .

Excitation times, recovering times, and refractory period on the endocardial–epicardial axis in the posterolateral left ventric-

ularwall. The times shownare inmilliseconds after atrial stimulation. Findings are representative of five experiments inwhich

comparablemeasurements were made shortly after thoracotomy and without pericardial incision over the ventricles. Excita-

tion was earliest at the endocardium, and endocardial refractory periods were longer than those near the epicardium, as has

beenpreviously established. (After Abildskov []. © AmericanHeart Association, Dallas, Texas. Reproducedwith permission.)

endocardium [, ]. It has been shown that action potentials from scattered myocytes, assumed to represent mainly
the intramural action potentials, were longer than both the subendocardial or the subepicardial action potentials, and
approximated more closely than the latter, the QT duration in the guinea pig heart [].

The mechanisms responsible for the differences between the duration of repolarization in different regions of the
ventricles remains to be identified. Wilson et al. considered two possible explanations: first, the inherent characteristics
of the fibers; or second, the effects created by different environmental influences; for instance, differences in innervation,
blood supply, or temperature []. In the canine and human ventricle, the temperature on the epicardial surface exceeds
the temperature of the endocardium by .–.○C [, ]. However, several studies have shown conclusively that the
ventricular gradient cannot be attributed entirely, or even predominantly, to these temperature differences [–]. It has
also been shown that ventricular gradient is not caused by increased pressure in the subendocardial regions because, in
patients with severe hypertension, marked and rapid lowering of blood pressure with hexamethonium did not alter the
ventricular gradient [].

The magnitude of the ventricular gradient depends on factors that still remain unknown []. The inhomogeneous
behavior of repolarization may represent an inherent property of the myocardium, because an upright T wave and a high
gradient are present even in isolated papillary muscles or muscle strips []. It appears likely that some of the “inherent”
AP duration differences in the ventricular myocardium result from electrotonic interactions during ventricular repolar-
ization. An attempt to estimate these influences by comparing refractory periods during repeated stimulation (drives) at
single ectopic sites, and during fusion drives from two ectopic sites, showed that refractory periods were as much as ms
shorter when a fusion occurred within mm of the test site; an effect probably arising from electrotonic interactions [].

Another factor proposed as an explanation of the differences in AP duration in different portions of ventricular
myocardium is the difference in the thickness of the ventricular wall in different portions of the ventricles and the
septum [].

Numerous studies have demonstrated that local changes in the duration of recovery can alter the amplitude, duration,
and polarity of the Twavewithout changes in theQRS complex. Regional changes in the duration of recovery produced by
cooling and warming have resulted in predictable deviations of the T-wave vector from the area with the longer duration
toward the area with the shorter duration of the recovery period [, , , –]. Calculations based on experimental
data have shown that small alterations in the local form of the AP may cause large percentile changes in the configura-
tion of the T wave []. This means that the ventricular gradient is very sensitive to local differences in the duration of
repolarization and that the T wave may be considered as “some kind of special detector for differences in repolarization
of the various parts of the ventricle” [].

Experimental and clinical studies in our laboratory have provided certain estimates of the magnitude of repolariza-
tion changes required to alter the T-wavemorphology or the T vector. Isoproterenol (mcg ml−) administered into four
different vessels of anesthetized open-chest dogs induced T-wave changes without QRS changes. By correlating these
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Late (steady-state) effect of isoproterenol (ISP) on T-wave amplitude in − mV (solid line) and T-wave area in μVs (broken line)
in four groups of experiments. The points represent average change from control values. In each panel, the proximal solid

dot represents the aT amplitude and the distal solid dot the aT amplitude; a and a refer apices of a bifid T wave. The lower

part shows the percentage of the ventricular myocardial mass perfused with ISP. The ISP-perfused area of the ventricles is

indicated by the dotted area in the diagram under each number. In each panel, the anterior surface of the heart is shown on

the left and the posterior surface on the right. PA, pulmonary artery (group I); LCA, left circumflex coronary artery (group II);

LCA branch, left circumflex coronary artery branch (group III); and RCA, right coronary artery (group IV). (After Autenrieth

et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission.)

T-wave changes with the changes in the duration of MAPs recorded with suction electrodes and with the tissue mass
perfused with isoproterenol, it was possible to demonstrate that a significant change in T-wave amplitude in orthogo-
nal leads occurred when MAP shortened by :+/−ms in the portion of left ventricular wall comprising about % of
ventricular myocardium []. As expected, T-wave changes were greater when MAP shortening of similar magnitude
extended over a mass comprising about % of ventricular myocardium (> Fig. .). However, other results from the
same study showed that the magnitude of T-wave change was not proportional to the mass of tissue with the uniformly
shortened repolarization. Some of these discrepancies were attributed to cancellation, and some to an uneven contribu-
tion of different repolarization regions to the T wave []. Subsequently, changes in the duration of MAP on the anterior
and posterior walls of the dog ventricle were correlated with changes in T-wave polarity and duration of the QT interval
after:

. Left stellate-ganglion transection,
. Right stellate-ganglion stimulation, and
. Administration of isoproterenol before or after these procedures.

Left stellate-ganglion transection and right stellate-ganglion stimulation produced similar changes in T-wave polarity, but
the former prolonged and the latter shortened the QT interval. All procedures changed the duration of the MAP and the
QT interval in the same direction [].The reversal of T-wave polarity induced by left stellate-ganglion transection, right
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stellate-ganglion stimulation, or the administration of isoproterenol after left stellate-ganglion transection was associated
with an average change of –ms in the difference between theMAP durations on the anterior and posterior ventricular
walls. Isoproterenol restored to normal the neurogenic T-wave abnormalities produced by left stellate-ganglion transec-
tion and right stellate-ganglion stimulation. The drug shortened the previously prolonged MAP more than the normal
MAP, and the normal MAP more than the previously shortened MAP. This study confirmed that the T wave is a sensi-
tive indicator of relatively small changes (<ms) in the sequence of ventricular repolarization, and also explained the
mechanism by which isoproterenol “normalized” the primary T-wave abnormalities [].

In a parallel clinical study, the effects of isoproterenol on the T wave were compared with the effects of atropine or
pacing at the same rate []. In  patients, isoproterenol reversed the T-wave polarity from negative to positive, while the
T-wave abnormality persisted after atropine or pacing following an identical rate increase.The averageQT shorteningwith
isoproterenol was ms greater than that with atropine or pacing. This suggested that a lengthening of repolarization by
ms in some portion of ventricularmyocardiummight have been responsible for the inversion of Twave. A similar value
was obtained in a different manner in  patients with left ventricular hypertrophy (LVH) pattern and negative T waves
in the left precordial leads. In  of these patients, the negative T wave persisted after the administration of isoproterenol
and in , the T wave became upright. In the patients in whom the T wave became upright, the QRS duration averaged
ms and in patients in whom the T wave remained negative, the QRS duration averaged ms. Since QT shortening
produced by isoproterenol was the same in both groups, it was concluded that conduction delay by ms was responsible
for the secondary T-wave inversion in the left precordial leads [].

.. Normal Configuration and Direction

The configuration of the normal T wave is largely determined by the asynchrony of the phase  of ventricular repolar-
ization duration of ventricular TAPs. In the theoretical model deriving ventricular complex in the ECG by the algebraic
subtraction of  APs in > Fig. ., the T wave would be upright when the terminal AP ends before the initial AP, isoelec-
tric when both APs end simultaneously and inverted when the initial AP ends before the terminal AP. Notwithstanding
the obvious limitations of such a simplistic model, it proved to be applicable in the derivation of T-wave polarity in local
bipolar electrograms.The study of Taggart et al. [] showed an excellent correlation between T-wave polarity in the local
electrogram in the intact pig heart in vivo and the Twave of the ECG-like waveform derived by the subtraction of MAPs
recorded at the sites of the corresponding electrode. The successful reproduction of T-wave configuration in this model
appears to reflect two general properties of ventricular repolarization, i.e., the simple dipolar nature of the generated
electrical fields and the smooth electrotonic modulation of the AP duration during impulse propagation.

In our two studies, the average maximum differences of the MAP duration on the ventricular surface in dogs were
 ± ms [] and  ± ms []. The reported differences of MAP durations on the surface of the isolated cat heart
averaged ms []. These values suggest that the differences of AP durations on the entire surface may be greater than
the transmural differences of refractory period [].

Some indication of the approximatemaximumdifferences betweenAPdurations in an individual dog can be obtained
from the relation between the timing of the T-wave apex and the repolarization slope of theMAP.The Twave results from
many simultaneous local gradients between APs during repolarization. The peak of the T wave is expected to coincide
with the maximum of these local gradients.The maximum local gradient between two APs during repolarization may be
expected during the inscription of the steepest repolarization slope of the AP, which terminates earlier. If this consider-
ation is applied to the entire heart, the peak of the T wave should not occur before the onset of rapid repolarization in
some portion of the ventricle.This, in turn, suggests that the duration of the interval between the peak of the T wave (aT)
and the end of the T wave (eT) bears a certain relation to the dispersion of repolarization in the entire heart. In our study,
the interval between aT (second peak if the T wave was bifid) and eT in leads II or Y averaged  ± ms. The precise
relation between the dispersion of repolarization and the aT–eT interval is not known, but, knowing the repolarization
slope of the individual MAP, the probable upper limits of dispersion in an individual case were calculated. An example
of such a calculation is illustrated in > Fig. ., which shows one ventricular complex from > Fig. ..

In>Fig. ., theMAP at the anterior base ends ms before the end of the Twave, and theMAP at the posterior base
ends ms before the end of the T wave.Thus, the dispersion of repolarization between these two MAPs was ms. The
shape of the T waves was derived from the plot of “potential differences” produced by superposition of these two MAPs
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⊡ Figure .

Magnifiedventricular complex from> Fig. . (solid trace)with anadditional four different Twavesderived from the “poten-

tial differences” between two superimposed MAPs illustrated in > Fig. .. The solid circles mark the T wave derived from

the MAPs superimposed in the same sequence as they occurred in the experiment (MAP at the anterior base ends ms and

MAPat the posterior base ms before the end of the Twave). Other Twaves represent “potential differences”between MAPs

of the same configuration but after shortening or lengthening, phase  of the MAP at the posterior base. The T wavemarked

by crosses was constructed after the MAP at the posterior base was shortened by ms; this increased the eMAP–eT differ-

ence (e denotes end) between these two MAPs from  to ms. The T wavemarked by empty circles is constructed after the

MAP at the posterior base was shortened by ms; this increased the eMAP–eT difference between these twoMAPs to ms.

The T wave marked by triangles was constructed after the MAP duration at the posterior base was increased by ms; this

altered the eMAP–eT sequence between these two MAPs and produced a negative T wave. Note that the aT–eT interval (sec-

ond peak) of the recorded T wave is ms, and that the aT–eT intervals of the derived T waves are ms (dispersion ms),

ms (dispersion ms), and ms (dispersion ms). (After Autenrieth et al. []. © Mosby, St Louis, Missouri. Reproduced

with permission.)

when the dispersion of repolarization was unchanged (ms) and when the dispersion was shortened or prolonged by
“shortening” or “lengthening” the MAP at the posterior base. > Fig. . shows that, unlike the recorded T wave, the
derived T waves had only one peak. The timing of this peak is within the observed range of aT–eT intervals when the
dispersion of repolarization is , , or ms, but it occurs earlier than observed in any experiment when the dispersion
is ms.This suggests that the dispersion of repolarization in dogs is less than ms; that is, less than the duration of the
QRS complex [].

In the study of Yanowitz, Preston, and Abildskov [], unilateral stellate-ganglion stimulation was followed by an
apparent lengthening of the QT interval. This suggested that certain APs terminate after the end of the T wave but do
not generate deflections, because they end simultaneously and undergo cancellation []. > Fig. . shows that in our
study of dogs, there was no evidence to support such “silent repolarization” on the ventricular surface, since all MAPs
terminated during the inscription of T wave.The same results were obtained from studies on the rabbit and man [].

The normal T wave in humans is always positive in lead I, nearly always positive or isoelectric in lead II, and positive,
negative, or diphasic in leads III and a VF. The normal angle between the T-wave axis and QRS axis seldom exceeds ○.
The angle tends to be more narrow in persons with a vertical QRS axis, and wider in persons with horizontal QRS axis
[]. Immediately after birth and during the first few days of life, the T wave is usually upright in the right precordial
leads but afterward it becomes negative in the leads extending from VR to V, and sometimes to V.The gradual change
from a negative to positive T wave in these leads occurs during childhood and adolescence. In the majority of the normal
adults, the T wave is upright in the leads V to V. A “juvenile pattern” is an ECG with negative T waves in the right
precordial leads occur in young adults without heart disease. The term implies a failure of normal evolution from the
childhood pattern to the adult pattern. Several studies of normal persons below age  have shown that negative T waves
in leads V and V occur more frequently in black than in white persons. In young, healthy black persons, negative T
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Typical exampleof thedifferencesbetween twoMAPs fromtwodifferent sites. TheTwave isupright andbifid. Thearrowmarks

the end of the T wave. Heart rate is kept constant by atrial pacing. (After Autenrieth et al. []. © Mosby, St Louis, Missouri.

Reproduced with permission.)

waves may occasionally be present even in the leads V and V. However, in persons above age , the negative T waves
in the right precordial leads rarely indicate a juvenile pattern.

Another rare normal variant is an isolated negative T wave in the midprecordial leads V and/or V. In such cases,
the T wave tends to be diphasic rather than frankly negative. In cases of isolated negative or biphasic T wave in the
midprecordial leads occurring in the absence of heart disease, the area of the T wave abnormality over the precordium is
small, and shifting the electrodes downward will usually reveal an upright T wave.

Consistent with the smooth course of phase  of the ventricular AP, the T wave is smooth and rounded, and contains
little frequency content in excess of  cycles s−.The apex of the T wave is reached after an interval amounting to –%
of the QT interval []. As a rule, the ascent of the normal T wave is longer than the descent, whereas the ascent of the
U wave is shorter than its descent (> Fig. ., see below). The apex configuration of the T wave helps to differentiate
between the T wave and the P wave, which usually displays notches that are indicative of higher frequency components.
However, when the T wave is notched in the precordial leads, a second summit may be as pointed as a P wave.

The duration of the Q–aT interval depends on the heart rate in the same manner as the QT interval, but the duration
of the interval from the apex to the end of the T wave (aT–eT interval) changes normally only slightly with changes in
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Distribution of the intervals between the end of the monophasic action potential (MAP) and the end of the T wave in 

tracings. (After Autenrieth et al. []. © Mosby, St Louis, Missouri. Reproduced with permission.)
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⊡ Figure .

The difference between the configuration of the T wave and the U wave in a normal ECG. The consecutive vertical lines from

left to right show the beginning, apex, and end of the T wave, followed by the beginning, apex, and end of the U wave. Note

that the ascent of the T wave is longer than its descent – that is, similar to the course of repolarization of ventricular and

Purkinje fibres – whereas the ascent of the U wave is shorter than its descent. The duration of the QT interval is ms; the

durationof theQU interval is ms. (Reproduced fromSurawicz: Uwave: facts, hypotheses,misconceptions, andmisnomers.

J. Cardiovasc. Electrophysiol. ;: –, © Wiley, Reproduced with permission.)

rate []. Thus, the difference between the intervals at a rate of min− and at a rate of min−, averaged ms for the
end of the QRS–aT interval and ms for the aT–eT interval [].

Vectorcardiography is a major alternative way of expressing electrical activity during repolarization. Vectorcardiog-
raphy may have certain advantages over the ECG because it can record the sense of rotation, the speed of inscription, and
the form of the T loop expressed by Chou et al. [] as length–width ratio (L/W ratio).
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The studied characteristics of the T loop have included:

. The direction of the maximal vector in the frontal, horizontal, and right sagittal planes,
. The magnitude of the maximal vector in each plane,
. The L/W ratio,
. The rotation of the T loop in each plane,
. The speed of inscription, and
. The QRS/T angle.

The normal T loop [] in adults is a long ellipse with the L/W ratio of >. (average . ± .). The amplitude of the
maximal vector lies in the range .–.mV (mean .mV in frontal and horizontal planes, and .mV in the right
sagittal plane). The normal T-wave loop is directed to the left, anteriorly, and inferiorly. In the horizontal plane, the
T-loop inscription is characteristically counterclockwise, occasionally not definable because of a very narrow loop, and
rarely clockwise. In the right sagittal plane, it is clockwise and very rarely counterclockwise with a narrow loop. In the
frontal plane it is either clockwise or counterclockwise. As a rule, the inscription of the efferent portion of the loop is
slower than that of the afferent portion of the loop. The QRST angle shows marked variation in horizontal and right
sagittal planes but is usually < ○ in the frontal plane. The spatial QRST angle ranges from  to ○ [].

.. Classification of T-Wave Abnormalities

The concept of ventricular gradient allows one to define the primary and the secondary T-wave abnormalities according
to their independence or dependence on changes in the QRS complex [, , ]. A “secondary” T wave is a deflection,
whichwould follow a givenQRS complex if ventricular recovery propertieswere uniform.Therefore, the area of primaryT
wave is equal to ventricular gradient and the primary Twave describes variations of the ventricular gradient as a function
of time []. The concept was tested in a theoretical model consisting of , elements of left ventricular myocardium
[]. The satisfactory feature of this model was that the derived secondary T waves under zero-gradient conditions were
independent of the sequence of activation. However, in another series of correlations the derived primary T wave was
compared with the T wave generated by means of total instantaneous depolarization. The two waveforms were closely
related but by no means identical. Calculations of this type suggest that although the concept of primary and secondary
T waves may be clinically applicable, the accurate quantitative analysis of the components of repolarization is difficult to
perform.

> Table . shows that primary abnormalities may be caused first, by a uniform alteration in the shape or duration
of all ventricular APs without a change in the sequence of repolarization []; and second, nonuniform changes in shape
or duration of the ventricular APs resulting in an altered sequence of repolarization []. Abnormal T waves may also be
caused by various combinations or primary and secondary mechanisms, as presented in > Table ..

Certain types of primary T-wave abnormalities are labeled as “functional” or “nonspecific.” Neither of these two cate-
gories can be precisely defined. Functional T-wave abnormalities are usually aggravated by hyperventilation and corrected
by reassurance, potassium [], and isoproterenol administration. Functional abnormalities reportedly occur more fre-
quently in blacks and in young persons with anxiety or psychiatric disorders [, ]. The present criteria for separating
“functional” from “organic” T-wave abnormalities are based more on the results of clinical evaluation rather than on any
particular electrocardiographic characteristics [].

⊡ Table .

Classification of T-wave abnormalities

Sequence of Shape and duration of Sequence of Type of abnormality

depolarization ventricular AP repolarization

Abnormal Normal Abnormal Secondary

Normal Uniformly abnormal Normal Primary

Normal Nonuniformly abnormal Abnormal Primary
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The term nonspecific implies an abnormality of unknown cause. This term is popular among electrocardiographers,
but is usually unsatisfactory to the physician who receives the report []. The use of the term nonspecific abnormalities
should decline with increasing recognition of various specific causes of T-wave abnormalities. In practice, it is helpful to
follow the term nonspecific by some clarifying descriptor, e.g., minor, slight, compatible with myocardial ischemia, etc.

The term “rapidly reversible primary T-wave abnormality” has been introduced to characterize a category of pri-
mary T-wave abnormalities, which disappear spontaneously with changes in posture or heart rate, or within minutes
after the administration of certain drugs. Rapidly reversible T-wave abnormalities are not synonymous with “labile”
T-wave abnormalities, which only represent cases of spontaneous variability.The category of rapidly reversible primary T-
wave abnormalities includes most cases with functional and nonspecific T-wave abnormalities, but does not exclude
T-wave abnormalities in patients with documented heart disease or with abnormalities caused by known extracardiac
factors.

.. Secondary T-Wave Abnormalities

In theory, secondary T-wave abnormalities can be recognized by measuring ventricular gradient planimetrically, or by
correlating the sequence of depolarization with the sequence of repolarization in the maps of local MAPs on the body
torso. Neither method is practical. Haws and Lux [] have shown that the time from the onset of activation to the Vmax

of T wave in the unipolar electrograms in dogs correlated with the duration of APs with an accuracy of up to ms. This
method of estimating APD simplifies the interpretation of precordial mapping in humans. Yamaki et al. [] applied this
method to differentiate between secondary and primary T-wave changes using an array of unipolar body surface leads.
Secondary T-wave abnormalities can be expected under any condition of altered sequence of depolarization. In practice,
the recognition of secondary T-wave abnormalities is not difficult when the T-wave vector deviates in a direction opposite
to that of the main QRS vector in the presence of ventricular hypertrophy, or left bundle branch block patterns. Also, a
secondary T-wave is directed opposite to the slow terminal QRS component in the presence of right bundle branch
block, and opposite to the delta wave in the presence of a ventricular preexcitation pattern. However, the recognition
of the secondary T-wave abnormalities may be difficult in the presence of conduction disturbances accompanied by
independent primaryT-wave abnormalities such as peri-infraction block, hyperkalemia, or quinidine-like antiarrhythmic
drugs. An illustrative example of secondary T-wave changes is shown in>Fig. . from a subject withWolff–Parkinson–
White syndrome and varying degree of preexcitation. Planimetric measurement showed that in all complexes the QRST
area was approximately the same.

In the typical “left ventricular strain pattern,” the T wave is inverted and the ST segment is depressed in leads in which
the QRS area is positive; that is, usually in left precordial leads, and limb leads I and II. If the QRS complex is upright in
lead III, the T wave is inverted in all three limb leads (“concordant left ventricular strain pattern”). In some cases, the T
wave is upright in lead I but inverted only in one ormore of the left precordial leads and in lead aVL.The secondary Twave
abnormalities caused by left ventricular hypertrophy reflect an abnormally wide QRST angle in both the frontal and the
horizontal planes in the presence of an unchanged ventricular gradient. During typical evolution of the left ventricular
strain pattern, the phase of T wave lowering precedes the stage of inversion. When the T wave is low but upright, the

⊡ Figure .

Example of secondary T-wave changes caused by ventricular preexcitation. The consecutive ventricular electrocardiographic

complexes represent conductionwithoutpreexcitation (firstcomplex), duringpresumedmaximalpreexcitation (last complex),
and varying degrees of fusion complexes. Note widening of the QRS/T angle and association of T-wave changes with depres-

sion of ST segment whereas the QRST area is approximately the same in all complexes. (Reproduced with permission from

Suracwicz, B., Electrophysiological Basis of ElectrocardiogramandCardiacArrhythmias. Williams &Wilkins, Baltimore,MD, ,

p. .)
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secondary abnormalities of T wave amplitude should be suspected when the QRST angle is abnormally wide or when the
T wave amplitude is less than about –% of the R-wave amplitude. In patients with arterial hypertension, the changes
in the magnitude of secondary T wave abnormalities sometimes correlate with the efficacy of hypertension treatment.

In patients with aortic valve disease, the evolution of the secondary T-wave abnormalities tends to parallel the progres-
sion of left ventricular hypertrophy and dilatation. However, in young patients with uncomplicated aortic regurgitation,
T waves may remain upright in the leads with increased amplitude of R wave.The same may be observed in other condi-
tions associated with the so-called left ventricular diastolic overload pattern; for example, ventricular septal defect with
a large left-to-right shunt, or patent ductus arteriosus.

In a typical pattern of “right ventricular hypertrophy and strain,” for example, in patients with pulmonary valvular
stenosis, tetralogy of Fallot, or severe pulmonary hypertension, T wave inversion and ST segment depression are present
usually in leads in which the QRS area is positive – leads II, III, and right precordial leads. In such cases the QRST angle
is wide, and the T wave is upright in the leads in which the QRS area is negative – lead I, and the left precordial leads. In
the presence of acute cor pulmonale (pulmonary embolism, for example), transient T-wave changes are probably primary
and not secondary. In patients with chronic lung disease and deep S waves in the limb and left precordial leads, the T
wave tends to be in an opposite direction to the main QRS axis.

In the presence of right bundle branch block, the T-wave vector is oriented opposite to the vector of the terminal
wide QRS component. The constancy of QRST area in many cases of intermittent right bundle branch block, or during
progression from incomplete to complete right bundle branch block, has generally validated the concept of ventricular
gradient.

In the presence of left bundle branch block, the T wave is usually directed oppositely to the main QRS axis. There-
fore, the negative T waves in the leads with a deep S wave are indicative of additional primary T-wave abnormalities
(> Fig. .). However, the persistence of an upright T wave in leads with a tall R wave-lead I or V does not have the
same implication since it may simply result from lowering of a T wave that had been taller in the absence of left bundle
branch block, or other unexplained factors. Secondary T-wave inversion owing to left bundle branch block is usually
associatedwith a depressed ST segment and the ascending limb of the inverted T wave being steeper than the descending
limb [].

In the vectorcardiogram of a left ventricular hypertrophy pattern, the T loop shifts rightward, inferiorly, and either
anteriorly or posteriorly; the spatial QRST angle increases, the T loop becomes wider and therefore the L/W ratio
decreases. The T-loop inscription in the frontal plane is counterclockwise in approximately one-third of all patients.
In % of patients with clockwise horizontal T loops, the T loop is located within the –○ quadrant although only
% of T loops located within this quadrant are inscribed clockwise. Left bundle branch block produces changes in T
loops similar to those in left ventricular hypertrophy. In right ventricular hypertrophy (RVH), the T-loop vector shifts
posteriorly but maintains the leftward orientation; it becomes wider and the L/W ratio decreases []; the rotation in the
horizontal plane is frequently clockwise and in the right sagittal plane, counterclockwise. The T-loop changes in right
bundle branch block [, ] are also similar to those in right ventricular hypertrophy.

.. Primary T-Wave Abnormalities

... Ventricular Transmembrane Action Potentials

T-wave abnormalities caused predominantly by uniform changes in the shape or duration of ventricular transmembrane
action potentials include abnormalities of ventricular repolarization induced by drugs or abnormal electrolyte concen-
trations. The majority of such abnormalities can be attributed to changes in the slope of phase  alone, or to combined
changes in the slope of phase  and  of the ventricular AP.

... Cardiac Glycosides

The principal abnormalities of ventricular repolarization produced by digitalis are the result of shortening of phase ,
decreased slope of phase , and absolute shortening of the ventricular AP. The earliest ECG change in repolarization
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⊡ Figure .

Electrocardiogramsof apatientwith left bundlebranchblock (LBBB) andmyocardial infarction. Thenegative Twaves inV–V

on August  represent primary T-wave abnormalities that are no longer present on August .

produced by digitalis consists of a decrease in T-wave amplitude and shortening of the QTc interval. These changes
are followed by the depression of the ST segment, decrease in the ventricular gradient, and inversion of the T wave.
Although lowering of the T wave can occur without the depression of the ST segment, the inversion of the T wave is
nearly always associated with ST depression. Initially, the entire ST segment is slightly depressed, but later the terminal
portion becomes more depressed, making an angle of about ○ with the ascending limb of the T wave (> Fig. .).
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⊡ Figure .

Electrocardiograms of a patient who received a last maintenance dose of . g of digitalis leaf on August . Note diphasic

T wave and depression of ST segment, which makes an angle of almost ○ with ascending limb of T wave in the first two

tracings. Digitalis effect on the ECG disappeared within  weeks (bottom trace). (Reproduced from Surawicz and Lasseter

[]. © Grune and Stratton, New York. Reproduced with permission.)

Later the ST segment has a steep downward course and the T wave appears diphasic (negative–positive). These changes
are usually most pronounced in leads that have the highest QRS complex [].

The effects of digitalis on ventricular repolarization may simulate the patterns of left ventricular hypertrophy, acute
ischemia, and various nonspecific repolarization abnormalities.The abnormalities of repolarization produced by digitalis
are frequently more pronounced at rapid rather than at slow heart rates, possibly because phase  of the AP is shortened
more at rapid heart rates [, ]. The ST abnormalities produced by digitalis during exercise-induced tachycardia are
similar to changes attributed to acute myocardial ischemia. Thus, digitalis may cause a false positive exercise test.

In addition to the usual T-wave abnormalities, digitalis may produce two atypical patterns: pointed inverted T waves
[] and peaking of the terminal T-wave portion []. The pointed inverted T wave is similar to the T wave arising from
myocardial ischemia or pericarditis, but is associated with shortened QTc interval. This interval is usually normal in
pericarditis and prolonged in myocardial ischemia. Peaking of the terminal portion of the T wave was observed in about
% of patients receiving digitalis and was sometimes, but not always, related to increased plasma K+ concentration
[, ].

Although in an individual patient digitalis administration usually produces progressive ECG changes, there is no
satisfactory correlation between the dose and such changes. The individual variations depend on the underlying ECG
pattern and the rhythm. In some patients, the effects of digitalis on repolarization cannot be recognized even in the
presence of toxicity manifested by nausea, vomiting, or ectopic complexes [].With the advent of routinemeasurements
of blood digoxin concentrations there has been an appreciable decline in digitalis toxicity andmarked ECGabnormalities.

... Class IA Antiarrhythmic Drugs

Increasing doses of quinidine progressively increase the QRS duration.Themost pronounced ECG changes are produced
by quinidine, the use of which has markedly declined, but the ECG effects are most characteristic for a type A drug.
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Typically, the entire QRS complex widens uniformly, but sometimes the widening predominantly affects the terminal
portion. In the absence of QRS widening, quinidine produces primary T-wave changes but in the presence of a wide
QRS, the T-wave abnormalities may be a result of a combination of primary and secondary changes. Quinidine prolongs
the duration of the T wave and QTc interval. In leads with upright T waves, the T wave initially becomes lower and later
becomes notched or slightly inverted; in leads with inverted T waves, the T wave becomes less deeply inverted. These
T-wave alterations usually occur without concomitant depression or elevation of the ST segment, but are accompanied
by an increased U-wave amplitude [, ]. When QRS widening becomes pronounced, the secondary T-wave changes
may alter the T-wave vector; usually the T-wave vector moves in the direction opposite the wide portion of the QRS
complex. The peak effect of quinidine on the ECG occurs within about – h after the oral administration of the drug.
This effect is reduced by about % after  h.

The T-wave changes produced by quinidine and other antiarrhythmic drugs in class A category can be attributed to
the prolongation and decreased slope of phase  in ventricular AP []. The latter effect also explains the increase in the
U-wave amplitude, although lowering of plasma K+ concentration, which may be produced by quinidine, can contribute
to this effect [].

Abnormalities of ventricular repolarization produced by doses of quinidine that result in plasma-quinidine concen-
trations of less than about .mg− are difficult to distinguish from various nonspecific T wave abnormalities. However,
the combination of the QRS, T- and U-wave changes produced by higher doses results in a fairly specific ECG pattern.
Digitalis exaggerates quinidine-induced abnormalities of repolarization by lowering the T-wave amplitude and increas-
ing the U-wave amplitude. In addition, digitalis shortens phase  of the ventricular AP and causes depression of the ST
segment. Therefore, the combination of digitalis and quinidine produces an ECG with a depressed ST segment, low T
wave, and a prominent U wave.This pattern is indistinguishable from the pattern produced by severe hyperkalemia [].
It has beenmentioned earlier that quinidine does not depress the ST segment, probably because phase  of the ventricular
AP is not appreciably altered by the drug. In contrast to digitalis, quinidine may prevent the appearance of ST depression
during exercise and thus may contribute to a false-negative response to exercise [].

Procainamide and ajmaline alter the ECG in the same manner as quinidine, but the effect of the customary main-
tenance dosages is usually less pronounced. In patients treated with – g of procainamide per day, the QRS interval
becomes wider, the QTc is prolonged, the T wave becomes notched, and the U-wave amplitude may be increased [–
]. Like quinidine, the combination of procainamide with digitalis produces an ECG pattern simulating hypokalemia.
Procainamide is a shorter-acting drug than quinidine; therefore, its effect on the ECG appears earlier and persists for a
shorter time.

Disopyramide prolongs QRS and QT intervals and causes primary and secondary T-wave changes similar to those
produced by quinidine and procainamide.

... Class III drugs

Class III action prolongs T-wave duration most often by blocking one of the potassium channels, but it may be produced
by other mechanisms, such as increased inward sodium current. Some of the potassium channel–blocking drugs in this
category are sotalol, amiodarone, bretylium, dofetilide [], ibutilide [], sematilide [], and almokalant []. On the
ECG, these drugs prolong the QT and JT interval without QRS prolongation (with the exception of amioadorone) and
exhibit the property of reversed use dependence.

... Phenothiazines

The effects of phenothiazines on ventricular repolarization are very similar to those of quinidine. Studies of the phenoth-
iazine effect on the canine ventricular AP have shown that these drugs prolong the duration of phase  and either do not
change or shorten the duration of phase  []. These effects explain the quinidine-like repolarization abnormalities in
the ECG induced by therapeutic doses of chlorpromazine and thioridazine.

Several phenothiazine derivatives produce dose-dependent reversible abnormalities of ventricular repolarization.
These abnormalities occur most commonly after the administration of thioridazine.They are apparently less pronounced
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after chlorpromazine and even less so after trifluoperazine []. The earliest ECG change produced by phenothiazines
consists of lengthening of the QTc interval, and widening, blunting, and notching of the T wave. Higher doses produce
lowering and inversion of the T wave in the standard limb and precordial leads [, ]. The effects may be more pro-
nounced in the right than in the left precordial leads. Sometimes, lengthening of theQTc intervalmay occur in the absence
of appreciable T-wave abnormalities. The U-wave amplitude is frequently increased, but ST changes are usually absent.

... Hyperkalemia

Peaking of the T wave is the earliest electrocardiographic manifestation of hyperkalemia (> Fig. .). Peaking occurs
when the plasma K+ concentration exceeds .mEq−, usually before the ECG shows any measurable alteration of the
QRS complex [–]. The diagnosis of hyperkalemia cannot be made with certainty on the basis of T-wave changes
alone.The characteristic tall, steep, narrow, and pointedTwavewas found in only %of patientswith hyperkalemia [].
In the remainder of patients, the tall T waves were very similar to tall T waves in patients with bradycardia, psychiatric
disorders, cerebrovascular accidents, left ventricular diastolic overload, subendocardial ischemia, and in some individuals
with no apparent abnormalities. When the tall, peaked T wave is the only electrocardiographic abnormality produced by
hyperkalemia, and the duration of the QRS complex and of the ST segment is normal, the QTc interval is either normal
or decreased. In the presence of a pattern of advanced hyperkalemia with a wide QRS complex, the T wave may lack its
characteristic peaked and narrow configuration, probably because the T-wave abnormalities secondary to intraventricular
conduction disturbances obscure the primary T-wave changes caused by the increased steepness of phase  of the AP.
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⊡ Figure .

Diagram of an atrial (A) and a ventricular (V) action potential (AP) superimposed on the electrocardiogram. The numbers on

the left designate the transmembrane potential in millivolts (mV) and the numbers at the bottom, the extracellular concen-

tration of potassium (KE) in milliequivalents per liter (mEq l−). In tracings (a) and (b), the resting membrane potential (RMP)

is −mV, whereas the total amplitude of the AP is mV because the upstroke overshoots the  potential by +mV. Note

the shortening of the AP, the increased velocity of phase , the progressive decrease in RMP, and in the amplitude of the AP

with increasing KE. The most rapid upstroke of the AP is shown as a line interrupted by wide spaces ((a) and (b)); the slowest

upstroke is shown as a continuous line (atrial AP in (d) and ventricular AP in (e)). Note the decreasing upstroke velocity and

the increasing duration of the QRS complex with increasing KE. In (a) and (b), the atrial and the ventricular AP have the same

RMP and the same amplitude, whereas in (c) and (d), the RMP of the atrial AP is less negative than the RMP of the ventricular

AP, and the amplitude of the atrial AP is lower than that of the corresponding ventricular AP. See text for further discussion.

(After Surawicz []. © Mosby, St Louis, Missouri. Reproduced with permission.)
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⊡ Figure .

Diagram of the ventricular AP superimposed on the electrocardiogram for extracellular concentration of potassium (KE) of

(a) ., (b) ., (c) ., and (d) .ml−. The numbers on the left designate the transmembrane potential in millivolts, as in

>Fig. .. TheRMP, theamplitudeof theAP, and theovershoot in the control tracing (a) are the sameas for theventricularAP

in > Fig. .. Note the progressively increasing velocity of phase , decreasing velocity of phase , and increasing duration

of the AP. Furthermore, note the progressive increase in the RMP (more negative), and the increasing amplitude of the AP.

The electrocardiographic changes are described in the text. (After Surawicz []. © Mosby, St Louis, Missouri. Reproduced with

permission.)

... Hypokalemia

The changes in the shape of the AP (> Fig. .) are reflected in the ECG as a progressive depression of the ST segment,
a decrease in the T-wave amplitude and an increase in the U-wave amplitude in the standard limb and precordial leads.
As long as the T wave and the U wave are separated by a notch, the duration of the QT interval is unchanged [, ]
In more advanced stages of hypokalemia, the T wave and the U wave are fused and an accurate measurement of the QT
interval is not possible.

It has been suggested that in hypokalemia, the U wave is superimposed on the gradually increasing diastolic potential
produced by the prolonged duration of the ventricular repolarization []. If this assumption is correct, then the progres-
sive increase in U-wave amplitude in hypokalemia may be more apparent than real. This concept finds some support in
the observations that the intervals from the onset of the QRS complex to the apex and the end of the U wave (Q–aU and
Q–eU. intervals) are not altered during the development and regression of the pattern of hypokalemia [].

... Combination of Abnormal Potassium and Calcium Concentration

In patients with hypokalemia and hypocalcemia, the ECG shows a prolonged ST segment and a prominent “repolar-
ization” wave, which consists of T + U waves. This is owing to a prolongation of both phase  and phase  of the AP
[] (> Fig. .). The recognition of the hypokalemia pattern in the presence of hypocalcemia may be facilitated by the
administration of calcium, which shortens the ST segment and separates the T wave from the U wave []. The combi-
nation of hypocalcemia and hyperkalemia, which frequently occurs in patients with uremia, can be recognized by the
presence of a prolonged ST segment and a peaked, narrow T wave.

An increased extracellular concentration of calcium decreases the duration of phase  and the ventricular AP becomes
similar to the normal atrial AP []. In patients with hypercalcemia, the ST segment is short or absent, and the QTc
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0

Ca++ and   K+

⊡ Figure .

Ventricular AP and electrocardiogram from isolated perfused rabbit heart (retraced) during perfusion with low-calcium, low-

potassium Krebs–Henscleit solution. Note the prolonged duration of phase  and slow slope of phase . The corresponding

ECG changes are prolonged and depressed ST segment, and wide repolarization T + U wave. The interrupted vertical line

bisecting the apex of the T wave represents the end of mechanical systole.

interval is shortened. However, the U-wave amplitude is either normal or increased. In patients with hypercalcemia and
hypokalemia, the ECG shows a short ST segment and a prominent repolarization wave, which consists of T+Uwaves ().

.. T-Wave Abnormalities Caused by Nonhomogeneous Repolarization

This category of primary T-wave abnormalities [] accounts for the largest number of structural and functional dis-
turbances of ventricular repolarization. Characteristically, these abnormalities affect only the T wave and do not alter
either the course or the duration of the ST segment. In the normal ECG, the apex of the T wave is reached at the time
corresponding to –% of the entire QT interval []. The duration of the Q–aT interval depends on the heart rate in
the samemanner as that of the QT interval, but the duration of the interval from the apex to the end of the T wave (aT–eT
interval) is similar in all normal persons and changes only slightly with changes in rate []. Thus, the difference between
the intervals at a rate of min− and at a rate of min− averaged ms for the end of the QRS–aT interval and ms
for the aT–eT interval [].

T-wave abnormalities owing to asynchronous repolarizationmaybe associatedwith a prolonged or normalQTc inter-
val.TheQTc lengthening is usually attributed to some regional increase in theAPduration. Primary T-wave abnormalities
as a result of nonhomogeneous repolarization are frequently associated with an increased duration of the aT–eT interval.
This suggests that the regional alterations of AP duration may arise from differences in the duration of phase .

... Syndrome X

The label of syndrome X has been pinned to several different groups of patients who have in common angina-like chest
pain andno evidence of obstructive disease in the large coronary artery branches. In some of these groups there is evidence
of either myocardial ischemia induced by stress or abnormal vasomobility of coronary microvessels. Some individuals
with this syndrome have inverted T waves in many leads. In one study of such patients, the presence of symmetrical
invertedTwaves at rest was associatedwith a coronary vasoconstrictor response to cold pressor test []. In other studies,
evidence of myocardial ischemia was present in some but not in all patients with syndrome X and abnormal T waves.
Also, presence of stress-induced ST segment depression in patients with syndromeX occurs with and without myocardial
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ischemia. Lactatemetabolism, oxygen saturation in the coronary sinus, regionalmyocardial perfusion, and left ventricular
wall motion abnormalities in these patients may be or may be not abnormal [–].

... Pericarditis

The T-wave vector in patients with pericarditis is usually directed to the right and superiorly. In typical cases, the T wave
becomes inverted in all standard leads with the exception of leads aVF and Vl. The T-wave inversion usually persists
after the disappearance of ST abnormalities and is attributed to superficial myocarditis (epicarditis). Unlike myocardial
infarction, the interval between the nadir of the negative T wave and its end is usually not prolonged, and the duration
of the QTc interval is normal []. The direction of the T-wave vector in pericarditis suggests prolongation of activity in
the damaged fibers. Histological studies suggest that the damage is limited to a thin subepicardial layer of myocardium.
Accordingly, pericarditis appears to represent an example of a large T-wave abnormality produced by a relatively small
mass of abnormal myocardium extending over a wide surface area.

... Other T-Wave Abnormalities Attributed toMyocardial Damage

The primary “coronary” or “postischemic” T-wave pattern with a normal ST segment, abnormal T vector, pointed T
wave, and prolonged QT interval may appear in patients with various types of pathologic processes, including, among
others, pulmonary embolism, acute cor pulmonale, myocardial tumor, abscess, and acute myocarditis caused by diph-
theria, brucellosis, malaria, trichinosis, rheumatic fever, mumps, measles, scrub typhus, and various other infections
[, ]. Similar T-wave changes may be caused by acute and chronic cardiomyopathy of obscure etiology [], Friedre-
ich’s ataxia [, ], chest trauma [], lightning stroke [], various poisons, e.g., phosphorus [], carbon monoxide
[], venoms, adder bite [], scorpion sting [], and certain drugs e.g., emetine, chloroquine, plasmoquin, antimony
compounds, lithium, and arsenicals [, ]. These abnormalities are probably caused by transient or permanent pro-
longation of repolarization in certain regions of the heart.They usually regress slowly after the recovery from the disease
or after the elimination of the noxious agent from the body. Some of these T-wave abnormalities may not be a result of
organic myocardial damage but may arise from functional, neurogenic repolarization changes precipitated by the dis-
ease. For instance, in one patient with abnormal T waves attributed to myocardial damage produced by scorpion sting,
autopsy did not reveal cardiac abnormalities and the ECG changes were thought to be a result of excessive catecholamine
liberation []. T-wave abnormalities in patients with primary myocardial disease are usually secondary to QRS abnor-
malities produced by hypertrophy. However, in some patients, primary T-wave abnormalities precede the appearance of
changes in duration, amplitude, or axis of the QRS complex [, –]. The mechanism of such T-wave abnormalities
is unknown. A study by Coltart andMeldrum [] demonstrated that the ventricular AP from a muscle band excised in
a patient with hypertrophic cardiomyopathy had a slow slope of phase .The duration of this AP was ms as compared
to an average duration of ms in eight control human subjects.This observation would adequately explain the primary
T-wave abnormalities and prolonged QTc interval in patients with hypertrophic obstructive cardiomyopathy.

Primary T-wave abnormalities frequently occur also in patients with mitral insufficiency owing to mitral valve pro-
lapse [] and with mitral insufficiency owing to a floppy mitral valve in patients with Marfan’s syndrome []. In the
majority of patients with mitral insufficiency owing to the former, the T waves are flat or inverted in leads II and III, and
the QTc interval is prolonged [–].Themechanism of these T-wave abnormalities is obscure.Myocardial ischemia is
unlikely because these changes frequently occur in children and in young adults. In two young patients with such T-wave
abnormalities and atypical chest pain, coronary arteriograms were normal []. It is possible that the T-wave abnormal-
ities in this syndrome are caused by the similar factors that produce T-wave abnormalities in familial cardiomyopathy.
This is because the mitral valve prolapse is associated with localized dysfunction of the left ventricular myocardium. On
the other hand, it is conceivable that T-wave abnormalities are a result of prolonged repolarization in the abnormal left
ventricular ridge described in this syndrome [].
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... ECG Pattern of Cerebrovascular Accident

In , Burch et al. identified a specific electrocardiographic pattern peculiar to certain patients with cerebrovascular
accident (CVA) []. This pattern occurs most frequently in patients with intracranial hemorrhage [–] but has
been also found in patients with other intracranial lesions, such as cerebral venous thrombosis, acute cerebral infarction
[], head injuries [], neurosurgical procedures, and cryohypophysectomy [].

Patients with the typical ECG pattern (> Fig. .) have one or more of the following abnormalities:

. Prolongation of the QTc interval by % or more,
. T-wave amplitude exceeding .mV, and
. U-wave amplitude exceeding .mV.

⊡ Figure .

Three examples of ECG pattern in patients with subarachnoid hemorrhage. Note, prolonged QT and increased amplitude of

negative (left and right) upright (middle) T wave.
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ECGs with these abnormalities can be classified into five types:

. Type I – QTc is prolonged and T-wave amplitude is increased,
. Type II – QTc is prolonged and U-wave amplitude is increased,
. Type III – only the QTc interval is prolonged,
. Type IV – T-wave and U-wave amplitudes are increased, and
. Type V – the QTc interval is prolonged and both T-wave and U-wave amplitudes are increased.

All of these patterns, particularly the “giant” T waves or “massive T inversion” may be caused by many other factors,
such as electrolyte imbalance, hypertrophy, intraventricular conduction disturbances, myocardial infarction or ischemia
[–], bradycardia, second- or third-degree atrioventricular (AV) block [–], and acute disease of abdominal
viscera []. After the elimination of all patients with the above disorders, a CVA pattern was found in  of among
approximately ,ECGs recorded during the -year period – []. Of these,  patients with this pattern
had intracranial lesions; in three patients, the pattern was attributed to hypothermia, and in one patient, to myxedema
coma. In one patient, the pattern was recorded  day prior to a hypertensive crisis secondary to pheochromocytoma; in six
patients without heart disease, the cause of CVA pattern was not established.The combination of long QT and increased
T-wave amplitude (type ) occurred in % of patients with the “CVA pattern” while other types were less common [].

Schindler and Surawicz [] also studied the prevalence of the CVA in various central nervous system (CNS) dis-
orders. The CVA pattern was present in % of patients with intracranial hemorrhage, in % of patients with primary
intracranial neoplasm, and in % of patients with acute cerebral thrombosis and increased intracranial pressure.The pat-
tern was found only in one patient with hypertensive encephalopathy and in one of  patients with brain metastases.
In two patients, the pattern appeared after cryohypophysectomy (> Fig. .). In these patients, the procedure also pro-
duced a transient diabetes insipidus. The CVA pattern and the diabetes insipidus regressed in both patients within a few
weeks. Subsequently, the appearance of theCVApattern after cryohypophysectomy in several other patientswas observed.
These observations suggest that the CVA pattern may arise from the injury of the hypothalamus. This hypothesis would

⊡ Figure .

Electrocardiogram of a -year old woman, receiving .mg maintenance dose of digoxin, before (left)  days (middle), and

 days (right) after cryohypophysectomy. (After Surawicz []. © Grune and Stratton, New York. Reproduced with permission

from: Surawicz B, Knoebel SK. Long QT: good, bad and indifferent? J Am Coll Cardiol ;: .)
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explain the relatively high prevalence of this pattern in patients with subarachnoid hemorrhage because hypothalamic
lesions occur frequently after the rupture of aneurysms of the anterior and posterior communicating arteries. In the study
of Crompton, hemorrhagic lesions in the hypothalamus were present in  of  patients with a ruptured anterior com-
municating artery and in  of  patients with a ruptured posterior communicating artery []. Studies by Jenkins et
al. demonstrated functional disturbances of hypothalamic function in the majority of patients with ruptured intracranial
aneurysm [].

Millar and Abildskov have shown that minor repolarization abnormalities (low or notched T waves, prolonged QTc
interval, and ST depression) occur more frequently in patients with various CNS disorders than in a control population
[]. In another study, T-wave inversion without prolongation of the QTc interval occurred in % of patients with
meningitis and intracranial space-occupying lesions [].These two studies suggest thatmany patients with CNS disease
have less distinct T-wave abnormalities than the typical pattern described by Burch et al. [].

... Other T-Wave Abnormalities AssociatedWith an Apparent Dysfunction of the

Autonomic Nervous System

T-wave abnormalities in patients with various dysfunctions of the autonomic nervous system are probably caused by the
effects of nonhomogeneous sympathetic stimulation on ventricular repolarization []. Such a mechanism may explain
T-wave abnormalities preceding hypertensive crisis owing to pheochromocytoma, or abnormalities arising from adrenal
and pituitary insufficiency []. Typically, the T waves in patients with endocrine disorders become normal after the cor-
rection of the hormonal deficiency. In patients with pituitary insufficiency, the correction of T-wave abnormalities may
require several months of hormone replacement therapy. However, transient reversal to normal can be achieved by small
doses of intravenously administered isoproterenol (> Fig. .).

Visceral reflexes are thought to be responsible for the rapidly reversible T-wave changes present in some patients
with acute abdominal processes (cholecystitis, peritonitis, appendicitis, pancreatic necrosis, and ileus) []. These ECG
abnormalities may simulate myocardial ischemia in patients without pathologic abnormalities of the heart and coronary
vessels [, ].

T-wave abnormalities occur frequently in patients with acute and subacute pancreatitis []. This may be caused in
some cases by pericarditis or myocardial necrosis induced by circulating enzymes from the damaged pancreas [–].
Also, a T-wave pattern resembling the CVA pattern, namely a wide, deeply inverted T wave and prolonged QTc interval,
was recorded in  of  patients after transabdominal truncal vagotomy for the treatment of peptic ulcer disease [].
The authors of this report suggested that the ECG abnormalities could be a result of vagal reflex causing central autonomic
stimulation or to catecholamine release in response to the parasympathetic stimulation [].

Other neurogenic T-wave abnormalities have been reported with spinal cord injury [] and in association with
electroconvulsive therapy [].

... Giant and Global Negative TWaves

The designation of negative T wave as giant or global is based on impression rather than on specific measurements of
the depth and with of the T wave. The term “global” was used by Walder and Spodick [] who found such pattern
in  cases among approximately , consecutive routine ECGs they interpreted. Eighty two of these patients were
women.TheQTc interval was prolonged.Themost common causes weremyocardial ischemia and central nervous system
disorders.Other conditions included pericarditis, myocarditis, apicalhypertrophic cardiomyopathy (> Fig. .), cardiac
metastases, carotid endarterectomy, cocaine abuse, and pheochromocytoma. In some cases, no associated condition was
apparent. After following these patients for up to  years, the authors [] concluded that their long-term prognosis
depended on the underlying or associated disease, and that the striking diffuse T-wave changes per se do not imply poor
prognosis. Brsic et al. [] reported a series of  patients (all women) with “global” T-wave inversion with “ischemic”
chest pain, normal coronary arteriograms, and intact left ventricular function []. In another series of nine patients (all
women), the pattern was associated with acute cardiogenic but nonischemic pulmonary edema []. The ECG changes
gradually resolved within  week and had no immediate prognostic implications. Another cause of “global” T inversion
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⊡ Figure .

Electrocardiogram of a -year oldmanwith pituitary insufficiency andno evidence of heart disease. In the control tracing on

April , the T wave is inverted before, and upright after the administration of . μg of isoproterenol (ISP). The T wave became

upright within . months after the onset of treatment with prednisone and thyroid (January , following year). At the latter

date, the heart rate is the same as in the control electrocardiographic tracing of April , but the QT interval is . s shorter.

The QT interval on January  is the same as the QT interval after the administration of ISP on April . (After Daoud et al. [].

© Yorke Medical Group, Magazines Division, New York. Reproduced with permission.)

is the presence of complete A-V block. In patients with hypertrophic cardiomyopathy, reports from Japan [] indicate
that patients with giant negative T waves have hypertrophy confined to the left ventricular apex, mild symptoms, and
few adverse prognostic features. The study of Alfonso et al. [], however, showed that patients in the West with giant
negative T waves have a wider clinical spectrum and that their prognosis is not different from that of patients without
such T waves.

... Isolated T-Wave Inversion of Adults

Another rare variant is an isolated negative T wave in the midprecordial leads V and V. In such cases the T wave tends
to be diphasic rather than frankly negative. This pattern occurs sometimes in the absence of heart disease. Under these
circumstances the region in which the T wave is abnormal over the precordium is small, and a slight downward shift
of the electrode usually reveals an upright T wave. In a series of  consecutive patients with isolated T-wave inversion
reported by Okada et al. [],  had no symptoms and represented a normal variant []. The remaining  patients
had chest pain, and most of them had coronary artery disease.The presence or absence of structural heart disease could
be differentiated by recording additional precordial leads. In the absence of heart disease, the area of negative T waves
extended downward and rightward and in patients with heart disease, leftward and upward [].
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⊡ Figure .

Electrocardiogram of a -year old womanwith apical hypertrophic cardiomyopathy and normal coronary arteries.

⊡ Figure .

Typical ECG pattern of a patient with untreated myxedema. (After Surawicz and Mangiardi, The electrocardiogram in

endocrine and metabolic disorders, in Clinical Electrocardiographic Correlations, J.E. Rios, Editor. Philadelphia, PA: © Davis,

, pp. –. Reproduced with permission.)

... Hypothyroidism

Hypothyroidism usually causes a decrease of T-wave amplitude attributed to the low voltage caused by myxedema
(> Fig. .). T-wave inversion can also occur, probably owing to pericarditis []. The T-wave abnormalities regress
within weeks or months after start of specific treatment [, , ]. Sometimes, however, the abnormalities subside
within days or even within  h []. Rapid regression suggests that at least in some cases, the T-wave abnormalities
in hypothyroidism may be related to abnormal function of the autonomic nervous system rather than to the effect of
myxedema on the myocardium or to pericarditis.
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... T-Wave Abnormalities Attributed to Fear, Anxiety, and Nervous Tension

Fear, especially fear of operation [], anxiety, worry, or longing suggested by hypnosis, and other emotional factors may
produce T-wave abnormalities in persons without heart disease. Berman et al. found lowering or inversion of the T wave
in  of  normal persons in an anxiety fear situation induced by hypnotic suggestion []. These abnormalities have
usually been associated with tachycardia. Ljung attributed T-wave abnormalities induced by “fright” to hyperventilation
[]. Others ascribed the T-wave changes produced by fear and anxiety to sympathetic stimulation [] or to abnormal
“sensitivity” of the myocardium to adrenaline []. It has been shown that T-wave abnormalities in anxious patients may
disappear after reassurance and rest, even without change in heart rate [].

Several studies reported T-wave abnormalities in a vaguely defined syndrome of neurocirculatory asthenia (NCA)
characterized by tachycardia, hyperventilation, labile blood pressure, and low effort tolerance. However, it has been shown
conclusively that NCA is not associated with a characteristic ECG pattern [–]. In many patients with NCA, abnor-
mal T waves are associated with tachycardia and therefore may arise from excessive sympathetic stimulation [], but
sometimes T-wave abnormalities appear when the heart rate is slow and disappear when the rate increases following the
administration of nitrates and atropine, or when the subject is in an upright position [].

... Transient T-Wave Abnormalities Arising from Extracardiac Factors

This category of T-wave abnormalities includes changes attributed to transient asynchrony of repolarization produced by
a variety of factors acting on a normal or an abnormal heart.

Hyperventilation

In the author’s study, hyperventilation (HV) produced T-wave inversion in at least one of several simultaneously recorded
ECG leads in % of randomly selected healthy students. In some of the author’s subjects, T-wave abnormalities were
more pronounced after  s than after  s of HV (> Fig. .). Others reported similar observations [, ]. The
study of Biberman et al. suggests that the true incidence of T-wave abnormalities during HV may be underestimated
unless multiple ECG leads are monitored during the HV [].

The study of Biberman et al. showed that the T-wave abnormalities produced by HV could not be attributed to alka-
losis [], changes in plasma sodium, potassium, calcium, or magnesium concentrations, or changes in heart position.
The T-wave abnormalities produced by HV were always accompanied by tachycardia but could not be attributed solely
to a critical increase in heart rate. This conclusion is in agreement with previous studies in which the T wave became
inverted after HV but remained upright when tachycardia was induced by exercise [, ], intravenous administration
of propantheline [], or breathing air containing % CO [, ].

The transient T-wave inversion that occurs during HV was similar to the transient T-wave abnormalities produced
by isoproterenol infusion [].The T-wave abnormalities produced by HV were attributed to an asynchronous shorten-
ing of ventricular repolarization during the early phase of sympathetic stimulation []. In keeping with this hypothesis
are the observations that T-wave abnormalities produced by HV can be prevented by pretreatment with propranolol
[, ], and that the suppression of T-wave abnormalities by propranolol is not attributable to the prevention of tachy-
cardia because after the administration of atropine with propranolol, the heart rate increased but the T wave remained
upright [].

Orthostatic Abnormalities

In the upright position, ventricular gradient decreases, QRST angle widens [], and T-wave changes occur in themajor-
ity of normal young individuals []. However, the incidence of unequivocal orthostatic T-wave abnormalities varies in
different patient groups. Lepeschkin and Surawicz found an abnormal orthostatic ECG only in % of individuals with a
negative exercise test but in % of persons with junctional ST depression and in % of patients with ischemic heart dis-
ease and positive exercise tests []. In patients with NCA, orthostatic T-wave abnormalities occurred in % of women
and % of men [].

Transient orthostatic T-wave abnormalities have been attributed to increased sympathetic activity [].This hypoth-
esis is supported by the observation that adrenergic blockade increases the ventricular gradient and decreases the QRST
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⊡ Figure .

Simultaneously recorded ECG leads V–V (paper speed mms−) in a -year old student. (a) control, before hyperventila-

tion (HV): R–R = , QT = , QTc = ; (b) during first  s after  s of HV: R–R = , QT = , QTc = ; (c) during eighth and

tenth second: R–R = , QT = , QTc = ; (d) during sixteenth to seventeenth second: R–R = , QT = , QTc = . Note that
the R–R intervals in (b) and (c) are the same, but in (c) the QT andQTc intervals are shorter and the Twaves less inverted. (After

Biberman et al. []. © Mosby, St Louis, Missouri. Reproduced with permission.)

angle in the upright position []. Similarly, intravenous administration of propranolol prevents orthostatic T-wave
abnormalities [–]. Propranolol blocks an increase in heart rate that occurs after standing up, but the suppression
of the orthostatic T-wave changes is apparently not solely a result of the decrease in heart rate [].

Postprandial Abnormalities

A decrease in T-wave amplitude or T-wave inversion in leads I, II, V–V occurs frequently within min after a meal
of about , calories []. Postprandial T-wave abnormalities occurred in .% of , young healthy airmen [].
These abnormalities may arise from lowering of plasma K+ concentration, tachycardia, and possibly sympathetic stimu-
lation. It has been shown that various nonspecific T-wave abnormalities frequently disappear when the ECG is recorded
after fasting [].

Postextrasystolic Abnormalities

The cause of occasional primary T-wave changes in the first and sometimes also in the second or third postextrasystolic
beats is not known (> Fig. .). Asynchrony of repolarization has been suggested as the cause in a case of postextrasys-
tolic T-wave inversion associatedwith prolongation ofQT interval [].The postextrasystolic T-wave changes apparently
occurmore frequently in patients with heart disease than in normal persons [–], but the reason for this association
is not obvious.

Post-tachycardia Abnormalities

In about % of patients with paroxysmal tachycardia, the normal T wave becomes inverted for hours or days after
the termination of the attack [] or interruption of tachycardia by ablation. This may occur after ventricular [] or
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Postextrasystolic T-wave inversion in a person with no evidence of heart disease and a normal ECG except for ventricular

premature complexes.

supraventricular tachycardias [], and is unrelated to the age of the patient or to the presence or absence of heart disease.
In a -year-old patient with normal hemodynamic findings and a normal coronary arteriogram, T-wave inversion in
leads II, III, and V–V persisted for  days after termination of a tachycardia []. The cause of the long duration of
the “post-tachycardia syndrome” is not clear, but the abnormalities usually persist longer than would be expected on the
basis of physiological adjustment to the new rate.

Induced and Accidental Hypothermia: Cooling of the Posterior Wall of the Heart

Profound hypothermia alters depolarization and repolarization, but moderate hypothermia may produce T-wave abnor-
malities without appreciable QRS changes. Homogeneous cooling of the entire heart causes the expected increase in the
T-wave duration without change in polarity. Such patterns have been observed in patients with accidental hypothermia
[]. Cooling the posterior wall of the heart by drinking iced water usually produces deviation of the T-wave vector
anteriorly and superiorly with the resulting T-wave inversion in leads II and III []. This effect is a result of the local
prolongation of repolarization in the cooled area of the ventricle.

Abnormalities Produced by Injection of Contrast into Coronary Arteries

Injection of ionic contrast into coronary arteries produces transient prolongation of the QTc interval and changes in
the T-wave morphology. These T-wave changes are sometimes associated with prolongation of the QRS complex, but
in most cases they are primary. As a rule, the T-wave vector is directed away from the area perfused by the contrast
[, ]. These T-wave changes have been attributed to the regional prolongation of repolarization caused by the high
sodium concentration in the contrast medium [], or the medium’s calcium-binding properties []. The author and
coworkers have shown that transient T-wave abnormalities, which occur during injection of the contrast into the right
coronary artery, were associated with prolongation of the ventricular MAP in the right ventricle without changes in the
MAP in the left ventricle [] (> Fig. .).

Abnormalities Produced by Ventricular Pacing

Ventricular pacing frequently produces T-wave inversion in the nonpaced sinus impulses. These T-wave changes occur
without changes in the QRS duration. The T-wave abnormalities increase with increased duration of pacing and the
amount of energy used for pacing [, ]. The site of stimulation determines the vector of the T wave. After pacing the
endocardial surface of the right ventricle or the epicardial surface and the apex of the left ventricle, abnormal T waves
appear predominantly in leads II, III, andV–V but after pacing the right ventricular outflow tract, the T-wave inversions
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Right ventricular monophasic action potential (TVMAP) and lead II recorded during injection of ml of % Hypaque (dia-

trizoate) into the right coronary artery. Arrows mark the onset and end of the injection. The consecutive  beats after the

injection are numbered. The numbers under the Twave represent theQT intervals inmilliseconds. See text for further discus-

sion. The MAP and electrocardiogram of the tenth beat are superimposed on those of the th beat. (After Shabetai et al. [].

© American Heart Association, Dallas, Texas. Reproduced with permission.)

occurmainly in leadsV andV []. Recently, Shvilkin et al. [] reported that a combination of positive Twave in aVL,
positive or isoelectric T wave in lead I, and maximal T-wave inversion in precordial leads greater than T-wave inversion
in lead III was % sensitive and % specific for postpacing T-wave changes. The duration of the T-wave abnormalities
after pacing depends on the duration of pacing. In some cases, T-wave abnormalities persisted for  or  years after the
termination of pacing. T-wave changes do not appear after atrial pacing or after ventricular pacing during the ventricular
refractory period [].Thus, the T-wave abnormalities appear to be related to the presence of abnormal depolarization in
the stimulated area. It may be assumed that T-wave abnormalities are produced by prolongation of repolarization in the
vicinity of the pacing electrode, but the mechanism of such prolongation is unknown. It has been reported that T-wave
abnormalities produced by pacing are not reversible after oral administration of potassium or after an increase in heart
rate with isoproterenol.

Abnormalities Following Preexcitation and Left Bundle Branch Block. Cardiac “Memory”

Transient T-wave abnormalities have been found in patients with intermittent preexcitation [–] and intermittent
left bundle branch block [, ]. These abnormalities apparently persist for a variable amount of time after the dis-
appearance of the left bundle branch block or preexcitation pattern respectively. Similar abnormalities have not been
recorded in patients with intermittent right bundle branch block. The most consistent and conspicuous T-wave abnor-
mality after disappearance of a left bundle branch block pattern has been recorded in right precordial leads [–],
but in one study [], abnormalities in the limb leads were present also in approximately % of patients. The natural
history of this phenomenon has not been studied adequately and the clinical significance of such T-wave abnormali-
ties is debatable []. The appearance of primary T-wave abnormalities following cessation of pacing, normalization of
intraventricular conduction, and disappearance of secondary T-wave abnormalities has been considered by Rosenbaum
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et al. as a possible manifestation of repolarization “memory” []. This hypothesis implies that the abnormal sequence
of activation is “remembered” following the return of a normal activation pattern.

Normal Variants and Unexplained T-Wave Abnormalities

T-wave abnormalities have been found in .–.% of normal persons in various population groups [, , ]. The
largest group of individuals without heart disease has been studied by Hiss and Lamb []. In their study of ,
men, aged – years, the overall incidence of T-wave abnormalities was ./, with the highest incidence in the
youngest and the oldest age groups. T-wave abnormalities occurred most frequently in the lateral precordial leads and
least frequently in lead I. However, in the studies reported by Fisch, ST or T abnormalities were absent in  normal
individuals below the age of  years but were present in .% of  persons older than  years []. A study of
 asymptomatic men, aged – years, selected on the basis of flat, notched, or inverted T waves in the precordial
leads, showed that this group had higher systolic blood pressure and higher plasma noradrenaline concentration than an
age-matched control group with normal T waves [].

Major unexplained T-wave abnormalities – deeply inverted T waves – were observed in about  out of , [],
and  out of , patients [] in two large groups of hospital patients, and in about  out of , in a large group of life-
insurance applicants. Pruitt et al. found no evidence of heart disease in  of  patients with deeply inverted (at least mm)
T waves []. Life-insurance statistics report a % increase in mortality in persons with major T-wave abnormalities
and a % increase inmortality in persons with minor T-wave abnormalities [].This increased mortality suggests that
a group of persons with isolated T-wave abnormalities may represent a mixture of persons with abnormalities unrelated
to heart disease and persons with clinically silent or “atypical” ischemic heart disease [].

... Tests Employed in the Recognition of Rapidly Reversible T-Wave Abnormalities

This discussion will be limited to the methods used in the differential diagnosis of primary T-wave abnormalities
attributed to nonhomogeneous repolarization. These abnormalities may be arbitrarily divided into three types:

. Rate-dependent abnormalities associated with normal or slow heart rate,
. Rate-dependent abnormalities associated with rapid heart rate, and
. Abnormalities independent of heart rate.

Detection of T-Wave Abnormalities Associatedwith Normal or Slow Heart Rate

In certain patients without heart disease, primary T-wave abnormalities appear only at normal or slow heart rates and
disappear after a certain critical increase in rate. Several patients have been observed in whom primary negative T waves
became upright after a certain critical increase of heart rate with exercise, hyperventilation, pacing, and administration
of atropine or isoproterenol. This type of purely rate-dependent T-wave abnormality can be identified most conclusively
with atrial pacing while the effects of exercise, hyperventilation, and isoproterenol may be attributed to the sympathetic
stimulation, and the effects of atropine on the vagolytic action of the drug. It has been suggested that T-wave abnor-
malities, which disappear after the administration of vagolytic drugs, are caused by vagal reflex [, ]. However, the
suppression of T-wave abnormalities by atropine or Pro-Banthine is more likely to be a result of a nonspecific increase
in heart rate rather than to the specific vagolytic action of the drug. The vagolytic drugs do not exert a specific effect on
normal repolarization. In persons with normal T waves, atropine decreases the T-wave amplitude [], but this decrease
is proportional to the increase in heart rate [] and, therefore, is probably caused by tachycardia. Although in some
patients with nonspecific T-wave abnormalities atropine may reverse the abnormality, in themajority of patients atropine
either does not change or may even exaggerate the abnormal T-wave pattern [, ].

Detection of T-Wave Abnormalities Associatedwith Rapid Heart Rate

Various nonspecific T-wave abnormalities are frequently associated with tachycardia and disappear when the heart rate
becomes slower. The effect of sympatholytic drugs on the T wave may be in part owing to the slowing of heart rate.
Numerous studies have shown that certain T-wave abnormalities may be abolished by the administration of ergotamine,
dihydroergotamine, or propranolol. It has been reported that the intravenous administration of –mg propranolol
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abolishes ST and T abnormalities at rest and prevents the orthostatic and exercise-induced changes in patients without
heart disease but not in patients with T-wave abnormalities arising frommyocardial ischemia or myocarditis []. Beta-
blocking agents decrease heart rate but their effect on the orthostatic and hyperventilation-induced T-wave abnormalities
is apparently not exclusively owing to the slowing of the heart rate [, ].

Detection of Rapidly Reversible Rate-Independent T-Wave Abnormalities

Administration of Potassium Salts

A moderate increase in the concentration of potassium can change an abnormally low or a negative T wave into an
upright T wave without change in heart rate. Several investigators have administered about  g of potassium salts orally
in order to differentiate the T-wave abnormalities produced by structural heart diseases from various functional and
nonspecific abnormalities. This procedure may be diagnostically useful because oral administration of potassium does
not alter the angle between the mean spatial QRS and T-wave vector in persons with a normal T wave and in patients
with myocardial infarction or left ventricular hypertrophy. However, potassium restores to normal the QRST angle in
persons with T-wave abnormalities, which are not a result of heart disease.The administration of potassium salts in order
to differentiate functional abnormalities from abnormalities arising from organic disease is apparently not safe because
ventricular tachycardia, ventricular fibrillation, and asystole have been reported to follow such tests [].

Administration of Isoproterenol

In persons with normal T waves, isoproterenol (ISP) administered at a rate of –mcg min− for –min produced a
biphasic effect []. During the early phase of the infusion, the T-wave amplitude decreased in all subjects, and in 
of , the previously upright T wave became negative in one or more of leads I, II, or V–V. The maximum T-wave
inversion usually occurred – s after beginning the ISP infusion. Subsequently, the T wave became upright and the U-
wave amplitude increased.After approximately min of ISP infusion, the T-wave amplitude was similar to the control and
in some cases even greater than before the ISP infusion. The initial decrease of T-wave amplitude was always associated
with an increase in heart rate but without an appreciable change inQT interval. As a result, theQTc interval was increased.
The subsequent increase of T-wave amplitude was associated with a significant decrease in QT and QTc intervals but an
insignificant decrease in the R–R interval. Accordingly, the T-wave inversion was associatedwith the hysteresis of the QT
interval (> Fig. .). This was attributed to an asynchronous shortening of ventricular repolarization.

The effect of ISP on the sequence of normal repolarization suggested to Daoud et al. that it may be of interest to study
the effect of the drug on the abnormal T wave. Isoproterenol was administered at the rate of – μgmin− for – s to 
patients with various types of T-wave abnormalities.The ISP infusion increased the heart rate by – (average ) beats
min− []. In patients with secondary T-wave abnormalities arising from hypertrophy and bundle branch block and in
patients with primary T-wave abnormalities aftermyocardial infarction or pericarditis, administration of ISP altered only
the amplitude and not the polarity of the T wave. In these patients, the ISP effect was similar to the effect of tachycardia
produced by atropine or pacing []. However, in patients with various primary T-wave abnormalities and a normal QRS
complex, ISP transiently shifted the abnormal T-wave vector to the left and anteriorly by –○ and “normalized” the
ECG (> Fig. .).

Our studies favor the hypothesis that ISP reverses the primary T-wave abnormalities by an asynchronous shortening
of the AP. The effect of ISP on ventricular repolarization is probably a result of beta adrenergic stimulation because it
can be blocked by pronethalol without any changes in heart rate []. Our studies suggest that the rapidly reversible
primary T-wave abnormalities probably result from some regional deficiency of sympathetic stimulation and that ISP has
a greater absolute shortening effect on AP in the areas with deficient stimulation than in the areas with normal responses
to sympathetic stimulation. This hypothesis is supported by our studies in dogs, which showed that ISP changed T-wave
polarity and restored the control T-wave configurations after both left stellate-ganglion transection and right stellate-
ganglion stimulation. In each case, ISP produced unequal shortening of the MAP on the anterior and posterior walls of
the ventricle and thereby restored the normal relation between their durations. After left stellate-ganglion transection,
ISP shortened the previously prolonged MAPmore than it did the control MAP; after right stellate-ganglion stimulation,
ISP shortened the control MAP more than the previously shortened MAP [] (> Fig. .).

If the results of our experiments in dogs are applicable toman, normalization of the T wave after the administration of
ISPmay be expected in all cases of primary T-wave changes induced by regional shortening of ventricular APs or regional
lengthening of ventricular APs provided that the latter are susceptible to the shortening effect of the drug.We assume that
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⊡ Figure .

Changes in R–R, T amplitude, QT, andQTc during isoproterenol administration to  healthy volunteers. Each point designates

themean value, and each vertical bar, the standard error. (After Biberman et al. []. ©Mosby, St Louis, Missouri. Reproduced

with permission.)
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⊡ Figure .

Electrocardiogram of a -year old man with diabetes mellitus, increased left ventricular end-diastolic pressure, and normal

coronary arteriogram, before (control), during atrial pacing, and during pacing and isoproterenol (ISP) infusion. Note the

effect of ISP on the T wave. The QT interval during pacing with isoproterenol is , and without isoproterenol is . (After

Daoud et al. []. © YorkeMedical Group, Magazine Division, New York. Reproduced with permission.)



Ventricular Repolarization: Theory and Practice in Non-Ischemic Myocardium  

⊡ Figure .

From top to bottom, leads X , Y , and Z andMAP on the posterior and anterior walls of the left ventricle. Effects of left ventricu-

lar stellate-ganglion transection (LST) alone (left panel), subsequent right stellate-ganglion stimulation (RSS) (middle panel),
and the administration of isoproterenol (ISP) ( μg) after right stellate-ganglion stimulation (right panel). See text for further

discussion. (After Kuo andSurawicz []. ©YorkeMedicalGroup,MagazinesDivision, NewYork. Reproducedwith permission.)

one or both of these two mechanisms account for the high incidence of isoproterenol-induced T-wave normalization in
persons with T-wave abnormalities of diverse origins and with different QT intervals [].Conversely, the lack of T-wave
normalization in patients after myocardial infarction or pericarditis [] may be attributed to an inadequate shortening
effect of isoproterenol on the abnormally prolongedAPs [].The effect of sympathetic stimulation on reversal of T-wave
polarity from negative to positive is not limited to isoproterenol. It is seen often during exercise, e.g., during stress tests in
the absence of myocardial ischemia. Similarly during dobutamine infusion T-wave normalization is reported to indicate
viable myocardium in patients after recent myocardial infarction [].

.. T Wave Alternans

Electrical and mechanical alternans may be concurrent or dissociated from each other. At the cellular level, mechanical
alternans in the ventricular myocardium is usually accompanied by an alternating shape of the ventricular action poten-
tial. T-wave alternans is usually associated with a long QT interval [–]. In the majority of published cases, the
alternating T wave occupied nearly the entire diastolic interval [–].

Also, T-wave alternans experimentally produced by stellate-ganglion stimulation in anesthetized and vagotomized
cats [], or by hypocalcemia in dogs [, ], was associated with prolonged QT interval.

Lepeschkin suggested that T-wave alternans was a result of the alternans of ventricular AP associatedwith alternation
of the diastolic intervals []. A close proximity to preceding repolarization exerts a shortening effect on AP duration
[]. Consequently, the diastolic interval after a short AP increases and the APbecomes longer. In the author’s laboratory,
T-wave alternans occurred simultaneously with ventricular AP alternans in the isolated perfused rabbit heart when the
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T-wave alternans in a -year oldwomanwith severe hypocalcemia and history of hypocalcemic tetany. (FromAravindakshan

and Surawicz B et al. [] © Elsevier, Inc. Reproduced with permission.)

AP duration was prolonged by cooling quinidine or a combination of hypocalcemia and hypokalemia. In each case,
the mechanism suggested by Lepeschkin [] could account for the T-wave alternans. However, this may not be the
only mechanism of T-wave alternans since experimental T-wave alternans can occur in the absence of appreciable QT
lengthening, and conversely, alternans of theAPduration cannot always be explained by alternans of the diastolic intervals
(personal observations and examples given by Kleinfeld et al. [].

T-wave alternans depends on critical shortening of the diastolic interval when the duration of the ventricular AP
exceeds the cycle length. Therefore a QT interval occupying nearly the entire cycle length can be seen in many cases
of repolarization alternans associated with a long QT interval (> Fig. .). T-wave alternans with a long QT has been
reported in some of the following conditions: congenital long-QT syndrome, hypocalcemia, treatment with quinidine,
hypokalemia, hypokalemia with hypocalcemia, and hypomagnesemia and after defibrillation. It may also be unexplained.

In addition to themanifest alternans, on the ECG, subtle alternans formsmay become detectable by digital processing
techniques. It has been shown that these subtle forms of alternans are associatedwith increased susceptibility to inducible
ventricular tachyarrhythmias in patients with coronary artery disease and nonischemic cardiomyopathy and therefore
may represent a noninvasive marker of electrical instability [].

.. ST–T Abnormalities

As a result of the differences in the underlying mechanisms, the behavior of the ST segment and of the T wave differ
under a variety of conditions discussed earlier. For example, hypocalcemia usually causes lengthening of the ST segment
without T-wave changes. Conversely, moderate hyperkalemia causes T-wave changes without appreciable change of ST
segment duration. Although myocardial ischemia frequently produces both ST segment and T-wave changes, our studies
have shown that during exercise, the behavior of the T wave bears no relation to the behavior of the ST segment [].

In spite of the fundamental differences in the genesis of the ST segment and the T wave, electrocardiographers
frequently use the expression ST–T changes to describe the patterns associated with the alterations of these two repo-
larization components. One of the reasons for using this definition is the lack of a distinct point of demarcation between
the end of the ST segment and the onset of T wave. Another reason is a common occurrence of concomitant ST and
T-wave abnormalities associated with either the secondary repolarization abnormalities such as left ventricular hyper-
trophy or left bundle branch block (> Fig. .c), or the primary repolarization abnormalities caused by shortening of
the plateau of the ventricular AP; for example, tachycardia, digitalis, or hypokalemia (> Fig. .c). Nevertheless, it is the
author’s opinion that in many cases the electrocardiographic diagnosis gains in precision when the ST segment, the T
wave, and also the U wave are analyzed as separate components rather than as an expression of an integrated process of
“repolarization.”
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.. Prognostic Value of the Descriptors of T-WaveMorphology

Numerous studies in the recent literature have explored the prognostic value of various computerized descriptors of
T-wave characteristics, e.g., morphology analysis [], heterogeneity of ventricular repolarization [], principal com-
ponents of the T-wave vector loop [], and spatial T-wave deviation [, ].The clinical usefulness of these analyses
will depend on their comparison with more conventional electrocardiographic and clinical parameters.

. UWave

The purpose of this section is to review briefly some concepts of U-wave genesis and the clinical significance of this ECG
deflection, which owes its designation to Einthoven. Compared to other components of the ECG, the U wave has been
less intensely investigated and its mechanism is still poorly understood []. Some of the reasons for this are its low
amplitude, the difficulty of separating it from the T wave and/or the P wave, particularly at rapid rates, and its uncertain
clinical significance. The experimental animal models are also difficult to interpret because various diastolic deflections
recorded in local electrograms do not necessarily have the same timing as theUwave recorded in the human surface ECG.

.. Identification of the UWave

This discussion will be limited to a deflection, which is usually detectable at slow or moderate heart rates in the surface
ECG []. It is inscribed during protodiastole; that is, it coincides with the isovolumic relaxation. The interval between
the end of the T wave and the apex of the U wave is usually about ms. It is of interest that this interval is little affected
by the heart rate [].

The distinction between the U wave and the T wave may become difficult when the T wave is notched, diphasic,
or prolonged. In such cases, various degrees of fusion between the T wave and the U wave may occur. In hypokalemia,
the initial portion of ventricular repolarization (phase ) is shortened and the terminal portion (phase ) is prolonged.
These changes result in the disappearance of the isolelectric ST segment, obliteration of the apex of the T wave, and a
shift of the major repolarization deflection toward early diastole. It appears that the U wave proper becomes fused with
this repolarization component and evolves into the largest deflection during repolarization. If the notch between T and
U persists, the QT interval is not prolonged. A complete fusion results in a large T+U complex. In cases with true QT
prolongation caused by delayed repolarization in certain portions of the myocardium, the T wave also merges with the
U wave but the resulting T–U deflection has a different configuration from the T–U complexes during hypokalemia.
This occurs because instead of lifting the U wave to prominence, the T wave tends to encroach upon the U wave, which
becomes less distinct or unrecognizable.Thus, differences in themorphology of the T+U complex reveal the differences in
the pathogenesis. However, inmost cases in clinical electrocardiography, the Twave can be distinguished from theUwave
using published and suggestedmaneuvers []. Among these, timing the apices of the waves in question, correlationwith
the second sound, or incisura of the arterial pulse, and in some cases, the administration of calcium salts intravenously,
tend to be most helpful [].

.. Relation Between the UWave and Other Deflections of the ECG

In a number of patients with left ventricular hypertrophy, the U wave is inverted in the left precordial leads. Frequently,
when the blood pressure of these patients is lowered, theUwave becomes upright; this is usually associatedwith a decrease
in the QRS amplitude. Similarly, in acutemyocardial ischemia during exercise, an increase in QRS amplitude andU-wave
inversion frequently occur simultaneously. In these cases, the common cause of increasedQRS amplitude and the U-wave
inversion may be the increase in the intracardiac blood volume

In both left and right ventricular hypertrophy (LVHandRVH, respectively), the axis of theUwave tends to be directed
opposite to the main QRS axis; that is, the U wave is negative in the left precordial leads in LVH and negative in the right
precordial leads in RVH. Typically, in such cases, the U-wave vector parallels that of the T wave. In some cases of LVH,
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the Uwave is inverted in the leads where the T wave is upright.The independent behaviors of the T wave andU wave also
become obvious during transient changes in T-wave polarity associatedwith myocardial ischemia or changes in systemic
vascular resistance.

.. ST Segment

Ordinarily, the U wave shows no correlation with the ST segment but during acute ischemia or development of the left
ventricular “strain” pattern, ST depression and U-wave inversion may occur concomitantly.

.. U-Wave Amplitude

The U-wave amplitude tends to be inversely proportional to the R–R interval. At heart rates exceeding about –
min−, the U wave becomes indistinct []. Its amplitude is increased by interventions associated with positive
inotropic effect, such as catecholamines, hypercalcemia, and digitalis. As mentioned above, a prolonged phase  of the
ventricular AP, e.g., during hypokalemia or quinidine administration, increases the U-wave amplitude. Presumably, this
is by superposition of the U wave on the repolarization potentials inscribed during the late portion of the prolonged AP.
The U-wave amplitude is diminished during tachycardia and hyperkalemia. A negative inotropic effect appears to cause
a decrease in U-wave amplitude. In hypocalcemia, the U wave is not detectable but the cause is difficult to determine
because of the prolonged QT interval.

.. The Negative UWave

The negative U wave seldom occurs in the absence of heart disease or other electrocardiographical abnormalities. Holz-
mann and Zurukzoglu [] found that  of  patients with a negative U wave had heart disease. Of  patients
reported by Ameur-Hendrich et al. [],  had heart disease and  had anemia.

In the study of Kishida et al. of  patients with a negativeUwave, this was the only electrocardiographic abnormality
in  (.%) of patients []. In an additional  (%) of the patients, the electrocardiogram was normal at rest and
became abnormal after exercise. In the study of Holzmann and Zurukzoglu [], the U wave was the only abnormality
in .% of their patients, most of whom had hypertension. In patients with hypertension, a negative U wave was the only
abnormality in  out of  patients in the study of Georgopoulos et al. [], and in  out of  in the study of Kemp et al.
[]. The above studies refer to patients with purely negative U waves only. Lambert included patients with a depressed
T–U junction and diphasic U wave but this apparently did not decrease the specificity of the pattern since all but  of 
patients had organic heart disease [].

U-wave inversion has also been reported during attacks of variant angina []. In a study of  patients in whom
angina was induced by ergonovine maleate, transient U-wave inversion was apparent in  with ST elevation in the pre-
cordial leads but only  of  with ST elevation in the inferior leads. In the  subjects who had spasm of the LAD coronary
artery, the lead that most frequently exhibited U-wave inversion was V (%), which also showed ST elevation in %.
In this study, negative U waves frequently occurred without ST elevation. This caused the authors to suggest that such a
findingmaybe a result of ischemia in areasmarginal to the central ischemic zone or of recovery from temporary ischemia.

With respect to exercise testing, it was shown that U-wave inversion could be induced in patients with stenosis of the
LAD coronary artery []. The sensitivity was low at % but the specificity was high, being %.

In the study of Kishida et al. [], systemic hypertension was the primary diagnosis in the largest number of patients
(> Table .).

Previous studies have shown that, in patients with hypertension, the regression of U-wave inversion was associated
with lowering of blood pressure [, ]. Kishida et al. [] reviewed the records of  patients in whom the U wave
changed polarity from negative to positive or vice versa in the same lead within a period of less than  year (> Fig. .).
In  patients, the change from a negative to a positive U wave occurred during the course of medical treatment, and in
 patients, the change in polarity occurred after a surgical procedure; in  within  week after kidney transplantation; in



Ventricular Repolarization: Theory and Practice in Non-Ischemic Myocardium  

⊡ Table .

Primary clinical diagnosis of  patients with a negative U wave

Totala Percentage

Valvular heart disease  () .

Pure aortic  ()b

Pure mitral  ()c

Combined aortic and mitral  ()d

Congenital heart disease  () .

Coronary artery disease  () .

Myocardial infarction; acute  ()

Old  ()

Angina pectoris  ()

Hypertension  () .

Chronic renal failure  ()

Cerebrovascular disease  ()

Peripheral vascular disease  ()

Without above complications  ()

Primary cardiomyopathy  () .

Hyperthyroidism  () .

No manifest heart disease  () .

 () 

aNumber of patients on digitalis are shown in parentheses
bPredominant aortic regurgitation – 
cPredominant mitral regurgitation – 
dAortic +mitral regurgitation – 

⊡ Figure .

An example of reversible U-wave inversion related to blood-pressure changes in an adult with hypertension. The U wave is

negative in leads V and V in the upper row and in leads V–V in the lower row. In the middle row, the U wave is isoelec-

tric or positive in all leads, and the QRS amplitude is lower in most leads compared to that in the upper and lower rows. BP

denotes thebloodpressure. (After Kishida et al. []. ©YorkeMedicalGroup,MagazinesDivision, NewYork. Reproducedwith

permission.)
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 within  week after insertion of aortic or mitral valve prosthesis; and in  within  month after coronary artery-aorta
saphenous bypass graft.

In  patients with systemic hypertension and a normal QRS duration, the change in U-wave polarity occurred more
than once in the course of a follow-up period of less than  year. Each appearance of the negative U waves in these patients
was associatedwith a significant increase in systolic and diastolic blood pressure without significant changes in heart rate,
QRS duration, or the duration of QTc,Q–aUc (aU denotes the U-wave apex), and QUc intervals.

No consistent change was found in the pattern of T wave or ST segment changes associatedwith the change inU-wave
polarity. These results suggest that changes in U-wave polarity are independent of electrophysiological processes that
control the level of the ST segment and the morphology of the T wave. However, these conclusions do not apply to U-
wave inversion associated with transient exercise-induced myocardial ischemia since such patients were not included in
this group.

The decrease in QRS amplitude accompanying the change from a negative to upright or isoelectric U wave is a con-
sistent finding in patients with hypertensive and valvular heart disease []. Fu et al. [] recorded echocardiograms
in hypertensive patients in whom handgrip caused inversion of the U wave as well as an increase in QRS amplitude.They
showed that these changes were associated with an increase in left ventricular dimension. These observations implicate
left ventricular dilatation as the possible cause of the U-wave inversion and the associated increase in the QRS amplitude.
The increase in QRS amplitude in the dilated ventricle may be attributed to the Brody effect resulting from the increase
in intracavitary blood volume at the end of diastole. The association between the negative U wave and the increased
diastolic dimension or volume of the left ventricle implicates stretch as a possible cause of U-wave inversion []. It has
been shown that left ventricular relaxation was prolonged in patients with hypertension [] and either prolonged or
incomplete in patients with myocardial ischemia []. Abnormalities in ventricular relaxation have also been reported
in patients with aortic and mitral regurgitation [].

... Timing of the Negative UWave

Watanabe suggested that the longer duration of the T–aU interval in patients with left bundle branch block favored the
Purkinje fiber repolarization theory of U-wave genesis []. In our opinion, the delayed appearance of the U wave in
relation to ventricular repolarization is of no help in establishing the mechanism of the U wave, because the finding
could be owing to either delayed repolarization of the Purkinje fibers in the left ventricle or to delayed relaxation of the
left ventricle. The role of prolonged QTc in the absence of QRS prolongation has been examined. It was observed that
patients with a LVH pattern and negative T waves in leads I, aVL, and V–V tended to have greater QRS amplitude
and a longer QT interval than patients with a less wide QRS–T angle. In this group of patients in whom QRS duration
was normal, the U wave appeared later when the QTc interval was longer. This finding suggests that the timing of the
U wave is influenced by the total duration of ventricular repolarization and not by the pattern or duration of ventric-
ular depolarization as suggested by Watanabe []. Similar conclusions can be drawn from the study of Ferrero and
Maeder [] who found that the T–aU intervals in patients with right bundle branch block were significantly longer in
patients with RVH than in those without hypertrophy or with LVH. This suggests that the delayed U-wave timing was
caused by some factors directly related to myocardial hypertrophy, rather than to the delayed activation of the Purkinje
fibers.

.. Theories of U-Wave Genesis

... Repolarization of Purkinje Fibers

Since the AP duration in the Purkinje fibers is longer than in the ventricular muscle fibers, it has been suspected that the
U wave may be caused by the repolarization of Purkinje fibers. One of the difficulties with this concept is the small mass
of the conducting tissue. Lepeschkin [] listed the following observations, which would be difficult to reconcile with
the Purkinje fiber theory:
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. Amphibia have U waves but no Purkinje fibers;
. The configuration of the normal U wave does not conform to the Purkinje fiber repolarization pattern because the

descent is longer than the ascent; (> Fig. .) and
. Dependence on mechanical events as exemplified by the relation of the U wave to the preceding P wave during

atrioventricular dissociation, bradycardia, postextrasystolic pauses, exercise, digitalis, and catecholamines.

Additional arguments against the Purkinje fiber theory are as follows:

. The time difference between the end of the T wave and apex of the U wave is nearly constant within the range of heart
rates between – min−; in this range, the AP duration differences between Purkinje and ventricular fibers should
be greater when the rate is slower;

. In patients with right bundle branch block, the timing of the U wave correlated better with the presence of RVH than
with intraventricular conduction []; and

. The results of Kishida et al. [] showed no consistent difference between the direction of the U-wave vector in the
presence of right bundle branch block and left bundle branch block.

... Ventricular Repolarization Theory

If it is assumed that the U wave arises from a delay in repolarization in some portion of the ventricle, e.g., the papillary
muscle, then the corresponding deflection must be designated as a part of the T wave rather than a U wave. However, if
the terminal repolarization is prolonged, the U-wave amplitude may be increased owing to superposition of the T wave
and U wave. In these cases, the deflection corresponding to the timing of the U wave may become the most prominent
component of ventricular repolarization.

... Mechanoelectrical Coupling

This is the most likely cause of a U wave of normal amplitude. It has been shown that stretch prolongs terminal repolar-
ization in single fibers [] and therefore may be expected to produce an ECG deflection after the T wave. Its vector may
be determined by the sequence of ventricular relaxation. Changes in U-wave polarity may be attributed to changes in the
sequence of relaxation. This would explain the mechanism of U-wave inversion in patients with hypertension or aortic
regurgitation. In patients with acute ischemia, changes in U-wave polarity may be explained by an abnormal relaxation
pattern during protodiastole known as protodiastolic shortening or “aftercontraction.”

Recently, further support for a mechanoelectrical mechanism as the cause of inverted U waves has come from Choo
and Gibson []. They studied the relationship between ECG hypertrophy and ventricular function using M-mode
echocardiography and apex cardiography in  patients with LVH.Thirty eight of these cases had secondary ST–T changes
together with U-wave inversion,  had LVH with ST–T changes, and  had LVH without ST–T or U-wave changes.
The main findings were that U-wave inversion was related to a prolonged isovolumic relaxation period, delayed mitral
valve opening relative to minimum cavity dimension, and reduced diastolic wall thinning rate. In the absence of U-wave
inversion, LVH with secondary ST–T changes was weakly related to diastolic abnormalities.The authors noted that when
U-wave inversion was present, a significant increase in transverse dimension occurred (almost one-third of the total
for diastole) during the period between minimum dimension and left ventricular filling. Since the volume was constant
during this period, other dimensionsmust have reduced, “implying the presence of incoordinate relaxation.”ThusU-wave
inversion appears to be linked to a mechanical event, the latter being thought by Choo and Gibson to be the more likely
primary cause, if indeed there is a mechanoelectrical coupling.

Recently, Di Bernardo andMurray explored the hypotheses of U-wave genesis in a computer model of left ventricular
repolarization, which exhibited an afterdepolarization. They investigated separately the effect of the amplitude of the
afterpotential, dispersion of repolarization, and the timing of the afterpotential relative to the principal component on
the -leadelectrocardiogram.They found that delaying repolarization in different regions of the heart could not explain
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the U wave. However, U-wave polarity and other characteristics of the U wave could be explained by the presence of
afterpotentials. In their model, U-wave inversion correlated with an abnormal afterpotential timing [].

Further studies are needed to clarify the genesis of normal and abnormal U waves.
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. Physiologic and Biochemical Processes Responsible for the
Electrocardiographic Alterations During Myocardial
Ischemia andMyocardial Infarction

The dominant effects of ischemia during the first few minutes are cellular K+ loss, extracellular K+ accumulation, and
acidosis, resulting in rapid depolarization, inexcitability, and loss of active tension development. After a latency period of
several minutes, there is a second phase of K+ loss, increase in free cytosolic Ca+, electrical cell-to-cell uncoupling, and
development of ischemic contracture [].

Normally, the cell maintains a balance between influx and efflux of K+.The influx occurs mainly through the Na+/K+
pump that has been assumed to function normally within the first –min of ischemia [, ].Thus, the increase in extra-
cellular K+ must be attributed to an increased K+ efflux taking place passively as a consequence of the K concentration
gradient and through gatedK+ channels. One of the suggested causes of K+ loss is the intracellular acidosis causing efflux
of inorganic phosphate and lactate and carrying K+ out of the cells [, ]. Increased K+ efflux contributes to shortening
of the action potential (AP) [–]. There is evidence that the KATP channel plays an important role in the K+ loss during
myocardial ischemia [].

The restingmembrane potential (RMP) decreases withinminutes after experimental coronary occlusion [–]. Dur-
ing acute global ischemia in the perfused guinea pig heart, the RMP decreased within min from − to −.mV.This
degree of depolarization could be accounted for by an extracellular K+ level of mM.This means that RMP approached
the estimated K equilibrium potential [].

Along with depolarization, the upstroke velocity of the AP decreases. A frequent precursor of the loss of excitability
(when the RMP falls below about −mV) in the ischemic myocardium is electrical alternans.

During the healing phase of myocardial infarction (MI), encompassing the first  weeks, the fibers in the surviving
epicardial muscle are arranged in closely packed fascicles but an increase in fibrous tissue sometimes separates individual
muscle fibers. The RMP and AP amplitudes are frequently decreased, but in most surviving fibers RMP is more nega-
tive than − to −mV, implying that the slow conduction depends on the depressed sodium current rather than on
calcium current []. Conduction velocity in the epicardial zone overlying the infarct is decreased as a result of the above-
mentioned depressedNa channel and altered anatomical fiber arrangement []. Atmost sites, within the infarcted region,
the effective refractory period is prolonged with depressed excitability and increased dispersion of both excitability and
refractoriness [, ].

The characteristics of APs of the surviving endocardial cells from human infarcts have been studied in tissues resected
during cardiac surgery. In all aspects, the APs, the extracellular electrograms, and the structural abnormalities have
resembled the respective counterparts from the experimental animal models [].

. Systolic and Diastolic Currents of Injury

> Figure .b in the preceding chapter shows two mechanisms of ST segment displacement encountered in myocardial
ischemia: first, the shortening and decreased amplitude of the AP, and second, depolarization, i.e., less negative resting
membrane potential. The shortening and decreased amplitude causes potential differences during repolarization that is
electrical systole, and this results in a systolic current of injury. The depolarization causes potential differences during
electrical diastole and results in a diastolic current of injury. The left arrow in > Fig. .b shows that the potential dif-
ference produced by the systolic current of injury displaces the ST segment and the right arrow shows that the potential
difference produced by the diastolic current of injury displaces the baseline. Both effects influence the ECG in the same
manner (see below).

. ST Segment Deviations Arising from Epicardial or Endocardial Injury

> Figure . is a diagrammatic representation of the effects of epicardial and endocardial injury on the ST segment in
the standard limb or anterior precordial leads of the ECG. Epicardial injury may cause elevation of the ST segment and
depression of the baseline, whereas subendocardial injury may cause the depression of the ST segment and the elevation
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Diastolic

Systolic
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⊡ Figure .

Diagram illustrating the effects of subepicardial and subendocardial injury on the ST segment and the baseline of the elec-

trocardiogram. The direction of the arrows indicates the flow of the injury current and not the direction of the ST segment

vector. For explanation see text. With permission from Surawicz B and Saito S: Exercise testing for detection of myocardial

ischemia in patients with abnormal electrocardiograms at rest. Am. J. Cardiol., ;: –.

of the baseline.The conventional ECG recorded with alternating current (ac)-coupled amplifiers does not reveal displace-
ment of the baseline and therefore does not differentiate between the ST segment displacement caused by the systolic and
that caused by the diastolic current of injury [].

Studies using the magnetocardiogram which records the same currents as the ECG but, unlike the ECG, responds to
direct current, have been helpful in separating the systolic from the diastolic “current of injury” [].Themagnetocardio-
gram also showed that ST depression during exercise-induced ischemia is a result of baseline shift, produced by a steady
injury current which flows during the entire cardiac cycle but is interrupted during the ST interval [].

Several studies have shown that the major change after coronary occlusion in dogs is the “diastolic injury current”
owing to depolarization in the ischemic areas, while the shortening of AP during acute ischemia makes only a small
contribution to the ST segmentdisplacement. In the isolated perfused pig heart, TP (baseline) depression occurredwithin
.min and ST elevation within min after occlusion of the left anterior descending (LAD) coronary artery [, ]. It has
been shown that the injury current arises at the ischemic border [] which in the study of Coronel et al. [] consisted
of interdigitated normal and ischemic zones sharply demarcated from each other. Potential gradients at the “electrical
border” between the ischemic and normal myocardium in the dogs during LAD coronary artery occlusion measured
–mV [].

In patients with acutemyocardial infarction, isopotential body-surface mapping has shown early appearance of repo-
larization potentials, i.e., −.+/−:.ms before the end of the QRS complex in patients with anterior infarction and
.:+/−.ms before the end of the QRS complex in patients with inferior infarction []. The topographic config-
uration of the isopotential maps was relatively simple, and in patients with both types of infarction, the pattern was
compatible with a single-dipole equivalent cardiac generator []. For additional discussion of the systolic and diastolic
injury currents, see > Chap. .
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Acute injury pattern is an electrocardiographic term that defines an abnormal ST segment elevation in  or more
adjacent standard  leads except lead aVR. The term is derived from an injury current flowing between an injured, i.e.,
depolarized tissue and a normally polarized tissue (see above). The most common cause of injury current and the cor-
responding injury pattern is acute myocardial ischemia, e.g., during thrombotic, embolic, or spastic coronary occlusion.
It needs to be emphasized that acute injury is not synonymous with acute myocardial infarction (MI). An acute injury
pattern may appear as a precursor of MI, concomitantly with a pattern of acute MI, or in the presence of pre-existing
MI pattern. Transient injury current producing a similar ECG injury pattern may result from pressure exerted by the
pericardial fluid during acute pericarditis.

As a rule, the vector of the deviated ST segment is directed toward the site of ischemia. Thus, ischemia or infarction
of the anterior wall causes ST segment elevation in the anterior precordial leads, whereas ischemia or infarction of the
inferior wall causes ST segment elevation in the “inferior leads” (see below).

An ST segment depression in the anterior precordial leads usually indicates a subendocardial or nontransmural
ischemia or infarction unless it is reciprocal to ST segment elevation in leads II, III and aVF (see below).

Kornreich et al. [] used  leads to construct body-surface potential map in  patients with acute myocardial
infarction. They found that the most abnormal ST segment elevations and depressions at each location of myocardial
infarction were localized outside the standard precordial lead positions. This study supports the prevailing notion that
larger numbers of electrodes such as employed during mapping of the torso can improve the diagnostic accuracy of
the ECG.

. Localization of the Site of Ischemia

.. AnteriorWall Myocardial Infarction and Occlusion of Left Anterior Descending (LAD)
Coronary Artery

In patients with acute injury associatedwith anterior MI, ST segment elevation is usually present in leads I, aVL, variable
number of precordial leads (usually –), and occasionally in lead II. Examples of various types of anterior MI, i.e.,
anterior, anterior-superior, anterolateral, and anterior-inferior are shown in> Figs. .–.. Differences in type depend
to some extent on the site of left anterior descending (LAD) coronary artery occlusion.

Birnbaum et al. [] attempted to predict the level of obstruction of the LAD artery in patients with acute anterior
infarction. The culprit lesions were proximal to the first diagonal branch of the artery in  patients and distal to that
artery in  patients. When the ST segment was elevated in the anterior precordial leads, the presence of ST segment
elevation in leads I and aVL was predictive of a proximal lesion in % of cases; its absence was predictive of a distal
lesion in %. The presence of reciprocal ST segment depression in the inferior leads was also suggestive of a proximal
lesion (> Figs. .–., > ., and > .). In agreement with the above observations, unpublished studies from the
author’s laboratory showed that the ST segment elevation after the LAD occlusion distal to the takeoff of the first septal
perforator and the first diagonal artery usually involves leads V– (> Fig. .), whereas a more proximal obstruction
involves, in addition, leads aVL and/or V– (> Figs. .–.).

In patients with an anterior MI, ST segment elevation in lead V occurs less frequently than in leads V and V. The
presence of ST segment elevation in lead V suggests that the conal branch of the right coronary artery is either absent or
small and therefore does not reach the intraventricular septum []. Conversely, the absence of ST segment elevation in
leadV during acute anterior MI suggests the presence of a large conal branch of the right coronary artery protecting the
septum from a transseptal MI [].

Occlusion of the LAD artery “wrapped” around the apex could be recognized by the presence of ST segment elevation
and Q wave in the “inferior” leads during the early stage of infarction [] (> Fig. .).

In patients with anterior MI, reciprocal ST segment depression is present usually in leads III and aVF
(> Figs. ., > ., > ., and > .) and often in lead aVR (> Figs. ., > ., and > .). Reciprocal ST segment
depression tends to be absent in lead aVF when the LAD coronary artery is occluded distally [].

Occlusion of the first diagonal branch of LAD coronary artery causes ST elevation mainly in leads I and aVL and
fewer changes in the precordial leads [–] (> Fig. .).
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⊡ Figure .

Electrocardiogram of a -year-old man with acute anterior-superior myocardial infarction caused by total occlusion of left

anterior descending coronary artery proximal to the first septal perforator and the first diagonal branch; there was also %

occlusion of the first obtusemarginal branch of the left circumflex artery and %occlusion of the right coronary artery. Kine-

sis involved largeportionof theanteriorwall and theapex.with an estimated left ventricular ejection fractionof %. In (a): ST

elevation in leads aVL and V–, with reciprocal ST depression in leads III and aVR. In (b): one day later “pseudonormalization”

with slight ST elevation in the leads V– and T wave inversion in lead aVL as the only abnormalities. In (c): on the following

day when chest pain resolved. ST elevation and T wave inversion in leads I, aVL and V– with reciprocal ST depression in the

leads III, aVF compatible with the evolution of the infarction pattern. Incipient T wave inversion in leads a VL, V–.
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⊡ Figure .

Electrocardiogram of a -year-old man with acute anterior-superior myocardial infarction caused by “very proximal” total

occlusion of left anterior descending coronary artery before first septal perforator. Other lesions included: % occlusion of

the proximal left circumflex artery and %proximal occlusion of the right coronary artery., Large portion of the anteriorwall

including apex was akinetic with an estimated left ventricular ejection fraction of %. In (a): Q waves in leads aVL, V–, ST

elevation in I, aVL and V– with reciprocal ST-depression in leads II, III, aVF. In (b),  h later after percutaneous intervention:

Q waves in aVL, V–, slight residual ST deviation with an incipient T wave inversion in lead V.

Occlusion of the main septal branch causes ST elevation in leadsV and V and reciprocal ST segment depression in
leads II, III, aVF,V, andV. Assali et al. [] observed that persistent ST segment depression in leadsV– in survivors of
anterior MI was associated with increased left ventricular filling pressure and a restrictive left ventricular filling pattern.

. Inferior Wall MI

In the presence of acute injury associated with inferior MI, ST segment is elevated in leads II, III, aVF, and, occasionally,
in leads V– (> Figs. . and > .).

It has been reported that ST segment elevation in lead V occurred in all cases of left circumflex artery occlusion;
and ST elevation in lead VR was present in % of cases with occluded right coronary artery []. In one study [],
the presence of ST segment elevation in lead V in patients with acute inferior myocardial infarction was associated with
larger infarct size and greater incidence of complications. Also, mortality in patients with inferior MI was increased when
maximal ST segment elevation occurred in leads V– and not in lead III []. ST segment elevation in lead VI may be
caused by the presence of right ventricular MI which can be suspected also when in the presence of anteriorMI reciprocal
ST segment depression in lead VI is absent [–].
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⊡ Figure .

Electrocardiogram of a -year-old womanwith anterolateralmyocardial infarction (MI) caused by total occlusion of left ante-

rior descending coronary artery in midportion associated with –% occlusion of the co-dominant left anterior circumflex

artery. Anterior wall and apex were akinetic with an estimated left ventricular ejection fraction of %. In (a): Q waves with

ST elevation in leads I, aVL, V– and reciprocal ST depression in aVR. In (b)  days later after an emergent percutaneous inter-

vention evolution of ECG pattern of anteriorMI with Twave inversion in leads I, aVL and V–. Residual ST elevation is present

in the above leads.
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ΙΙΙ aVF V3 V6

⊡ Figure .

Electrocardiogram of a -year-old woman with acute anterior and inferior myocardial infarction caused by complete occlu-

sion of left anterior descending coronary artery proximal to the first septal perforator and to the first diagonal branchwithout

appreciable abnormalities in the remaining large coronary branches. A large portion of anterior wall was akinetic, including

apex and an adjoining area of the inferior wall with an estimated left ventricular ejection fraction of %. Note Q waves and

ST elevation in leads II, III, aVF, V– and incipient T wave inversion in leads II, III, V–. No reciprocal ST depression in the

available leads.
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⊡ Figure .

Electrocardiogram of a -year-old woman with acute anterior myocardial infarction caused by “very proximal” total occlu-

sion of left anterior descending coronary artery without appreciable obstructions in the remaining large coronary branches.

Substantial portion of the anterior wall was akinetic, including the apex, and the estimated left ventricular ejection fraction

was %. On top: Q wave and ST elevation in leads I, aVL, V– and reciprocal ST depression in leads III, aVF and aVR. At the

bottom h later ECG is normal after percutaneous intervention.
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⊡ Figure .

Electrocardiogram of a -year-old woman with acute anterior-superior-lateral myocardial infarction caused by occlusion of

proximal left anterior descending coronary artery and occlusion of first marginal branch of left circumflex artery. There was

severe anteroapical hypokinesis and mild inferior hypokinesis with estimated left ventricular ejection fraction of %. In A.

before intervention Qwave in lead V, ST elevation in I, aVL, V– with reciprocal ST depression in leads III, aVF.



  Ventricular Repolarization in Myocardial Ischemia and Myocardial Infarction: Theory and Practice

Ι aVR V1 V4

ΙΙ aVL V2 V5

ΙΙΙ aVF V3 V6

⊡ Figure .

Electrocardiogram of a -year-old woman  day after an acute anteriormyocardial infarction (MI) caused by occlusion of left

anterior descending coronary arterydistal to the first septal perforator and to the first diagonal branch. Othermajor coronary

brancheswere freeof disease. Therewas apical andadjoining inferiorwall hypokinesiswith estimated left ventricular ejection

fraction of %Note: Q waves in leads V–, small Q in lead V, ST elevation in leads V–V and T wave inversion in leads I, aVL

and V–. This is an example of a relatively small MI with symmetrical negative T waves present in a larger number of leads

than the leads with Q waves and ST elevation.
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⊡ Figure .

Electrocardiogram of a -year-old woman caused by complete occlusion of a large diagonal branch of the left anterior

descending (LAD) coronary artery; there was also a %occlusion of the proximal LAD coronary artery; other major coronary

branches were free of disease. Ventriculogram revealed anterior and apical akinesis with estimated left ventricular ejection

fraction of %. Note: ST elevation in leads I, aVL, V– with reciprocal ST depression in leads III, aVF and aVR.

Reciprocal ST segment depression is usually present in leads I and aVL, often in one or more precordial leads, and
predominantly in leads V– [] (> Fig. .). The presence of ST depression in lead V indicates either a reciprocal
change alone or an association with posterior wall MI.

In a study of , patients with inferior MI, ST segment depression in the precordial leads was present in .% of
cases []. Reciprocal ST segment depression occurred more frequently in patients with larger MI, greater wall motion
abnormalities, and was associated with higher mortality [, ]. The magnitude of the sum of ST depression voltage in
leadsV– added significant independent prognostic information with the risk of -daymortality increasing by % for
every .mV of precordial ST segment depression [].

In the study of , patients with inferior MI who took part in the Global Utilization of Streptokinase and TPA for
Occluded Arteries Study (GUSTOI-I), subjects with maximum ST segment depression in leads V– had more often
three-vessel disease than those without precordial ST segment depression or those with ST segment depression in leads
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Electrocardiogramof a -year-oldmanwith acute inferior andposteriormyocardial infarctionattributed toocclusionofmid-

right coronary artery and mid-left anterior circumflex artery. Left anterior descending coronary artery was free of disease.

There was inferior, lateral and posterior hypokinesis with an estimated left ventricular ejection fraction of % Electrocardio-

gram shows Qwave in leads II and III with tall R waves in leads V–, ST elevation in leads II, III, aVF and ST depression in leads

aVR, V–.
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⊡ Figure .

Electrocardiogram of a -year-old woman with documented acute myocardial infarction of inferior wall and right ventricle

caused by total occlusion of proximal right coronary artery associated with nonobstructive disease of left circumflex and

left anterior descending coronary arteries. Note: ST elevation in leads II, III, V– with reciprocal ST depression in leads I, aVL

and V–. The course was complicated by ventricular fibrillation, intraaortic balloon insertion and emergent coronary artery

bypass surgery.

V–V []. Patients with maximum depression in leads V– had larger infarction as estimated by peak creatine kinase,
probably due to posterior or posterobasal extension [].

. Differences Between Inferior MI Caused by Right and Left CircumflexOcclusion

In patients with inferior myocardial infarction caused by occlusion of the right or the circumflex coronary artery with ST
segment elevation in leads II, III, and aVF, the presence of additional elevation of ST segment in the “lateral” precordial
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leads (V, V) and/or leads I and aVL was a fairly sensitive and specific marker for left circumflex coronary artery
occlusion [] which accounts for about % of cases of inferior MI [].

In these patients, ST segment in lead I is more likely to be isoelectric or elevated rather than depressed as in most
patients with occluded RCA [].

Huey et al. [] compared the ECGsof  consecutive patientswith acuteMI caused by left circumflex artery occlusion
with those of  patients with right coronary artery (RCA) occlusion. In the patients with inferior MI, the presence of ST
segment elevation in one or more of leads I, aVL,V, andV was highly suggestive of the left circumflex artery occlusion.

Depression of ST segment in leads V–, as shown in > Fig. ., tends to indicate large posterolateral perfusion
defect [, ] and is more often associated with occlusion of circumflex artery (%) than of RCA occlusion (%) [].
Chia et al. [] found that an ST II/III ratio of  or an isoelectric ST segment in lead I represented sensitive and specific
markers of left circumflex artery occlusionwhereas an ST II/III ratio < (ST segment elevation in III greater than in II) and
ST depression in lead I were sensitive and specific markers of RCA occlusion. Bairey et al. [] reported that ST segment
elevation in the lateral leads identified circumflex artery occlusion as the cause of inferior MI. In patients with inferior
MI, ST segment elevation in lead III exceeding that in lead II, particularly when combined with ST segment elevation in
leadV is predictive of occlusion of the RCA proximal to the acutemargin of the heart. Herz et al. [] reported the same
results with an added finding that in patients with RCA occlusion reciprocal ST depression in lead aVL was greater than
in lead I.

. Lateral, Inferior Lateral and PosterolateralMyocardial Infarction

Localization of ST segment elevation and reciprocal ST segment depression varies in patients with lateral MI, depending
on the extent and location of the MI. Typically, ST segment elevation in patients with inferior-lateral MI is present in
leads II, III, aVF, and V. In many cases, however, ST elevation extends to the right of lead V, i.e., leads V–. However,
the lead with maximal ST segment elevation is usually V or V. Reciprocal ST segment depression may be present in
leads I, VI, aVL, and V– but may also be absent.

In patients with posterolateral MI, ST segment elevation is either absent or present in leads V–. Reciprocal ST
segment depression occurs usually in leads V–. Elevation of ST segment >mm in leads V and V correlated with an
artery (right or circumflex) supplying a large territory of themyocardiumwith an expected high ischemic burden []. ST
segment elevation in posterior leads V through V in patients with an inferior MI was associated with a high incidence
of posterolateral wall motion abnormalities, large infarct size, low left ventricular ejection fraction, and high incidence of
adverse effects after discharge [].

In patients with a so-called true posterior MI, i.e., without ECG evidence of inferior and/or lateral MI, ST segment
elevation may be present in leads V– and reciprocal ST segment depression in leads V– []. Routine recording of
leads V– has been recommended in patients with suspected MI but non-diagnostic -lead ECG [–].

In patients with high lateral MI caused by occlusion of the left circumflex coronary artery, the ST segment is usually
elevated in leads I, aVL, and V– and is depressed in leads III, aVF, and, occasionally, in lead VI. An abnormally tall R
wave in lead V-consistent with posterior infarction – also suggests left circumflex artery occlusion.

. Acute Injury Pattern in the Right Precordial Leads and Right Ventricular

Infarction and Other Causes

Isolated infarction of the RV free wall seldom occurs [, , ]. Symptomatic RV MI causing serious hemodynamic
complications is usually associated with an acute MI of the inferior or inferoposterior wall. Pathologic studies showed
that RV infarction is present in –% of patients with inferior LV Q-wave MI, but no major RV MI is seen in hearts
with isolated anterior MI [, –]. A small portion of the RV, however, was involved with equal frequency in anterior
and inferior (posterior) LV infarction.

ST segment elevation in the right precordial leads VR and VR usually signifies presence of RV MI []. In patients
with RVMI, ST segment elevationmay extend to additional right precordial leadsVR and VR [–] and sometimes
to precordial leads V–V [] (> Fig. .).
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In the presence of inferior MI, diagnosis of RV MI is supported by a discordant pattern of ST segment elevation in
V and ST segment depression in V []. ST segment elevation in leads VR–VR may be present in patients with acute
anterior MI but will seldom extend to lead VR []. Also, when the ST segment elevation caused by acute anterior MI is
present in leadsVR toVR, themagnitude of ST segment elevationdiminishes fromVR toVR whereas in the presence
of RV MI, ST segment elevation is either the same or increases from VR to VR [].

Lead VR appears to be most useful among precordial leads in recognition of RV MI. Zehender et al. [] found ST
segment elevation in lead VR in  (%) out of  consecutive patients with acute inferior infarction. Using autopsy
findings, coronary angiography, hemodynamic measurements, and noninvasive imaging, they found that ST segment
elevation in lead VR had a sensitivity of % and diagnostic accuracy of % in the diagnosis of the associated acute
RVMI.

Braat et al. [] emphasized the transient nature of the ST elevation in the supplementary leads because this finding
was no longer present within  h after the onset of chest pain. Saw et al. [] reported that ST elevation in III > II was
more sensitive than ST elevation in lead VR in diagnosing RVMI. Menown et al. [] found that body surface mapping
provides improved classification of patients with acuteMI of inferior wall, right ventricle, and posterior wall as compared
with right ventricular or posterior leads alone.

In patients with RSR’ pattern in the right precordial leads and absent anterior infarction, ST segment elevation may
be caused by septal ischemia, or by RVMI [–]. Other causes of such pattern where the ST segment elevation include
the syndrome associatedwith sudden cardiac death described by Brugada [] and arrhythmogenic right ventricular dys-
plasia. The Brugada syndrome [] consists of RBBB, persistent ST segment elevation in leads V– and sudden cardiac
death affecting predominantly male gender. Some forms of this syndrome are intermittent and asymptomatic with tran-
sient normalization of the ECG. Typically, the ST segment elevation has a saddle back or a coved appearance []. The
elevation is augmented by selective stimulation of alpha adrenergic or muscarinic receptors or by class A antiarrhythmic
drugs [] and vagal activity [] but reduced by beta adrenergic stimulation or alpha adrenergic block []. Many of
these patients have no evidence of structural heart disease. Similar ECG pattern was present in young male Southeast
Asians who died unexpectedly during sleep [] and in patients with familial cardiomyopathy (arrhythmogenic RV dys-
plasia) involving the RV and the conducting system [–]. Common to these conditions is QRS widening confined to
selected leadswith ST segment elevation and normal QRS duration in remote leads such as I andV [].Most commonly,
ST elevation occurs in leads V–, but cases with ST elevation in the inferior leads have been reported [].

In patients with RV dysplasia, the shape of the terminal QRS portion in the right precordial leads has been likened to
the Greek letter epsilon. The pattern of right bundle branch block with ST segment elevation in the right precordial leads
is not entirely specific for either right ventricular ischemia or Brugada syndrome becausemore often it is present in other
conditions [].

. Left Main Coronary Artery Obstruction

In two studies of patients with anterior MI, ST elevation in aVR greater than in lead V was found to be predictive of left
main coronary artery obstruction [, ]. This requires further confirmation.

. Coronary Spasm, Unstable Angina Pectoris, and Non-Q-WaveMyocardial
Infarction∗

Acute injury pattern is the diagnosticmarker of coronary spasm, and the lead distribution of ST segmentdeviation during
coronary spasm is the same as during myocardial ischemia caused by other types of coronary occlusion. ST segment
elevation has been reported also in patients with syndrome x, normal coronary angiograms, and suspected spasm of
coronary arterioles []. In patients with unstable angina pectoris [] and non-Q-wave MI [], acute injury pattern is
present in the minority of cases.

∗Current nomenclature; non-ST elevation myocardial infarction (NSTEMI)
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. ST Segment Changes as a Guide to Thrombolytic and Percutaneous
Intervention Therapy

The indication for an emergent thrombolytic therapy of a suspected acute MI is based on the presence of ST segment
elevation greater than .mV in two limb or two or more anatomically contiguous precordial leads. In the cases of pre-
existing ST segment elevation such as in LBBB, the same rule applies when the availability of the basic pattern allows the
recognition of the ST shift [] (> Fig. .).

Regression of ST segment elevation parallels recanalization [–], and incomplete resolution of ST segment eleva-
tion is a powerful independent predictor of early mortality [–]. Also, in patients with acute MI treated with direct
angioplasty, a rapid decrease of ST segment elevation was observed in patients with myocardial reperfusion, but not in
those with no-reflow phenomenon []. Re-elevation of ST segment is a sign of limited myocardial salvage and suggests
extensive myocardial damage [–]. In some cases, in the presence of anterior ischemia, transient increase in ST seg-
ment elevation (attributed to adenosine release) preceding and following the decrease during the first hour has no adverse
consequences [, ]. The magnitude of ST segment elevation, measured as a sum of ST-shift voltages, is related to the
severity of myocardial ischemia and not to the size of the area at risk [], but the localization of the ST segment elevation
predicts the site of the future loss of QRS voltages.
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Electrocardiogram of a -year-old man with left bundle branch block (LBBB) and acute anterior myocardial infarction (MI).

In (a), in addition to secondary ST and T changes of LBBB, there is primary ST elevation in leads V−-indicative of acute injury

pattern. No reciprocal STdepression is discernible. In (b), after percutaneous intervention, primary ST elevation subsided, but

primary T-wave inversion in leads V– is compatible with evolution of anterior MI pattern.
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The depression of the ST segment may be reciprocal or indicative of an additional, presumably subendocardial
ischemia. Shah et al. [] evaluated the prognostic significance of the resolution of ST segment depression in patients with
acute MI after thrombolytic treatment. They compared patients with ST segment depression resolving simultaneously
with ST segment elevation (simultaneous group) and patients with ST segment depression persisting after ST segment
elevation resolution (independent group). In-hospital mortality was significantly higher in the independent group than
in the simultaneous group and a control group without ST segment depression. In other studies, early resolution of ST
segment elevation was associated with improved wall motion [] and salvage index [].

. ST Segment Shift During Percutaneous Coronary Angioplasty

Balloon occlusion of the coronary artery during angioplasty lasts usually from  to min.The behavior of ST segment dur-
ing PTCA is the same as during spontaneous myocardial ischemia but the magnitude of ST segment elevation expressed
in percent of QRS amplitude tends to be smaller. Also, the average number of leads with ST segment elevation and those
with reciprocal ST segment depression tends to be smaller during PTCA than during acute ischemia. The maximal ST
segment elevation during balloon occlusion of LAD coronary artery is located in lead V, V, or V [], and during
occlusion of RCA in the lead III. During occlusion of diagonal branch of LAD coronary artery maximal ST segment
elevation may be located in lead aVL. The results of occlusion of left circumflex coronary artery vary. In about one third
of cases, ST segment shift in the standard  lead ECG is absent, in another third, ST segment elevation is present in one
or more standard leads, and in the remaining one third of cases there is ST segment depression in leads V– which is
believed to represent a reciprocal change of ST segment elevation localized in the back [].

In theory, the absence of ST segment displacement at the site of presumed acute injury may be due to cancellation
by a contralateral ST segment displacement in an opposite direction but in practice such mechanism is difficult to verify.
The nonhomogeneous intensity of ischemia detracts from the accuracy of localizing the site of ischemia. Thus, it has
been shown that a balloon occlusion of the partially stenotic left anterior descending coronary artery caused a reversible
ST segment elevation in the left precordial leads when the collateral circulation was poor or absent. However, the same
procedure in similar patients with good collateral circulation produced ST segment depression in the same leads [].
Studies during coronary artery angioplasty showed that the site of impaired perfusion could be identified with greater
accuracy using a larger array of precordial leads. For instance, ST segment elevation in the left axillary and back leads
was specific for occlusions of left circumflex and diagonal branches.The ST segment elevation in leadVR was present in
% of cases with occluded right coronary artery. It has been shown that in patients with acute first anterior myocardial
infarction caused by left anterior descending coronary artery lesion, treated with rapid reperfusion by angioplasty, the
ST segment behavior has a predictive value. Kobayashi et al. [] found that the recovery of the left ventricular systolic
function was better in patients in whom ST segment elevation resolved than in those in whom it did not. Also, Santoro
et al. [] reported that reduction in ST segment elevation after direct coronary angioplasty was the only independent
predictor of left ventricular function recovery. In a more recent collaborative CADILLAC study of  patients with
prior percutaneous intervention (PCI), ST segment resolution was found to be a strong independent predictor of both
survival and freedom from reinfarction []. Watanabe et al. [] found that persistent ST segment elevation present
min after primary percutaneous transluminal coronary angioplasty was a highly specific electrocardiographic marker
of impaired reperfusion in patients with acute MI. Also in the study by Feldman et al. [], incomplete (<%) res-
olution of ST elevation was a marker of more extensive myocardial damage. It has been suggested to use ST segment
resolution as a surrogate end point in reperfusion trials of acute myocardial infarction []. Microvascular injury has
been suspected to be the cause of persistent ST segment elevation after primary angioplasty for acutemyocardial infarction
[, ].

. Persistent ST Segment Elevation After Myocardial Infarction

Persistent ST segment elevation that lasts more than  month after the onset of acute MI is the most helpful sign of
nonviable myocardium []. The mechanism of such ST segment elevation is poorly understood. A prevailing hypoth-
esis attributes ST displacement to an injury current generated during systole at the junction of the aneurysm with
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Electrocardiogram of a -year-old woman recorded  years after anteriormyocardial infarction and development of a large

calcified ventricular aneurysm with an apical thrombus and an estimated left ventricular election fraction of %. The left

anterior descending coronary artery was atretic and diffusely diseased whereas the left circumflex and the right coronary

artery harbored mild luminal irregularities. Note: Q waves in leads I, aVL, V– and ST elevation in the above leads as well as

in leads V–.

the surrounding myocardium. According to this theory, the outward (paradoxical) bulging of the aneurysm produces
undue tension at the junction of the aneurysm and normal tissue, resulting in injury (depolarization) of the surviving
myocardium next to the border of the aneurysm [].

After healing of myocardial infarction, ST segment elevation persists in about % of patients with anterior infarc-
tion (> Fig. .) and in about % of patients with inferior myocardial infarction []. Persistent ST segment elevation
correlates with the presence of asynergy. It has been shown that ST segment elevation developed during balloon infla-
tion coincident with the new appearance of hypocontractility in a region of previously normal motion [] and that
there was a close association between the magnitude and extent of ST segment elevation and the extent of asynergy [].
The most sensitive marker for anterior wall hypocontractility was ST segment elevation in lead V and for inferior wall
hypocontractility ST segment elevation in lead III.

The widely held notion that the persistent ST segment elevation is a marker of ventricular aneurysm has not been
supported by the recent studies. Radionuclide imaging has shown similar global and regional wall motion abnormali-
ties in patients with and without persistent ST segment elevation after myocardial infarction []. If the aneurysm is
defined as a “full thickness scar that exhibits a localized convex protrusion during both phases of the cardiac cycle,”
two-dimensional echocardiography showed that the persistent ST segment elevation correlates with dyskinesia rather
than with aneurysm []. The well established relation between the persistent ST segment elevation and the paradoxical
motion of left ventricular (LV)myocardium [], suggests that stretchmayplay role in the process, but themechanismby
which stretch, might cause ST segment displacement has not been elucidated.The study of Toyofuku et al. [] supports
the hypothesis that stretch can cause ST segment elevation in the absence of ischemia. These investigators reported that
in patients with arrhythmogenic right ventricular dysplasia (ARVD) who had no coronary artery disease, ST segment
elevation was induced by exercise. In their study, significant ST segment elevation in the right precordial leads developed
in  of  (%) patients with severe right ventricular asynergy; the finding proved to be helpful in diagnosing ARVD
noninvasively.

In some patients with dyskinesis, the ST segment becomes elevated after exercise and after cardiac surgery. The phe-
nomenon of ST segment elevation reappearing during exercise-induced ischemia has been reproduced in pigs with a
-month-old MI []. In this model, acute ischemia adjacent to chronic infarction induced ST segment elevation at the
surface of the scar despite the virtual absence of viable tissue in the infarction.This suggests a passive ST segmentpotential
transmission from the ischemic peri-infarction area through the infarction.
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. Aneurysmectomy

The results of aneurysmectomy have not helped to locate the site of abnormal potential differences [–]. In one study
of  ECGs with ST segment elevation before aneurysmectomy, the pattern remained unchanged in .%, improved
in .% and became more pronounced in .% of cases after aneurysmectomy. The average ST segment amplitude
after aneurysmectomy in several studies was reduced by only one quarter. Engel et al. [] found that after encircling
endocardial ventriculotomy, ST segment elevation was unchanged. This suggested that the ST segment elevation did not
originate in the injured tissue adjacent to the aneurysm. However, the authors admitted the possibility that the encircling
procedure could have created new zones of injury.

Anatomic correlations confirm the angiographic findings. In  cases of autopsy-proven ventricular aneurysm, the
ECG location of the infarction correlated well with the anatomic site of the aneurysm []. Among the patients in whom
the ECG was recorded more than  days after the onset of infarction, % of  patients with an anterior aneurysm
and % of  patients with a posterior (inferior) aneurysm had persistent ST segment elevation in the appropriate leads.
Among  patients with an LV pseudoaneurysm, the incidence of ST segment elevation was % [].

Among patients undergoing surgical resection of a ventricular aneurysm [], the anatomic localization determined
at the time of operation was correctly predicted by the ECG changes. Of  patients,  had abnormal Q waves and  had
persistent ST segment elevation.Those with wide distribution of the abnormal Q waves had large aneurysms, but the size
of the infarction could not be predicted by the magnitude of the ST segment elevation. After aneurysmectomy, there was
usually a decrease in QRS duration and an increase in R wave amplitude. The number of leads with abnormal Q waves
was reduced, and in some cases Q waves disappeared in all leads.The ST segment elevation also tended to decrease, and
in about one third of cases it disappeared after aneurysmectomy. It can be concluded, therefore, that the ECG is a fairly
sensitive tool for detecting ventricular aneurysms, particularly at the more common anterior location.

. ECG Findings Predictive of Cardiac Rupture

Oliva et al. [] retrospectively and prospectively examined ECGs of  patients with cardiac rupture after MI. Patients
with rupture had a significantly higher incidence of pericarditis, which was detectable on the ECG by progressive or
recurrent ST segment elevation in the absence of recurrent ischemia. In patients with anterior infarction, free wall rupture
did not occur when the ECG changes of infarction were confined to leads V and V. When the anterior wall adjacent
to the septum ruptured, the ECG showed changes in leads V through V. Of  patients with an inferior infarction,
 had additional involvement of the adjacent lateral wall, or posterior wall, or both. Altogether,  patients (%) had
multisegment infarcts, with a mid-lateral or high lateral component in %.

Figueras et al. [] examined clinical and ECG features in patients who died of an acute MI with and without LV
free wall rupture. Risk factors of an early rupture included advanced age and first transmural anterior infarction without
conduction abnormalities or heart failure. ST segment elevation on admission was higher in patients with early rupture
( day) than in those with later rupture. On day  the ST segment elevation decreased less in patients with the subsequent
late rupture (> days) than in thosewithout rupture.Among the entire groupof  patientswith rupture, the site of rupture
was anterior in %, posterior in %, and lateral in %. Evidence of pericarditis was rarely seen except for extensive
pericardial adhesions in ten patients who died late (> days). A reported pattern predictive of free cardiac rupture was
ST elevation in lead aVL on admission [] whereas the reported risk factors for the development of ventricular septal
defect were: age, female gender, and absence of previous angina. In another study of patients with anterior infarction, less
ST segment depression in lead III was a predictor of post-MI ventricular septal defect [].

. ST Segment Elevation: Normal Variant and Acute Pericarditis (See > Chap. )

.. Other Causes of ST Segment Elevation

Persistent multilead ST segment elevation is present in patients with spinal cord injury at C to C levels, i.e., lesions
which completely disrupt cardiac sympathetic influences []. These changes were reversed by low doses of infused
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⊡ Table .

Less Common Causes of ST Segment Elevation

Pulmonary embolism and acute cor pulmonale (usually lead III)

Cardiac tumor

Acute aortic dissection []

After mitral valvuloplasty []

Pancreatitis, gall bladder disease [–] and other catastrophic illnesses [].

Myocarditis []

Septic shock

Anaphylactic reaction []

Hyperkalemia (“dialyzable current of injury”)

With any marked QRS widening, e.g., antidepressant drug overdose [] or class IC antiarrhythmic drugs [, ]

After transthoracic cardioversion [, ]

isoproterenol. Although the mechanism of ST segment elevation in these patients has not been clarified, the findings
demonstrate that normal sympathetic tone modulates the course and/or sequence of ventricular repolarization.

Normal “male” pattern with elevated J point and ST segment elevation, mainly in right precordial, is attributed to the
effect of testosterone [] and probably encompasses most cases of a normal variant inappropriately dubbed as “prema-
ture repolarization” (see>Chap. ). Less common causes of ST-segment elevation (> Table .) which are encountered
less frequently than the conditions discussed in the preceding text.

.. Reciprocal ST Changes in AcuteMyocardial Infarction

ST depression in the presence of ST elevation can be a result of either a processwhich caused the injury current responsible
for ST elevation (that is, a true reciprocal change), or the presence of an independent additional area of injury in another
location.Themagnitude and distribution of ST depression in the baseline ECG of patients with acute coronary syndrome
is a strong predictor of cardiac morbidity and mortality []. Existence of reciprocal ST depression is supported by
experimental studies.

In dogs with anterior myocardial infarction following occlusion of the LAD coronary artery, tachycardia increased
ST segment elevation in the anterior precordial leads concomitantly with an increase of reciprocal ST segment depres-
sion []. It has been shown that a subendocardial lesion associated with ST segment elevation in subendocardial
electrograms causes a reciprocal ST segment depression in the epicardial electrograms as long as a layer of nonischemic
epicardial muscle is present. However, when ischemia becomes transmural, ST segment elevation occurs in the epicardial
electrograms [].

During acute ischemia, reciprocal ST segment depression is present in all patients with inferior myocardial infarction
and in % of patients with anterior myocardial infarction. In the cases in which the magnitude of ST segment elevation
is small because the overall amplitude of the complex is low, reciprocal ST segment depressionmay be more conspicuous
than the culprit ST segment elevation.

Echocardiographic studies showed that remote-wall changes did not correlate with reciprocal ST segment depression,
a finding which is compatible with a true reciprocal change []. In other studies, nuclear imaging suggested that recipro-
cal change indicates an additional region of remote ischemia []. Also, angiographic studies performed within  weeks
of acute myocardial infarction in  patients with inferior myocardial infarction showed that patients with anterolateral
ST segmentdepression had larger infarcts and greater incidence ofmultivessel disease []. In the same study, the absence
of reciprocal ST segment depression “virtually precluded multivessel disease.” Also, in patients with anterior infarction,
ST segment depression in inferior leads occurred in % of cases and was associated with more extensive infarction,
increased morbidity and greater incidence of multivessel coronary disease [].

During evolution of inferior-wall infarction associated with ST segment elevation in lead III, an absent or dispro-
portionately small reciprocal ST segment elevation in lead V was suggestive of an associated infarction of the right
ventricle [] (> Fig. .).
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The same principle was shown to be applicable when anterior myocardial infarction caused by occlusion of the left
anterior descending coronary artery was accompanied by ischemia of the inferior wall []. The latter was caused by
either continuation of the occluded left anterior descending coronary artery beyond the apex of the heart onto the inferior
wall of the left ventricle, or left anterior descending coronary artery supplying collaterals to the previously infarcted
inferior wall. Under such circumstances the ST segment elevation in the anterior precordial leads was associated with
either attenuation or reversal of the reciprocal ST segment depression in the “inferior” leads [].

Boden and Spodick [] listed the following causes of ST depression in the precordial leads in addition to recipro-
cal changes in the presence of inferoposterior or inferoseptal or basal (high lateral) acute MI: () myocardial ischemia
or non-Q-wave infarction; () posterior (“transmural”) or posteroseptal acute MI, and () “benign” reciprocal changes
(presumably a normal variant).

. Absence of the Expected Reciprocal ST Segment Deviation

In the presence of the three common types of Q-wavemyocardial infarction, i.e., anterior, lateral, and inferior, ST segment
elevation is usually associated with reciprocal ST depression in one or more of the standard  leads. In the presence of
posterior or anterior subendocardial myocardial infarction, the acute injury pattern is manifested by ST segment depres-
sion in one or more of the standard leads, and the reciprocal ST segment elevationmay be present only in the back in the
case of subendocardial infarction, and may be difficult to detect in the anterior leads in the case of posterior infarction
because of the low amplitude of ST segment deviation caused by remote location of infarction.

The apparent lack of expected reciprocal ST segment depression in the presence of ST segment elevation in one or
more standard precordial leadsmay be attributed to some of the following factors: () Failure to examine leads aVR andV

which are probably relatively close to the posterobasal part of the left ventricle; these leads are often less carefully examined
than the other ten leads, and therefore the differences between normal and abnormal patterns in these leads may be less
recognizable (> Fig. .); () Difficulty of recognition caused by low amplitude of the ventricular complex in the leads
with expected ST segment deviation; () Obfuscation by secondary ST segment deviations caused by intraventricular
conduction disturbance (> Fig. .) or ventricular hypertrophy; common cause is wide terminal QRS deflection in the
presence of incomplete or complete RBBB; () Co-existence of acute anterior and inferior injury patterns; and () Diffuse
ST segment elevation in the early stage of anterior infarction with transient extension of ST segment elevation into the
territory facing the inferior leads. (> Fig. .) Associated pericarditis (> Fig. .); It has been suggested [] that
disappearance of reciprocal ST segment depression or appearance of ST segment elevation in the leads with previous ST
segment depression may facilitate in some cases the diagnosis of infarction-related pericarditis.

. Hyperacute TWave Pattern

Pointed tall or deeply negative “coronary” T waves associated with prolonged QT interval may appear either before or
after the onset of ST segment shift (> Figs. . and> .).These T wave abnormalities are attributed to prolongation of
activity in the ischemic regions of the ventricle [, ]. In some cases the increase in T wave amplitude may be modest
and not easily recognized []. In the presence of posterior infarction tall upright T waves in the precordial leads are
similar to “hyperacute” T waves during acute anterior ischemia but usually are less transient.

. Postischemic TWave Abnormalities

In patients with myocardial infarction or unstable angina pectoris, pointed “coronary” T waves appear when the primary
deviation of the ST segment has begun to subside. This is attributed to prolongation of activity in the regions of the
ventricle immediately adjoining the area of infarction [].The abnormal Twave aftermyocardial infarction is frequently
called the: “ischemic” T wave. However, the same term has been also used to designate the pattern of acute myocardial
ischemia which is associated with shortening of the QT interval and deviation of the ST segment from baseline. Since
lengthening of the QT interval appears later when the injury becomes subacute or chronic, Lepeschkin [] proposed
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Electrocardiogram of a -year-old man with hypertension and three-vessel coronary artery disease. In (a) before coronary

artery bypass operation, ECG shows left ventricular hypertrophy pattern with secondary ST and T changes. In (b) on the first

post-operative day, ST elevation in II, III, V– attributed to postoperative pericarditis. No definite reciprocal ST depression is

discernible. The above ST changes regressed  day later (not shown).

the term “postischemic T wave pattern”. In dogs with myocardial infarction, T wave inversion appears within  to  days
after coronary ligation and is associatedwith an average ms increase in the functional refractory period at the ischemic
site [].This suggests lengthening of the ventricular AP in this area, a finding which is supported by experimental data.
The possible cause of such a lengthening is not known. The proposed theories include changes in the ionic composition
of the partly damaged fibers, a decreased temperature owing to depressed mechanical activity [], or altered function
of repolarizing membrane currents. There is no experimental confirmation of any of these theories. The postischemic
T wave abnormalities which appear during exercise-induced or a spontaneous attack of angina pectoris usually regress
within minutes, but after myocardial infarction, such changes may persist for several days, weeks, months or years.

The vector of abnormal T waves tends to be directed away from the area of abnormal (prolonged) repolarization; that
is negative T waves in leads V–V in anterior infarction in V–V, V in anterolateral infarction in V or V–V and I,
aVL in antero-superior infarction, in I, aVL, andV–V in lateral infarction, in II, III and aVF in inferior infarction and an
upright T waves in right precordial leads in posterior infarction. However, the correlation between the distribution of T
wave abnormalities and localization of myocardial lesions is not as reliable as the correlation between the distribution of
Q waves and the region of myocardial infarction (> Fig. .). Therefore, it is not advisable to attempt to localize regions
of ischemia or fibrosis based on the T wave vector alone in the absence of QRS abnormalities produced by infarction.

In the differential diagnosis of abnormal T wave following T wave characteristics suggest the presence of myocardial
ischemia or non-Q-wave MI: () T wave is preceded by a horizontal ST segment; () T wave is nearly symmetrical and
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deep; () Twave abnormalities occur in several contiguous leads; () QT interval is prolonged.The specificity of diagnosis
increases with the increasing number of the above features. In patients with giant negative T waves (see > Chap. ) the
presence of coronary artery disease is suggested by the absence of left ventricular hypertrophy and the symmetry of the
T wave [].

In most cases, the T wave abnormalities tend to persist longer than the ST segment deviations. Kloner reported that
negative T waves became normal concurrently with the disappearance of wall motion abnormalities within  months
after coronary angioplasty, presumably owing to the recovery of the stunned (hypoperfused) or hibernating (damaged)
but capable of recoverymyocardium [].The primary “coronary” or postischemic Twave pattern without ST deviation,
an abnormal T wave vector, pointed T wave, and prolonged QT interval may appear in patients with various types of
pathologic processes discussed in > Chap. .

. Evolution of ECG Pattern of Acute ST-Elevation Myocardial Infarction (STEMI)∗∗

In a classic sequence of events, during MI the first ECG change is the “hyperacute” T wave followed by ST segment
elevation, Q waves (possibly abnormal R waves), decreased ST segment elevationwith the beginning of T wave inversion,
and return of the ST segment to baselinewith symmetric Twave inversion and a prolongedQT interval.During the course
of the transition from ST elevation to T wave inversion, a stage of pseudonormalization may occur when the ST segment
deviation subsides and the T wave inversion has not yet occurred (see> Fig. .).This classic sequence of events is often
altered in various ways, particularly in patients undergoing thrombolytic therapy or primary coronary angioplasty (see
> Figs. . and > .).

The incidence of transient “hyperacute” T wave changes is low even when the ECG is monitored from the time of
the onset of symptoms.The patterns of ST segment elevation are described earlier. As a rule, the ST segment elevation is
recorded in a larger number of leads than in those with a developing abnormal Q wave.The extent, magnitude, and time
course of ST elevation and the associated reciprocal ST segmentdepression are highly variable. Inmost cases the initial ST
segment elevation decreases markedly during the first  to  h after the onset of chest pain [, ] and subsides within
a few days. Mills et al. [] found that the ST segment elevation resolved within  weeks in % of patients with inferior
infarction and in only % of those with anterior infarction. The modern treatment of acute MI has changed the course
of ST segment evolution, but the significance of persistent ST segment elevation as a marker of suspected ventricular
aneurysm has remained unchanged (see above).

Abnormal T waves are usually more symmetric and more pointed than normal T waves. They are sometimes called
“coronary” T waves and are usually associated with lengthening of the QT interval. Pointed “coronary” T waves appear
before or after the primary elevation of the ST segment has begun to subside. In the presence of an elevated ST segment the
site atwhich theTwave descent begins to form canbe recognizes by the presence of a notch at the summit of repolarization
wave (> Figs. . and > .). When the notch deepens, the negative deflection is formed. This negative deflection has
a characteristic shape known as cove plane T wave []. With the increasing descent of the ST segment, the area of the
negative T wave increases. When the ST segment becomes horizontal, a symmetric sharply inverted T wave of varying
amplitude is inscribed. Such T waves are distinctly different from the secondary T waves of ventricular hypertrophy
or intraventricular conduction disturbances but may be indistinguishable from T wave abnormalities caused by other
processes (> Fig. .; also see > Chap. ).

. Prognostic Implications of Abnormal Repolarization During AcuteMyocardial
Infarction

The absolute magnitude of the ST segment elevation at hospital admission was found to be of significant prognostic
importance []. In patients with an inferior infarction, the amplitude of the ST segment elevation was predictive of in-
hospital development of a high degree AV block []. The degree of reciprocal ST segment depression also was related
to infarct size and mortality independent of the ST segment elevation with both anterior and inferior infarctions.

∗∗Previously known as acute Q-wave MI
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Electrocardiogram of a -year-old woman with pulmonary edema and normal coronary arteries shows deeply inverted

symmetrical T waves of “coronary”configuration in leads I, II, III, aVF and V.
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⊡ Figure .

Electrocardiogram of a -year-old woman before and after carotid endarterectomy with post-operative chest pain. In (a),

normal ECG. In (b), during chest pain ST depression in leads I, II, aVL, V– with reciprocal ST-elevation in leads aVR and V.

See text.

T wave abnormalities also have predictive value [–]. In one study of patients with acute Q-waveMI, those with
ST segment elevation of >mm and positive T waves had large infarcts, but a low incidence of recurrent ischemia [].
In another study [] persistent negative T waves in leads with Q waves in the chronic stage of MI indicated transmu-
ral infarction with a thin fibrotic layer, whereas positive T waves indicated a nontransmural infarct containing viable
myocardium within the damaged myocardium. Tamura et al. [] found that normalization of negative T waves in the
infarct-related leads during healing of acute anterior infarction occurred in patients with small infarct and was suggestive
of functional recovery of viable myocardium. Lanzelotti et al. [] reported that persistent negative T waves after first
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acuteMI were independently associated with a worse outcome whereas Q wave regression was of no long-term prognos-
tic importance. Also among patients with non-ST segment elevation acute coronary syndromes, those with abnormal T
waves had a significantly greater incidence of adverse effects [].

. Angina Pectoris

Stress-induced angina is often associated with ST depression in anterior and inferior leads attributed to subendocardial
ischemia. > Figure . shows that these changes are associated with reciprocal ST elevation in leads aVR and V . This
subject is covered in greater detail in the chapter dealing with stress testing.

. Silent Myocardial Ischemia

Silent myocardial ischemia is observed in patients with asymptomatic coronary artery disease, in patients with symp-
tomatic angina and painless periods and after myocardial infarction [, , ]. Electrocardiographic manifestations
of silent ischemia usually consist of horizontal or downsloping ST segment depression recorded during exercise test or
ambulatory monitoring. Silent ST segment elevation may occur but is uncommon.

The review of literature by Rozanski and Berman [] disclosed that among patients with coronary artery disease,
about one third of the episodes of ST segment depression observed during exercise testing occur silently. Ambulatory
ECG monitoring in patients with history of angina pectoris and an abnormal exercise test showed that about % of
the episodes of ST segment depression are silent. The frequency of silent or symptomatic myocardial ischemia follows a
typical circadian rhythm, with the highest frequency of the episodes in the morning hours [, ].

. QT-Interval

During acute myocardial ischemia QT interval may shorten, lengthen or remain unchanged [].

. UWave

During acutemyocardial ischemia Uwavemay become inverted or increase in amplitude.The former occurs more often.
In patients with anterior infarction, U wave may become inverted in anterior leads and in those with inferior MI in
inferior leads. Transient U wave inversion may be caused, however, not only by regional myocardial ischemia but also by
elevation of blood pressure [, ] (see > Chap. ).
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  The QT Interval

. Introduction

TheQT interval in an electrocardiogram is a global reflection of complex processes governing the repolarization of ven-
tricular myocardium.Most frequent concerns regarding the QT interval relate to its prolongation whereasQT shortening
is relatively rare. QT interval prolongation may result from inherited long QT syndrome (LQTS), but more frequently
is observed in the course of ischemic and nonischemic cardiomyopathies, or can be induced by drugs or abnormal
electrolyte/metabolic disorders [–]. The LQTS is characterized by prolongation of the QT interval on the electrocar-
diogram and is associated with an increased propensity to ventricular tachyarrhythmias that can lead to cardiac events
such as syncope, cardiac arrest, or sudden death [–]. The LQTS is a pure electrical disorder, which became a paradigm
to understand QT interval and repolarization in general, and its role in cardiac electrophysiology. In particular, clinical
observations in LQTS patients and related basic science research have led to a better understanding of the role of repolar-
ization in cardiac arrhythmias and cardiac electrophysiology. Recognition of the association between QT prolongation
and risk of torsades de pointes (TdP) ventricular tachycardia (VT) has lead to increasing interest in evaluating QT pro-
longation as a surrogate marker of cardiac arrhythmias, first in congenital LQTS, second, in drug-induced abnormalities
of repolarization, and in more common conditions as well as in healthy subjects [–, ].

In this chapter, we aim to provide an overview of current concepts on ventricular repolarization and its patho-
physiology, describe clinical and electrocardiographic aspects of QT interval analysis, explore prognostic significance
of repolarization abnormalities, describe clinical aspects of drug-induced repolarization abnormalities, and describe
dynamic features of the QT interval.

. QT Interval and Ventricular Repolarization

.. LongQT Syndrome (LQTS) as a Paradigm for Understanding Ventricular
Repolarization

During the last decades, severalmutations in specific genes encoding cardiac ion channels have been identified in patients
with the congenital form of LQTS [–].Thesemutations cause alterations in the ion-channel proteins leading to abnor-
malities in ion-channel function that prolong ventricular repolarization (> Fig. .). The KVLQT (LQT) gene [, ]
encodes a potassium channel protein (α-subunit) that when coexpressed with a protein (β-subunit) from the minK
(KCNE; LQT) gene produces a reduction in the slowly activating, delayed rectifier (repolarizing) potassium current(IKs). The reduction in IKr (rapidly activating delayed rectifier) current is caused by mutations in the HERG (LQT)
gene [, ] regulating the major pore-forming subunit or by mutations in the MiRP (LQT) gene coding the puta-
tive regulatory subunit of the IKr channel. The SCNA (LQT) sodium channel gene [] mutations cause abnormal
inactivation of sodium channel with an inward leakage of sodium ions during the repolarization phase contributing to
QT prolongation. There are currently  different genes recognized as causing QT prolongation (> Table .). About

Ito1/Ito2
ICaT/ICaL

LQT1, JLN1(KVLQT1)
LQT5, JLN2(KCNE1)

2 IKs
0 IKr

1 ICl 

LQT3
(SCN5A)

3 L
LQT2 (HERG)
LQT6 (minK)

IK1

INa

⊡ Figure .

Schematic presentation of action potential with key ion currents and related long QT syndrome (LQTS) genes.
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⊡ Table .

Genetic types of the Long QT Syndrome (LQTS)

Genotype Chromosome Affected gene Channel protein Ion-channel current

LQT  KCNQ Four α-subunits each with six membrane spanning ↓ IKs
segments

LQT  KCNH Four α-subunits each with six membrane spanning ↓ IKr
segments

LQT  SCNA One α-subunit with  membrane spanning ↑ INa
segments

LQT  Ankyrin-B (ANK) Sodium pump and Na/Ca exchanger INaa

LQT  KCNE β-subunit of KCNQ with one membrane spanning ↓ IKs
segment

LQT  KCNE β-subunit of KCNH with one membrane spanning ↓ IKr
segment

LQT  KCNJ Two membrane spanning segments ↓ IK
LQT  CACNAC One α-subunit with  membrane spanning ↑ ICa

segments

LQT  CAV (Caveolin) Altered gating kinetics of Nav. INaa

LQT  SCNB β-subunit of SCNA with one membrane spanning ↑ INa
segment

LQT  AKAP A-kinaze anchor protein ↓ IKsa

LQT  SNTA Sodium current (SCNA) regulator ↑ INaa

aChannel-related proteins, these are not proteins forming channels

–% of genetically tested patients have mutations found in one of the recognized causative genes []. It is estimated
that among patients with known genotype, LQT and LQT account for the majority (%) of cases of congenital LQTS,
LQT accounts for %, whereas LQT and LQT are extremely rare accounting for less than % of LQTS cases [].
The remaining types of LQTS: LQT [], LQT [], LQT [], LQT [], LQT [], LQT [], and LQT [] are
extremely rare conditions accounting when combined for less than % of clinical LQTS cases, but their importance should
not be underappreciated since they provide crucial insight into mechanisms of cardiac repolarization. Identification of
some of these rare forms has led to recognizing the role of not only ion-channel proteins but also proteins associatedwith
and regulating ion-channel function in repolarization.

.. Ion-Channel Function and Arrhythmogenesis

There are significant differences in repolarization in the various layers of themyocardium, with the epicardial cells having
the shortest action potential duration, endocardial cells having an intermediate duration, and M cells having the longest
action potential duration [–]. QT duration on ECG represents the longest repolarization in the M cell zone. This
physiologic transmural dispersion of repolarization usually does not lead to TdP. However, proarrhythmic states may
arise as a result of specific gene mutations or actions of medications causing selective action potential prolongation in
certain areas of the heart (usually M cells) that lead to increased transmural repolarization gradients (> Fig. .) [].
This increased transmural gradient may contribute to reentrant arrhythmias leading to TdP. It is worth stressing that not
all drugs prolonging repolarization cause TdP. For example, amiodarone is known to prolong QT duration, but since this
drug is not increasing transmural heterogeneity of repolarization (or it might decrease it), TdP is not observed in patients
taking this drug. Similarly, the novel compound ranolazine may increase QT duration but simultaneously decreases het-
erogeneity of repolarization. Interestingly, both of these drugs are mild calcium and sodium channel blockers, which
might contribute to a decreased propensity to proarrhythmias [].
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⊡ Figure .

Proposed cellular and ionic mechanisms for the long QT syndrome. APD, action potential duration; EAD, early after depolar-

ization (Antzelevitch et al. []. © Elsevier Limited. Reproduced with permission).

Recent progress in the understanding of ion-channel structure and function has provided evidence for the mecha-
nisms associatedwith HERG channel and IKr current abnormalities [–]. Numerousmedications cause QT prolonga-
tion by blocking IKr due to their binding affinity to sites within theHERGchannel cavity, while othersmay cause abnormal
trafficking of proteins forming the channel from inside the cell toward the cellular membrane. Abnormal trafficking of
channel proteins may result in a decreased number of channels in the cellular membrane or expression of dysfunctional
channels []. Some of the proteins do not reach the membrane at all, and some reach it as imperfect, defective proteins
that are not fully functional, therefore unable to pass the expected number of potassium ions through the pore of the
channel. LQT patients as well as patients who never had an LQTS diagnosed but might have genetic polymorphism of
HERG protein are particularly prone to developing QT prolongation due to drugs blocking this channel. Other individu-
als with normal function and structure of the channel who develop drug-inducedQT prolongation might have an affinity
to experience an entrapment of the drug molecule within the pore of the channel causing decreased outward potassium
current.

Although dysfunction of different ion channels has been found to cause inherited forms of LQTS, the HERG channel
conducting IKr, the rapid delayed rectifier current, seems to play a critical role in drug-induced QT prolongation and
TdP [, –]. Numerous medications including some antiarrhythmics, antihistamine, antibiotics, psychotropic, and
gastrointestinal prokinetic drugs have been found to block IKr.The reason for so many different drugs blocking the same
channel is found in a different molecular structure and dysfunction of the channel caused by prolonged entrapment of
drug molecules in the channel cavity leading to enhanced binding affinity of the drug to the sites in the channel [–].
The other potassium channels have a protectivemechanism (a proline-X- proline sequence in S domain) that reduces the
volume of the channel cavity precluding drug molecules to be trapped there. The HERG channel does not have proline
residues in the S location and, therefore, this channel is more prone to bind drug molecules inside the channel with
subsequent blocking of the channel and reduction in IKr current. Since not all drugs that block IKr produce TdP, other
mechanisms might be involved in the proarrhythmic response including other actions of the drugs. Amiodarone and
verapamil are examples of IKr blockers that are not associated with increased risk of TdP possibly due to concomitant
blocking of calcium channels or homogenous prolongation of repolarization in various layers of the myocardium.

Transmural dispersion of repolarization seems to play the most important role in arrhythmogenesis in both drug-
mediated and congenital forms of LQTS [, ]. There is a physiologic transmural dispersion of repolarization with
M cells showing the longest action potential duration, epicardial cells the shortest, and endocardial cells intermediate
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Correspondence between changes in QT interval and transmural dispersion of repolarization, and propensity for develop-

ment of torsade de pointes (Antzelevitch et al. []. © Elsevier Limited. Reproduced with permission).

action potential duration. The magnitude of this physiologic transmural dispersion of repolarization is not sufficient to
cause conditions leading to TdP, unless there is selective prolongation of the action potential in one of the layers (M cells)
due to action of drugs or due to a specific genetic mutation (> Fig. .).This excessive prolongation increases themagni-
tude of transmural gradient of repolarization, which may cause functional block and reentry in response to a premature
beat [, ].

. QT Interval

.. QT Interval Measurement

TheroutineQT intervalmeasurements inECGs are used to assess global repolarizationduration.TheQT interval includes
theQRS complex, nevertheless, the entire QT interval is considered as ameasure of repolarization since the repolarization
process already takes place during the QRS complex for early activated regions of myocardium. The QT interval should
be measured from the onset of the QRS complex to the offset of the T wave, defined as a deflection point terminating the
descending arm of the T wave usually at the level of isoelectric line or as the nadir between the T and U waves [, ].
When T and U waves are merged or when the T wave has a bifid appearance with two components of the T wave, clin-
icians might have difficulties where to identify the end of the repolarization segment. In such a case, careful inspection
of repolarization duration in all  leads might be helpful in determining proper approach to quantify QT interval in
such situation, or a QTU duration is sometimes reported with proper acknowledgment that the measurement includes
a second component that might be part of the T wave or superimposed U wave (> Fig. .). In case of repolarization
morphologies with the presence of a second component of T wave or U wave, some investigators suggest using the rule
that U wave usually should be at least ms behind the peak of the T wave, whereas closer deflections might be consid-
ered as the second component of the Twave [, ]. However, there are no systematic data validating this rule.There is no
doubt that complex patterns of repolarization usually reflect more heterogeneous repolarization patterns which are likely
to contribute to arrhythmogenic conditions. Identifying the end of theT wave and measurement of QTmay lead to quite
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⊡ Figure .

QT interval measurement in different T wavemorphologies.

significant differences based on the experience of the reader, as it was shown by Viskin et al. [] who demonstrated that
only about % of internists and % of cardiologists were able to measure it properly in comparison to measurements
done by a group of experts.

.. Lead Selection for QT Duration

Physiologically, the optimal method of measuring the QT in ECG is to take the earliest onset of the QRS complex in
any of  leads and the latest offset of the T wave in any of the  leads, reflecting global duration of the repolarization
process [].This approach is rarely exercised inmanualmeasurements since it is time consuming and inmost cases does
not providemajor benefit on top of routinemeasurements done in lead II. In some cases with borderlineQT prolongation,
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careful investigation of repolarization duration and morphology in all leads might help identify QT prolongation and
repolarization abnormalities.

Automatic algorithms evaluating repolarization duration might also utilize the concept of a so-called global lead
represented as a superimposition of all  leads in the ECG []. The QT interval in such presentation is measured from
the earliest onset of the QRS complex in any lead to the latest offset in any lead verified visually with all T wave ends
superimposed.

The QT duration varies among standard  leads, and QT dispersion has been measured in numerous studies as a
possible marker of arrhythmogenic conditions [, ]. However, due to conceptual and methodological limitations of
QT dispersion, this method has not been approved as a standard tool in clinical practice or in drug studies. Interlead
differences in repolarization morphology rather than just QT duration seem to better reflect the complexity of repolar-
ization process [–]. Interleaddifferences in repolarizationmorphology could be quantified utilizing variousmethods
including principal component analysis, area-based analysis of repolarization segment, and other methods [–].
Principal component analysis of the repolarization segment allows quantifying the length (λ) and width (λ) of the
T wave loop [, ]. The roundness of the T-loop in its preferential plane (λ/λ) has been considered as an index of
increased T wave complexity.

.. Adaptation of QT Duration to Heart Rate

In , Bazett described a curvilinear association between the QT and RR intervals and the formula based on his
observation (QTc = QT/(RR/)) is most frequently used []. The Fridericia’s [] formula (QTc = QT/(RR/))
is increasingly used especially in studies evaluating the effects of medications on the QT interval. Both these formulae
adjust the QT interval to the conditions seen for a heart rate of  bpm. Bazett’s QTc formula has limitations of overes-
timating repolarization duration at fast heart rates and underestimating it at slow heart rates. Fridericia’s formula causes
less misjudgment, however, clinicians are not comfortable in using this formula on a daily basis due to a need of cubic
root equation and more importantly due to limited clinical data on normal values and the diagnostic and prognostic
significance of this measurement. Few other QTc formulae were proposed including () Framingham [] – a more linear
formula (QTc = QT + .( − RR)); () Hodges et al. [] – utilizing the heart rate (QTc = QT + .(heart rate−));
() Rautaharju et al. [] – where QT is entered in milliseconds and where the formula is different for males and females
depending on age: for all females and males < and > years QTI = QT(HR + )/ms and for males – years:
QTI = (×QT)/((/(+ .HR)) + . age− ); and Karjalainen et al. [] – where both QT and RR are entered
in milliseconds, and it varies by heart rate: for heart rate < bpm, QTNc = (QT × )/(. RR + ); for heart rate
– bpm QTNc = (QT × )/(. RR + ); and for heart rate ≥  bpm, QTNc = (QT × )/(. RR + ).
All of these formulas tend to adjustwell for theQT/RR association; however, each has some limitations.TheQTc formulae
provide good estimation of QT duration at heart rates close to the normal resting range of – bpm as observed in the
vast majority of ECGs. However, below and above those limits there could be room for misclassification of the QTc value.
Heart rates below  bpm or above – bpm are usually recorded using Holter recordings and exercise testing and for
these ranges of heart rates, the Fridericia’s (cubic) formula is of preference due to its simplicity of application, although
other more complex formulae including Rautaharju’s or Karjalainen’s could be used.

For evaluation of ECGs recorded off and on a drug, the analysis of QT/RR regression with the subject-specific QT/RR
relationship plots is of increasing use [, ]. One could also use the so-called RR-binmethod that relies onmeasurement
of QT intervals in absolute value for matched RR intervals for recordings off and on drugs without a need of using
correction formulas []. The QT/RR subject-specific method and the RR-bin approach are particularly valuable when
evaluating drugs affecting heart rates.

.. Normal QTc Values for Age and Gender

QT interval duration is different according to age and gender. > Table . shows proposed normal and abnormal
QTc values (using Bazett heart rate correction) by age and gender []. Women and children have longer duration of
repolarization than men (> Table .).
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⊡ Table .

QTc values by age and gender

QTc value (sec) Children – years Men Women

Normal < . < . < .
Borderline .–. .–. .–.

Prolonged > . > . > .

Adapted with permission from Ref [].
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90
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⊡ Figure .

Age and sex-related pattern of QTI (QT index by Rautaharju) (Rautaharju et al. []. © Pulsus Group Inc. Reproduced with

permission).

Rautaharju et al. [] demonstrated that a sex-related difference in QT is due to a shorter QT duration in men than
women at age – years, not because of QT prolongation in women (> Fig. .). Slower heart rate in men is one of the
important factors contributing to this difference, but it is postulated that other important modulators include different
density of potassium ion channels in male versus female myocardium, effects of female hormones contributing to longer
QT duration in women, or possibly the effect of male hormones contributing to their shorter QT duration. Sex-related
differences in repolarization are also observed for parameters describing T wave morphology with men having a steeper
ascending arm of the T wave than women []. Women dominate cases of drug-induced torsade de pointes and long QT
cases in adulthood which is explained by a longer QTc in women than men.

.. QT Prolongation and Risk of Cardiac Arrhythmias andMortality

The risk of arrhythmic events is significantly associated with QT prolongation in LQTS [–]. For every ms increase of
QTc duration, there is % exponential increase of the risk of cardiac events []. Therefore, a patient showing an increase
in QTc duration from  to ms has a % increase in the risk of cardiac events (ms difference indicates . =
.). > Figure . shows the association between QTc interval and risk of aborted cardiac arrest or death in LQTS
patients evaluated during adulthood from age  to  years []. Subjects with QTc > ms are particularly prone to
developing cardiac events. Genotype–phenotype correlations indicate that about a third of LQTS carriers have normal or
borderline QTc values [–]. These observations indicate that the magnitude of QTc duration is not the sole factor when
evaluating the risk of arrhythmic events. In the case of drug-induced QTc prolongation, the QTc duration above ms
or prolongation by more than ms in response to a drug indicates an increased risk of TdP [].
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Cumulative probability of cardiac events by QTc duration in adult LQTS patients (Sauer et al. []. © Elsevier Limited.

Reproduced with permission).

QT prolongation is also considered as a risk factor in non-LQTS subjects. The Rotterdam Study [], a prospective
population-based cohort study of ,men and , women aged  years and older, demonstrated that an abnormally
prolonged QTc interval (>ms in men, >ms in women) was associated with a threefold increased risk of sudden
cardiac death after adjustment for age, gender, bodymass index, hypertension, cholesterol/high-density lipoprotein ratio,
diabetes mellitus, myocardial infarction, heart failure, and heart rate (> Figure .). The Framingham study did not
show an association of baseline QTc prolongation with total mortality, sudden death, or coronary mortality []. The
Cardiovascular Health Study [], on the other hand, showed an association between a QTc interval of >ms and total
mortality, and in the Strong Heart Study [], a QTc interval of ≥ ms was associated with a twofold increased risk of
cardiac and total mortality.

Data regarding the predictive value of QT interval prolongation in patients with coronary disease and heart failure
are controversial [–]. In a recent study of Attar et al. [],  individuals underwent diagnostic coronary angiog-
raphy of whom  (.%) died or had a nonfatal myocardial infarction during -year follow-up. In multivariate analysis,
QRS duration, extent of coronary disease, and prolonged corrected QT peak interval were independently associatedwith
events.However,most of the studies are not able to confirm practical usefulness of QT prolongation for predicting cardiac
events in patients with underlying coronary disease and cardiomyopathy since these conditions alter repolarization and
QT prolongation is reflecting more a severity of the disease than the risk of cardiac events [–].

.. Changes in T waveMorphology

The T wave morphology varies among LQTS patients and this variation could be related to the type of affected ion chan-
nel, the magnitude of ion-channel dysfunction, as well as other factors including age, heart rate, and the status of the
autonomic nervous system. It has been recognized that specific genetic types of LQTS could be associated with distinct
ECGpatterns of repolarization []. > Figure . shows specific patterns associatedwith distinct genetic types of the dis-
order: LQT characterized by wide, broad-based T waves, LQT usually showing low-amplitude and frequently notched
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Risk of sudden death andQTc in elderly subjects enrolled in the Rotterdam study (Straus et al. []. © Elsevier Limited, Oxford,

UK. Reproduced with permission).

Twaves, and LQT characterized by a relatively long ST segment followed by a peaked, frequently tall, T wave.The abnor-
mal T wave morphology might be particularly useful in diagnosing patients with borderline QTc duration (–ms).
In such patients, presence of an abnormal (notched, flat) T wave may indicate the possibility of LQTS.

The HERG gene mutation encodes the IKr current (the current most frequently affected by drugs) and is associated
with decreased T wave amplitude with increased presence of notches [, ]. Similar observations could be made when
evaluating drug-induced changes in repolarization. Drug-induced changes in T wave morphology reflect changes in the
transmural gradient of repolarization with propensity to arrhythmogenesis (> Fig. .) [, ].Therefore, identification
of drug-induced changes in repolarization morphology in clinical studies should always trigger attention since those
changes may indicate a propensity to proarrhythmia.

. Drug-Induced QT Prolongation

Numerous cardiac and noncardiac drugs have been found to prolong the QTc interval duration and cause TdP
(> Table .). Most of them directly block the IKr current, while others exert such action if administered together with a
drug affecting the function of the cytochrome P- enzymatic system.The quinidine-induced sudden deaths and subse-
quently the results of the CAST trial brought further attention to the proarrhythmic effects of antiarrhythmic drugs [].
In the early s, the adverse effects of terfenadine (an antihistamine drug) brought much attention to the possibility of
noncardiac drugs being associated with torsade de pointes and sudden cardiac death []. Terfenadine, an anithistamine
agent, blocks the IKr current (also blocking sodium current and the L-type calcium channel) causing a mean ms QTc
prolongation, which should not have clinical implications. Cardiac events were reported in patients taking terfenadine,
almost exclusively when used in combination with other medications (ketoconazole, antibiotics) also metabolized by the
same enzymatic system of the cytochrome P- A. Such a combination causes increase in plasma concentration of
terfenadine due to inhibition of its metabolism by a concomitantly administered drug with subsequent substantial QTc
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T wave morphology in ECG recordings from leads II, aVF, and V from patients with LQT, LQT, and LQT  (Moss et al. [],

© American Heart Association, Dallas, Texas, Reproduced with permission).

⊡ Table .

Drugs that prolong the QT interval

Category Drugs

Antihistamines Astemizole, terfenadine

Anti-infectives Amantadine, clarithromycin, chloroquine, erythromycin, grepafloxacin, moxifloxacin, pentamidine,
sparfloxacin, trimethoprim-sulfamethoxazole

Antineoplastics Tamoxifen

Antiarrhythmics Quinidine, sotalol, procainamide, amiodarone, bretylium, disopyramide, flecainide, ibutilide,
moricizine, tocainide, dofetilide

Antilipemic agents Probucol

Calcium channel blockers Bepridil

Diuretics Indapamide

Gastrointestinal agents Cisapride

Hormones Fludrocortisone, vasopressin

Antidepressants Amitriptyline, amoxapine, clomipramine, imipramine, nortriptyline, protriptyline

Antipsychotic Chlorpromazine, haloperidol, perphenazine, quetiapine, risperidone, sertindole, thioridazine,
ziprasidone, doxepin, methadone

prolongation (>ms inmajority of reported cases) and TdP. Among noncardiac drugs, several antipsychotic drugs block
IKr current and cause QTc prolongation and some of them were reported to be associated with sudden death [].

Based on transmural recordings from perfused wedge preparations [, ] it was postulated that the peak of the
recorded T wave coincides with the end of repolarization in the epicardium and the end of the T wave with the end of
repolarization in the M cell zone, thus measurement of the T peak – T end duration and its ratio to the QT interval
was proposed to reflect transmural dispersion, at least in the experimental setting. Liu et al. [] applied this approach
effectively in laboratory conditions identifying drugs prone to induce TdP > Figure .. > Figure . shows drug-
induced changes in the TpTe/QT ratio for drugs known to cause QT prolongation and TdP in comparison to drugs with
no such effect. These findings provide the foundation for applying T wave morphology for identifying patients prone to
developing TdP.

Drug-induced QT prolongation and TdP usually occur in susceptible individuals; > Table . lists common fac-
tors predisposing to QT prolongation and TdP []. Females have faster resting heart rates and longer QTc intervals than
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Transmural dispersion of action potentials and changes in T wave morphology on ECG. (a) Normal T wave with normal

transmural gradient of repolarization. (b) Biphasic T wave: increase in transmural gradient with end of endocardial action

potential coinciding with negative phase of T wave. (c) Inverted T wave: epicardial layer shows longest repolarization dura-

tion contributing to increased and inverted transmural gradient. (d) Polyphasic T wave with markedly increased transmural

gradient: negative phases of T wave coincide with end of action potential in endocardial and M cell layers (Emori et al. [].

©Wiley–Blackwell. Reproduced with permission).

men, and not surprisingly about %of cases of drug-induced TdP are found inwomen [].The elderly and patients with
underlying heart diseases (cardiomyopathies), those with electrolyte abnormalities, especially hypokalemia and brady-
cardia, are at particularly increased risk for drug-induced QT prolongation and TdP. In some patients, there is evidence
for a genetic predisposition to drug-induced QT prolongation although there are not yet data supporting that all cases
are genetically predetermined [].

The Food and Drug Administration (FDA) in the United States and the Committee for Proprietary Medicinal Prod-
ucts (CPMP) of the European Agency for the Evaluation of Medicinal Products mandate evaluating the potential QT
prolonging effects of all new drugs undergoing regulatory approval [, ]. Each drug has to be evaluated individually
after full considerations of risks associated with the drug in relationship to benefit of the drug for the population at risk.
A number of drugs which show some QT prolonging effects in Phase I or Phase II studies might require further testing
in a so-called Thorough QT Study. The Thorough QT Study consists of repeated monitoring of QT and RR parameters
as well as T wave morphology during administration of a tested drug and during administration of moxifloxacin, an
antibiotic with known QT prolonging effect considered as a positive control (to validate the ability of the ECG core lab
to detect the expected repolarization changes). Drugs with QT prolongation showing upper confidence intervals exceed-
ing ms might require additional safety measures during the next phases of development, possibly requiring specific
labeling about the QT prolonging effect, or may not be recommended for entering the market.

. Dynamics of QT Interval

The QT interval may be influenced by several factors including heart rate, sympathovagal balance, metabolic and elec-
trolyte changes, disease entities, or drugs. Heart rate dependency of the repolarization process represents a form of
repolarization dynamics appreciated already in the s by several researchers including Bazett and Fridericia who
described the QT/RR relationship and established the first heart rate correction formulae [, ]. It is well accepted
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Maximal drug-induced change in TpTe/QT ratio at concentrations <-fold of their free therapeutic plasma concentration.

The black bars represent the compounds that resulted in significant QT prolongation accompanied by the development of

EAD, R-on-T extrasystoles, and torsades de pointes (TdP); the gray bars represent the compounds that led to a significant

increase in the QT interval but without EAD and EAD-dependent phenomena; and the blank bars represent the negative

compounds. ∗ indicates p < . when compared with the control value of the compound (Liu et al. []. © Elsevier Limited.

Reproduced with permission).

⊡ Table .

Factors associated with increased risk of QT prolongation and torsades de pointes (TdP)

Prolonged QTc

Female sex

Advanced age

Bradycardia

Hypokalemia

Hypomagnesemia

Congestive heart failure (low EF)

Cardiac arrhythmias

Combinations of drugs (cytochrome P enzymes inhibitors)

Genetic polymorphisms of gene coding cardiac ion channels or enzymes in liver metabolising drugs

that during controlled exercise the uncorrected QT interval shortens with decreasing RR intervals. In case of progres-
sively increasing or decreasing heart rate, the QT interval shows a linear correlation with heart rate within physiological
limits. However, in cases of abrupt RR changes, the QT interval does not change adequately, and a lag of QT adaptation
to changing heart rate is frequently observed. It is also recognized that RR interval changes in the form of a “short–long
cycle” may precede the onset of VT. The presence of this sequence might prolong action potential duration (reflected as
QT prolongation on surface ECG), facilitating early after depolarizations and triggering TdP VT.
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Advances inHolter technology in recent years have allowed for continuous tracking ofRR intervals and corresponding
QT intervals and brought an increased interest in the analysis of the dynamic behavior of repolarization. Changes in not
only duration but also inmorphology of theQT interval have been exploredwithin the last decade.This dynamic behavior
of repolarization could be evaluated by identifying specific patterns of the QT and RR intervals’ relationship in long-term
recordings, by measuring beat-to-beat QT or T wave variability, and by measuring : pattern of variability defined as
T wave alternans (TWA) [].

.. Methods to Assess QT/RR Dynamics

Adjustment of the QT to changing heart rate is a dynamic phenomenon consisting of fast adaptation and slow adaptation
phases. Franz et al. [] showed that after a rapid change in heart rate, the fast adaptation phase of repolarization usually
lasts – s followed by a -min slow adaptation. This adjustment also seems highly individual and among other fac-
tors is dependent on the nature of heart rate changes. Repolarization adapts faster to increasing heart rate than it does to
decreasing heart rate.This differential response is known as repolarization hysteresis [].Measures of repolarization hys-
teresis are proposed for diagnosing LQTS patients who usually show a larger difference in QT duration between exercise
and recovery than control subjects [].

Several methods have been developed to describe the dynamicity of repolarization [–], however, QT/RR slope is
increasingly used,mainly due to incorporation of the algorithm into commercial Holter software. Repolarization dynam-
ics are then measured by the slope of the linear regression between QT and RR intervals (> Fig. .). To compute the
QT/RR slope, RR and QT intervals included in - or -s epoch of ECG are calculated and averaged to diminish pos-
sible influence of erroneous measurements and to decrease the effect of sudden and short-acting changes in RR on QT
interval duration []. These averaged QT and RR intervals may be then linearly fitted from the period of prolonged
recording, typically  h of Holter. Measurement of slope is usually performed separately for both the QT apex (QTa)
and QT end (QTe). In contrast to the short beat-to-beat QT interval adaptation and hysteresis, the QT/RR slope refers to
overall behavior of QT in response to changes in RR. Steeper slope indicates excessive prolongation of QT at longer RR
cycle lengths and adequate or excessive shortening of QT at shorter RR cardiac cycles (> Fig. .). Flat slope indicates
that QT interval is less dependent on the RR cycle and fails to adequately shorten at faster heart rates (shorter cycle).
Both of these features might contribute to an increased risk of arrhythmias. Steeper QT/RR indicates decreased vagal
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Example of repolarization dynamics measured by QT/RR slopes.
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tone and increased sympathetic activity, whichmight contribute to a higher vulnerability of myocardium to arrhythmias.
At the cellular level, sympathetic stimulation prolongs ventricular refractoriness.Therefore, abnormalQT slope represents
increased vulnerability of myocardial substrate to its modulation by the autonomic nervous system. Lengthening of the
QT at slower rates might be associated with arrhythmogenic increase in dispersion of refractoriness in the myocardium
while excessive shortening of QT at fast heart rates might facilitate arrhythmia by diminished heterogeneity of refrac-
toriness. QT dynamics reflects both the rate dependence of ventricular repolarization as well as the modulation of this
dependence by a variety of factors such as autonomic nervous system, hormones, metabolic equilibrium, disease entities,
and drugs. As significant diurnal variation of QT/RR was reported, QT/RR is usually evaluated separately for day and
night time [].

.. Clinical Factors Influencing QT/RR Slope

QTdynamicity is known to be influenced by a variety of clinical covariates. Advanced agewas related to abnormal QT/RR
dynamicity in healthy subjects [], however, in patients with cardiac diseases, as shown in other studies, this relationship
was absent or weak [, ]. It is most likely that advanced age and underlying heart disease influence repolarization
parameters to a higher degree than age itself. Gender-related changes in repolarization parameters have been reported
for several decades showing that women have longer QTc interval duration, and that women are more prone to develop
torsade de pointes arrhythmias. Consequently, women tend to present higher QT/RR slopes than men, suggesting that
QTdynamicity (both QTandRRduration) is influenced not only by autonomicnervous tone but also by other factors like
hormones, and gender-specific differences in repolarizing currents [, , , ]. Hormone-related changes in QT/RR
behaviorwere observed in subsequent phases of menstrual cycle [] as well as during estrogen replacement therapy [].

The QT/RR slope was found to be a strong marker of existing cardiac pathology. Abnormal QT dynamicity was
observed in different populations including patients with long QT syndrome, ischemic heart disease, dilated and hyper-
trophic cardiomyopathy, congestive heart failure, mitral valve prolapse, hypertension, TakoTsubo syndrome, obstructive
sleep apnea, or diabetes – all of the settings known to present some degree of impaired autonomic nervous system
control [–].

Merri et al. [] were the first to develop aHolter-based algorithm to assess the QT/RR relationship, and to report that
patients with LQTS have a significantly increased relationship between repolarization duration and preceding sinus cycle
length with an exaggerated prolongation of QT interval at slower heart rates. In this relatively small study,  subjects
with LQTS were compared with ten matched healthy volunteers. Each RTm interval (the interval from R peak to the
maximum amplitude of a T wave) was coupled to the RR interval of the preceding beat to avoid problems related with
identification of Q wave onset and T wave end. The mean value for RTm/RR slope was significantly (p = .) higher
in LQTS patients (. ± .) than in normal subjects (. ± .) (> Fig. .).

An abnormal QT/RR relationship indicates an exaggerated delay in repolarization with prolonged cycle length. In
these cases, the T wave of the beat immediately following a long pausemay have a bizarre configuration and prolongation
of the QT interval, and reflect the presence of afterdepolarizations contributing to triggered ventricular arrhythmias.
This pattern may explain bradycardia-related occurrence of TdP in LQTS patients. In patients with LQTS heterogeneous
channel, abnormalities may contribute to differences in the QT/RR relationship. Some reports indicate that patients with
LQTS may be characterized by flatter than normal QT/RR slopes [].

Lower values of QTa/RR (QTa – QTapex duration) slopes were observed in patients with idiopathic ventricular fibril-
lation (VF) [, ]. The decrease in QT/RR slopes was particularly prominent at night time, which may contribute to
the nocturnal occurrence of VF in this subset of patients. On the other hand, inappropriate QT shortening at higher rates
may also result in a lower slope. A similar pattern with significantly reduced QT/RR slopes at night time was observed
also in patients with Brugada syndrome.Of note,QT/RR slopes were significantly decreased in patients with spontaneous
Brugada syndrome as compared to those with induced Brugada ECG pattern [].

Coronary artery disease may influence repolarization dynamics by alteration of the autonomic nervous system as
well as by structural changes in myocardium. Among patients with coronary artery disease, higher slopes are observed in
patients with multi-vessel as compared to single-vessel coronary patients []. In patients with diseased hearts, impaired
dynamicity of repolarization may be related to the degree of left ventricular dysfunction and may progress with severity
of symptoms in patients with heart failure [, , ]. In general, patients with congestive heart failure present steeper
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Mean regression RTm/RR lines for one normal subject (N) and  patients with LQTS. The RTm/RR slope is significantly larger

in the LQTS patients than in the normal subjects (Merri et al. []. © American Heart Association, Dallas, Texas. Reproduced

with permission).

slopes not only than healthy subjects but also than those with coronary disease [].This finding may be related to both
more advanced structural changes expressed by low ejection fraction and also by coexisting impairment of the autonomic
nervous system. Alteration in autonomic nervous system functioning may also explain the loss of the typical night–day
variation in QT/RR slope reported in healthy subjects (> Fig. .).

Studies on the influence of reperfusion treatment on repolarization dynamics provide further insight into the poten-
tial mechanism underlying the observation about the relationship between steeper QT slopes and arrhythmic events
in postinfarction patients. Bonnemeier et al. [] found that in patients with first acute myocardial infarction under-
going PCI procedures, the QT/RR slopes were significantly increased in patients with TIMI  flow subgroup whereas
they remained constant in those with complete reperfusion. Patients with increased QT/RR slopes after PCI more fre-
quently presentedwithmajor arrhythmic events during a -year follow-up.Therefore, the authors concluded that impaired
QT dynamicity reflects an altered electrical restitution after incomplete reperfusion PCI, potentially providing a sub-
strate for life-threatening arrhythmias. Such an incomplete reperfusion might affect ventricular repolarization by directly
influencing electrophysiological properties or interplaying with autonomic nervous tone (> Fig. .).

.. Prognostic Value of QT/RR Slopes

Evaluation of the repolarization process limited to QT interval duration in a surface ECG only may not correspond to
what happens in the period directly preceding malignant arrhythmias. Abrupt changes in QT behavior were observed
in patients with life-threatening arrhythmias on Holter monitoring. Singh et al. [] reported an abrupt increase in the
QT/RR slope associated with a prolonged QTc and reduced heart rate variability in the interval immediately preced-
ing the onset of VF that led to cardiac arrest in a -year-old man with hypertension and chronic renal failure. QT/RR
slope increased from . at min before VF to . as observed min before cardiac arrest (> Fig. .). Simi-
larly, Sredniawa et al. [] described an abrupt increase in QT/RR slope (from . to .) in the period preceding
a burst of frequent ventricular ectopic beats on Holter monitoring in coronary patients with documented cardiac arrest
due to sustained VT. Transitory QT lengthening may express a temporal imbalance of the autonomic nervous system
that may lead to heterogeneity of the ventricular refractory periods and may predispose to the development of reentry
phenomena.
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Circadian modulation of QTm rate dependence in control patients (top panel) and in CHF patients (bottom panel). In the

CHF group, the physiological circadian modulation of QTm rate dependence is lacking. CHF: congestive heart failure; solid

lines: diurnal period; dotted lines: nocturnal period (Faber et al. []. © Wiley–Blackwell. Reproduced with permission from

reference).

Several investigators evaluated the prognostic value of QT dynamics in predicting cardiac and arrhythmic events. In
, Extramiana et al. [] compared postinfarction patients with a history of VT and positive programmed electrical
stimulation with a control group without VT history, negative electrophysiologic study and arrhythmia-free -year sur-
vival after myocardial infarction. The analysis showed significantly enhanced QT dynamicity in postinfarction patients
with a history of VT. In this group, QT/RR slopes were much higher than in control subjects within the three assessed
circadian periods (awake, sleep, morning awakening). Furthermore, the difference was even more pronounced during
awaking hours – a period considered as the high-risk time for sudden death occurrence (. vs. . in VT and con-
trol groups, respectively). Of note, neither static QT parameters nor HRV parameters, potentially indicating abnormal
autonomic nervous system modulation, could differentiate the VT group from controls.

Strong evidence of the prognostic value of QT/RR slopes in prediction of sudden death was provided by the GREPI
study (Groupe d’Etude du Pronostic de l’Infarctus du myocarde) published in  []. This multicenter, prospective
study including  patients with acute myocardial infarction demonstrated that abnormal QT/RR evaluated nine to
 days after infarction is an independent risk marker for sudden death during an average -year follow-up. As no normal
limits of QT/RR exist, patients with QT/RR values corresponding to upper quartile were arbitrary defined as a high-risk
subgroup. Steeper QT/RR slope (>. during daytime) was associated with total mortality as well as with sudden death,
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QT/RR slope, in the first hour after PCI, and in interval fromhour  to  after PCI in patientswith TIMI  and  flow (Bonnemeier

et al. [], © American Heart Association, Dallas, Texas. Reproduced with permission).

indicating that excessive shortening at fast rates and/or excessive lengthening at slow rates may contribute to arrhythmic
events (> Fig. .).The increased QT/RR slope was the most powerful predictor when tested simultaneously with clini-
cal variables in the Coxmultivariatemodel. It is worth emphasizing that the hazard ratio for sudden deathwas three times
higher than for mortality of all causes (hazard ratio: . vs. ., respectively). At the same time, other ECG stratifiers
like SDNN and late potentials did not provide any prognostic information. Interestingly, only daytime, but not nighttime,
QT slopes were predictive for events during follow-up.

In the EMIAT (European Myocardial Infarct Amiodarone Trial) study, QT dynamicity was assessed in postinfarction
patients with LVEF <= % and was compared between patients with arrhythmic cardiac death (ACD) and non-ACD
during a mean of  months follow-up []. The QT slopes were significantly higher in the cardiac death group, but
only increased morning QT/RR slope differentiated patients with arrhythmic versus non- ACD (QT/RR slope: .
vs. ., respectively). Therefore, QT dynamicity not only discriminated postinfarction patients who died of cardiac
death from survivors but also predicted the type of death. Other data from the EMIAT trial indicated that chronic amio-
darone treatment affects the QT/RR relationship and the lack of treatment-related QT/RR changes predicts arrhythmic
death [].

Another study in postinfarction patients [] documented higher QT/RR slopes in patients who died versus sur-
vived during a -year follow-up (. vs. ., p < .). As in this case, increased QT/RR slope was associated with
high risk of mortality and sudden death only in univariate analysis, the authors developed an additional novel parame-
ter: QT/RR variability ratio, defined as SDQT/SDNN remained the only significant multivariate risk stratifier among all
studied repolarization measures.

Several noninvasive Holter-based parameters were documented as strong risk markers in postinfarction patients, but
arrhythmic risk stratification in patients with dilated cardiomyopathy and/or heart failure is still an open, unanswered
issue. Even though the majority of noninvasive parameters predicts arrhythmic events in post-MI patients, these param-
eters fail to be independent markers in patients with DCM, and data in patients with heart failure are scarce and
conflicting.

Pathak et al. [] demonstrated that increased QT/RR slope (>.) assessed over  h was predictive for sudden
death in patients with chronic heart failure class II–III due to ischemic (%) or idiopathic (%) cardiomyopathy with
mean LVEF %. It is worth emphasizing that similar to studies in postinfarction patients, abnormal QT dynamicity was
more related with sudden death than with total mortality. The hazard ratio of -h QT dynamicity (QTe) was over %
higher for sudden death than for total mortality (HR = . vs. . in univariate analysis). A study byWatanabe et al. []
confirmed that impaired QTdynamics is an independent riskmarker in patients with heart failure followed for an average
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Half-hourly distribution of electrophysiological parameters assessed preceding cardiac arrest. SDRR: standard deviation of

the consecutive RR intervals over -min segments; SDA-QT: standard deviation of the average of consecutive uncorrected

QT intervals over -min segments; QTc: corrected QT interval; QT/RR: the slope of the regression line between the QT and RR

intervals (Singh et al. []. © BMJ Publishing Group Ltd. Reproduced with permission).

of  months. Similar to other studies increased QT/RR slope (>. over the day) was a stronger predictor of sudden
death than cardiac death (HR . vs. ., respectively).

Analysis of repolarization dynamics was performed in the MUSIC study [], which analyzed  patients with mild
to moderate heart failure (% with ischemic cardiomyopathy; mean LVEF %). The mean value of QTa/RR slope was
. and QT/RR was .. During the -month follow-up there were  deaths including  sudden deaths. Non-
survivors were characterized by steeper QT/RR slopes. In this study, increased QT/RR slopes during the daytime (>.
for QTa and >. for QTe) were independently associated with increased total mortality during an average -month
follow-up (hazard ratio = . and . for QTa and QT, respectively) (> Fig. .). None of the dynamic repolarization
parameters was associated with increased risk of sudden death.
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Event-free curves of total mortality (left) and sudden death (right) according to daytime slope of QTe/RR using the Kaplan

Meier method (Chevalier et al. []. © Wiley–Blackwell. Reproduced with permission).
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Probability of death according to the QTe/RR slope value in patients with congestive heart failure (Cygankiewicz et al. [].

©Wiley–Blackwell. Reproduced with permission).

Independent prognostic value of QT dynamicity in patients with idiopathic dilated cardiomyopathy was reported
by Iacoviello et al. [] who found that abnormal QT dynamicity was significantly associated with arrhythmic events
(VT/VF or SCD) during a mean -month follow-up. At multivariate analysis only the QT slope (>.) decreased LVEF
(Left Ventricular Ejection Fraction) and nsVT (non-sustained Ventricular Tachycardia) were independent predictors of
poor outcome.

In summary for the section on QT/RR dynamics, there is increasing evidence that abnormal QT/RR slope is a power-
ful predictor of cardiac events,mainlymortality in various groups of patientswith ischemic heart disease andnonischemic
cardiomyopathies. Modern Holter technology provides algorithms for computing QT/RR slope automatically with very
much needed preprocessing and filtering that aims to decrease the effects of outliers and effects of instantaneous changes
of QT and RR behavior. However, it is worth pointing out that apart from the overall pattern of QT/RR behavior, there is
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Conceptual link between ECGmeasures ofmyocardial vulnerability: QT/RR relationship, T wave (or QT) variability and T wave

alternans (TWA) (Zareba []. © Wiley–Blackwell. Reproduced with permission).

an increased interest in exploring beat-to-beat changes in the QT interval (QT variability), especially since such instan-
taneous changes might lead to development of life-threatening ventricular tachyarrhythmias. QT dynamics expressed as
overall QT/RR slope representing overall underlying substrate for arrhythmia might be complemented by analysis of QT
variability reflecting transient changes in vulnerability of myocardium to arrhythmias.

. QT Variability

TheQT interval being influenced by a variety of factorsmay change not only in terms of its duration but alsomorphology.
QT variability is an ECG phenomenon consisting of beat-to-beat changes in repolarization duration and morphology
appearing without the : pattern typical for TWA. These beat-to-beat changes in the T wave amplitude and shape as
well as in QT duration, similar to what was observed in the case of QT dynamics, can be analyzed by several novel
computerized ECGmethods enabling for detection and quantification of subtle,microvolt-level changes, which otherwise
remain undetected by the naked eye.

In a healthy heart, there is some small level of beat-to-beat variation of action potential duration which could be
elevatedby autonomic stimuli, a disease process, or effects of drugs [].TheQT variability is dependent on bothQT and
RR duration and either QT prolongation, RR shortening, or both occurring simultaneously might contribute to excessive
QT variability and in the case of further challenges to TWA (> Fig. .). Along the line of this concept, TWA occur in
most of the healthy subjects if heart rate exceeds – bpm, and this is why exercise-induced TWA are evaluated in a
range of heart rates not exceeding  bpm.

.. Methods of QT Variability Assessment

In , Berger and coworkers published a new method to assess the QT variability which they named QT lability [].
A time-stretching algorithm was developed to quantify changes in repolarization duration and morphology. Beat-to-
beat QT interval variability was measured on the basis of -s records of surface ECGs. A QT variability index was
calculated as the logarithm of the ratio of normalized QT variance to heart rate variance. Using this algorithm, the
authors documented that patients with dilated cardiomyopathy had higherQT variability as compared to control subjects
(> Fig. .).
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Left part of the figure (a) shows normal subject [with high HRV and low QTV], while (b) is the patient with dilated cardiomy-

opathy [low HRV and high QTV].

Changes in heart rate and heart rate variability influence changes in the QT interval; however, QT variability cannot
be entirely explained by changes in the autonomic nervous system. It is likely that beat-to-beat changes in action poten-
tial duration are dependent on instantaneous changes in ion-channel activity or the number of channels involved in
the repolarization process. Even with a stable RR interval, there is a possibility of repolarization changes due to varia-
tions in the number of channels involved []. Myocardial conditions might alter the number of channels involved and
changes in cycle length might further potentiate beat-to-beat variability of repolarization.

Exact detection of the end of the Twave is one of themain limitations of a proper assessment ofQT-related parameters.
Random noise, baseline wandering, and respiration modulation of T wave shape may influence the beat-to-beat QTe
evaluation. Our group developed a T wave endpoint-independent method to quantify repolarization variability based
on a wavelet transformation. The wavelet-basedmethod showed that LQTS patients (SCNA carriers) have significantly
increased repolarization variability both in time and amplitude as compared to noncarriers []. Recently, we focused
on a time-domain technique quantifying T wave variability (TWV) based on a beat-to-beat change in T wave amplitude
without a need to identify the end of the T wave. As shown in> Fig. ., the variation of mean amplitude inside each of
the four windows encompassing the repolarization segment (T–T) is analyzed across beats, and the level of variability is
computed in each window based on the estimated variance of the average amplitude across beats in the selected window.
The square-root value is reported and expressed in microvolt. The prognostic significance of this method was validated
in the MADIT II cohort [].

.. Clinical Factors Influencing QT Variability

Increased QT variability has been demonstrated in patients with heart failure, dilated cardiomyopathy, hypertrophic car-
diomyopathy, coronary disease, LQTS as well as in patients with anxiety, depression, and panic disorders [–].There
are also data indicating that cocaine use may increase QT variability in a dose-dependent manner []. QT variability
increases prior to drug-induced torsade de pointes in experimental conditions [, ]. QT variability was also reported
to be influenced by external factors such as air pollution [].

Little is known about the clinical covariates influencing QT variability. In the original paper by Berger et al. [], no
differenceswere found inQTvariability betweenpatientswith ischemic andnonischemic dilated cardiomyopathy. Several
reports indicate that QTVI (QT variability index) depends more on NYHA functional class than on LVEF, indicating
that QT variability might be more related to disintegration of the autonomic nervous system than to structural changes
in myocardium [, ]. Long-term treatment with beta-blockers (metoprolol or carvedilol) in patients with congestive
heart failure in NYHA class II–III was documented to significantly reduce QTVI as compared to placebo []. Not only
pharmacotherapy but also reperfusionmay influenceQTvariability. As documented byBonnemeier et al. [], successful
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Schematic presentationof theECGprocessing for themeasurementsof Twaveamplitudevariability. (a) A set of  continuous

cardiacbeatsare identified; (b) thebeatsarealignedbasedontheQRSbeginningand the repolarizationsegment iswindowed

using msduration interval (T–T), (c)mean amplitude of eachbeat inside eachwindow (T–T) are computed andplotted

across beats, this panel represents the computation for T only (Couderc et al. []. © Oxford University Press. Reproduced

with permission).

reperfusion resulted in a significant decrease in QT variability in patients with TIMI  and  flow grade. Interestingly,
patients who experienced major arrhythmic events (sudden death, survived sudden death due to VF or sustained VT)
during a -year follow-up were characterized by significantly highermean -hQT variability (QTcSD .±. vs. .±
., p < .).This observation indicates that despite the opening of the infarct-related artery, impaired microcirculation
may lead to persistent repolarization liability being an electrophysiological substrate for arrhythmic events.

.. Prognostic Value of QT Variability

Thefirst study to demonstrate the usefulness of QT variability (assessed according to Berger’ algorithm) in recognition of
elevated arrhythmic risk was published in  by Atiga et al. []. This study analyzed QTVI in  patients undergoing
electrophysiological study. The QTVI was higher in patients with structural heart disease than in controls (−.± . vs.−.±., p < .), and higher in patients who died suddenly during a -year follow-up than in other patients with heart
disease (.±. vs. −.±., p < .). After adjustment for significant clinical covariates, increased QTVI (≥.)was
the only parameter identifying patients at risk of arrhythmic events (OR = ., p = .). The event-free survival rate
was % for patients with QTVI ≥ . as compared to % with those with QTVI <.. It is important to emphasize that
QTVI outperformed the following parameters tested simultaneously in studied patients as a predictor: QT dispersion,
TWA during atrial pacing, VT inducibility, SAECG, HRV, and ejection fraction.

Berger’s algorithm was applied by our group to the MADIT II population to investigate whether abnormal QT repo-
larization is related to spontaneous VT/VF detected by ICD (). In this study, QT variability was assessed in a -min
resting ECG recording. A high-risk QT variability subgroup was defined by identifying patients from the highest (>th
percentile) QTVI distribution. The beat-to-beat QT variability algorithm applied to MADIT II patients showed an inde-
pendent prognostic value of QTVI (> −. log units) to predict an increased risk of arrhythmic events in postinfarction
patients with severe left ventricular dysfunction (EF<%).ThemeanQTVI andQTVN (QT variability numerator)were
significantly higher in subjects requiring an appropriate therapy for VF/VT during a mean of  ±  months of follow-
up (−.± vs. −. ± ., p = .; and . ± . vs. . ± ., p = . for QTVI and QTVN, respectively).
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Cumulative probability of first appropriate defibrillator therapy for ventricular tachycardia (VT) or ventricular fibrillation (VF)

in patients with QT variability numerator (QTVN) in the highest quartile versus lower three quartiles for QT variability index

(QTVI) (top panel) and QTVN (bottom panel) (Haigney et al. []. © Elsevier Limited. Reproduced with permission).

Of the subjects in the highest quartile for QTVI, % experienced an episode of VT/VF as compared to % in the lower
three quartiles. An even stronger difference was observed in respect to QTVN ( vs. %, p < .) (> Fig. .). Mul-
tivariate Cox analysis showed that both QTVI and QTVNwere independent risk factors for VT/VF (HR = . and .,
respectively), after adjustment for significant clinical covariates. It is worth emphasizing that neither low ejection fraction
nor inducibility of VT/VF during programmed ventricular stimulation was a significant predictor of spontaneousVT/VF.
Additional analysis focusing on survival showed that increased QTVI was related to a higher incidence of death within
the defibrillator arm.

Recently, we developed a new method to quantify repolarization variability focusing on the variability of T wave
amplitude in scalar ECGs instead of analyzing the variability of QT interval duration. Our newly developed method to
estimate TWV was tested in a group of  ICD patients from the MADITII trial. TWV >.μV was an independent
risk predictor of ICD therapy for VT or fibrillation. Patients with increased TWChad % probability of appropriate ICD
therapy as compared to % in those with TWV <= μVduring amean -year follow-up (> Fig. .). Concordance of
the findings by two different methods (Berger’s and ours) support the observation that the phenomenon of QT variability
exists and might be considered as a risk stratifier [].



The QT Interval  

0.60

0.50

0.40
Unadjusted P = 0.010

TWV > 59μV

TWV > 59μV

TWV ≤ 59μV

0.30

0.20

0.10

P
ro

ba
bi

lit
y 

of
 a

pp
ro

pr
ia

te
 IC

D
 th

er
ap

y
(V

T
/V

F
)

0.00
0.0 0.5 1.0

YearsPatients at risk

1.5 2.0 2.5 3.0

69
TWV ≤ 59μV 205

37 (0.20)
135 (0.09)

17 (0.37)
61 (0.20)

5 (0.47)
22 (0.29)

⊡ Figure .

Cumulative probability of VT/VF requiring ICD therapy in MADIT II patients (Couderc et al. © Oxford University Press.

Reproduced with permission).

More and more attention is recently paid to patients with relatively preserved LVEF. Due to advancement in modern
treatment, this population of patients is growing, and despite a lower incidence of sudden death in patients with signif-
icantly depressed LVEF, the absolute number of patients experiencing sudden death in absolute values is very high. As
recently documented by Piccirillo et al. [], abnormal QT variability can identify the sudden cardiac death high-risk
group among asymptomatic patients with only mild to moderate left ventricular dysfunction. In a group of  patients
with congestive heart failure due to ischemic cardiomyopathy with LVEF between  and % and NYHA class I, QTVI
greater or equal to the th percentile (−.) indicated an independent high risk for SCD with HR of . (.–.,
p = .).This findingmight suggest that abnormal QT variability may serve as a marker to identify possible candidates
for ICD therapy among patients with a moderately depressed LVEF. However, this requires further prospective studies.

In comparison to the QT/RR slope analyses where computer algorithms take advantage of averaging a series of beats,
themethodology of quantifying beat-to-beatQTor TWVrequires very robust identification of repolarization in consecu-
tive beats. Although QTmeasurement on a beat-to-beat basis is of primary interest, it is frequently difficult to accomplish
in ambulatory recordings due to challenges in identifying the end of the T waves. Both the above mentioned methods,
QT variability/lability developed by Berger et al. [] and TWV developed by Couderc et al. [], do not require pre-
cise identification of the T wave end since they both rely on quantifying QT and T wave morphology on a beat-to-beat
basis. Despite these advances in signal processing, it has to be recognized that there are limitations of quantifying beat-
to-beat QT or TWV in recordings with flat T waves, in recordings with non-sinus rhythms, frequent arrhythmias, or
excessive noise.

TWA is yet another parameter reflecting beat-to-beat changes in T wave morphology and there is a large body of
literature describing the electrophysiologic understanding of this electrical phenomenon and clinical applications in the
risk stratification of ventricular arrhythmias and sudden death. This broad topic was purposefully not covered by this
chapter, which specifically focused on the QT interval and its dynamics.

. Summary

During the last decade, we have observed increasing interest in analysis of the QT interval, which is considered an impor-
tant ECG parameter reflecting the complexity of ventricular repolarization driven by an interplay of ion-channel activity,
myocardial cell connectivity, disease processes (ischemia, hypertrophy), and external factors including drugs. Despite
the  years of science and clinical practice in electrocardiography, there is still room for improvement in developing
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reproducible methods of manual and automatic measurements of the QT interval. Computerized method quantifying
QT duration and T wave morphology are increasingly used in everyday practice and in drug safety studies.There also is
an increasing appreciation for T wavemorphology that offers additional clinically relevant information in addition to QT
duration, particularly in electrical disorders of the heart and drug safety concerns. Evaluation of static measures of QT
interval duration and Twavemorphology is increasingly accompanied by analyses of dynamic features of the QT interval
behavior that could be quantified by measuring QT adaptation to changing heart rate, QT or T wave variability, as well
as TWA. These dynamic measures of repolarization seem particularly promising in the risk stratification of mortality in
patients with ischemic heart diseases and patients with cardiomyopathies.
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. Introduction

A chapter, entitled as this one is, aims at providing a systematic presentation on a number of topics, which are either not
included elsewhere in this book, or they receive a cursory treatment as mere components of an overall exposition. In the
first category, one could consider the attenuation of ECG voltage resulting from the development of peripheral edema of
varying etiology [], while in the second the giant T waves could represent an example of a topic included here, but also
mentioned under ST-T changes found in chapters about myocardial infarction, ischemia, intraventricular conduction
abnormalities or ventricular hypertrophy. In such a venture some redundancy is inevitable, but overall it proves to be
beneficial. Some ECG abnormalities, which were included in this chapter in the first Edition, became so pervasive as
to deserve their separate handling (e.g., QT interval, > Chap. ). Many ECG topics, not considered previously, had to
be included in this Edition because of their expanding role in the practice of medicine. Finally, one should envisage that
undescribed ECG changes and associations are still awaiting detection, and thus a chapter like this is open-ended in terms
of its contents, and serves as a “gate” or “filter” for what eventually becomes established. The author is much indebted to
Professor C.Y. Chen and the late Professor K. Harumi, authors of this chapter in the first Edition, for the aid received
from their original text and associated references, and for the marvelous panel of their figures, most of which have been
retained.

. Electrolyte, Acid Base, and Blood Abnormalities

Imbalances of the various cations, and disturbances in the acid-base, blood gas, and hemoglobin concentration affect the
ECGmost often in a nonspecific fashion, although occasionally may produce characteristic changes, as in the alterations
of K+ and Ca+.

Electrophysiologic properties of myocardial cells depend on the movement of electrolytes across their membranes,
setting up ionic currents [, ].> Table . summarizes the effects of various types of electrolyte imbalance on the trans-
membrane action potential, which result in ECG changes of depolarization (P wave and QRS complex), repolarization
(ST segment and T wave), and impulse generation and conduction.

In the clinical domain, the characteristic ECGs resulting from electrolyte imbalance are encountered in patients with
malabsorption, starvation, various endocrinopathies and sizeable loss of electrolytes due to severe vomiting, diarrhea,
burns, diabetic ketoacidosis, and diuretic therapy. Patientswith renal failure are the onesmost frequently troubled by elec-
trolyte imbalance. Among all the electrolyte disorders, changes in serumK+ are the most prevalent, leading to alterations
in the ECG and occasionally serious cardiac rhythm and conduction disturbances.

.. Hyperkalemia

... PWave, QRS Complex, and Conduction Disturbance

Normally the extracellular concentration of K+ (.–.mEqL−) is much lower than the intracellular K+ (mEqL−),
and thus the intracellular to extracellular concentration gradient of this cation can be easily increased or decreased by
small changes in the serum K+ [, ]. An increase in the extracellular K+ concentration and the consequent decrease
of this gradient will rapidly decrease the resting membrane potential, the magnitude of the action potential, and the
maximum rate of rise of phase  (dV/dt)max, the last resulting from its dependence on the resting membrane poten-
tial (> Fig. .). Also, since the conduction velocity in the Purkinje fibers and cardiac muscle is determined primarily
by (dV/dt)max, and this is reduced in hyperkalemia (↑K), conduction through the heart will be depressed []. Dur-
ing phase , the membrane potential is approximately compatible with the equilibrium potential of K+. If there is an
excess of extracellular K+, as in ↑K, the membrane potential is reduced according to the Nernst equation []. ↑K, how-
ever, produces a biphasic effect on the atrioventricular (AV) conduction system, with mild degrees accelerating the AV
conduction, and severe ↑K (≥.mEqL−) depressing it. In experimental studies, conduction is most rapid at a K+ level
of ∼.–.mEqL− . This enhancing effect of mild ↑K may improve conduction in patients with sinus rhythm and AV
block, or accelerate the ventricular response in atrial fibrillation [–]. Severe ↑K may produce all kinds of AV blocks,
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⊡ Table .

Effects of K+ and Ca+ on electrophysiological properties

Hyperkalemia Hypokalemia Hypercalcemia Hypocalcemia

Phase 

Upstroke rate of rise
(dV/dt)

Decreased Unchanged or
increased

Decreased Increased

Action potential
Amplitude

Decreased Increased

Phase 

Plateau of action
Potential

Shortened Prolonged Shortened Prolonged

Phase 

Action potential
Duration

Shortened Prolonged Shortened Prolonged

Phase 

Resting membrane
Potential

Decreased Increased
Decreased
(≤mEq)

Unchanged Unchanged

Pacemaker activity Enhanced
(.–mEq)
Depressed
(≥mEq)

Enhanced Increased Increased

Conductivity Enhanced
(.–mEq)
Depressed
(≥mEq)

Depressed Decreased Increased

although high-degree AV block is infrequent. Electrophysiological studies show that the sites of AV block in ↑K are at the
atrionodal, nodal-His or His-Purkinje regions, and that the N (true nodal) regions are relatively insensitive to it [].

The action of increased serum K+ on the various types of cardiac fibers may be nonuniform [], with the atrial fibers
being more sensitive than the ventricular myocardium. Intra-atrial conduction is depressed in ↑K (.–.mEqL−),
resulting inwide and flattened Pwaves (>Table .), and in severe ↑K (≥mEqL−), intra-atrial conduction ismarkedly
slowed and the P waves often disappear (> Fig. .), leading to the so-called sinoventricular rhythm. In this condition,
where absence of P waves hinders its differentiation from complete AV block, there is no influence of ↑K on the sinus
pacemaker properties, and conduction from the sinus node to the ventricular fibers is maintained.

Intraventricular conduction is also affected by ↑K, and its mild to severe forms lead to diffuse widening of the QRS
complexes, often simulating all kinds of bundle branch blocks (> Fig. .). Left anterior or posterior fascicular blocks
may be observed transiently [], andmight be caused by the nonuniform effects of ↑K on the intraventricular conduction
[]. The same mechanism may be responsible for the pseudoinfarctional QRS patterns occasionally noted and mistaken
for real myocardial infarcts (MI). Also a reduction of cardiac excitability manifest as an increase in the threshold or failure
to capture by an electronic pacemaker has beennotedwith ↑K, involving the atriumor the ventricle [–]. Indeed, failure
to capture the atrium with preservation of capture of the ventricle in DDD pacemaking attests to the greater sensitivity
of the former to ↑K []. With levels of serum K+ ≥ mEqL− a sine-wave pattern may appear [], consisting of a wide
QRS complex with an inverted T wave leading to ventricular fibrillation and cardiac standstill.

... ST Segment and TWave

Increase in the extracellular K+ concentration (≥.mEq L−) shortens the duration of the action potential, mainly
by increasing the steepness of phase  [] (> Fig. .). This action of K+ may depend on an increase of K+
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⊡ Figure .

Action potentials from the guinea pig’s heart: (a) action potentials in normal (.mM) and altered Tyrode’s solution (K+;

.mM) are depicted. In a higher concentration of K+, the resting membrane potential and the maximum upstroke velocity

of phase  are reduced, and the duration of repolarization is shortened (c, control; hK, higher concentration of K+; AP, action

potential); (b) action potentials in normal (K+ ; .mM) and altered Tyrode’s solution (K+ ; .mM) are depicted. In a lower con-

centration of K+ (lK), the restingmembrane potential and themaximumupstroke velocity are unchanged, while the duration

of repolarization is slightly prolonged.

conductance (gK) []. These changes in the shape of the action potential are probably the reason for the shortening
of the QT interval and the peaked tent-shaped T wave, which is the most common and the sole ECG sign of serum K+

concentrations between . and .mEq L−. The corresponding change in the vectorcardiogram is a linear T wave loop.
The T wave changes are more frequently seen in leads II, III and in the precordial leads, and are nonspecific for ↑K,
since they are also seen in many other conditions, i.e., myocardial ischemia, bradycardia, and subjects with early repo-
larization (> Fig. .). In differentiating acute ischemic syndromes from ↑K, the regional presence in the former with
normal or prolonged QTc, in contrast to the diffuse occurrence in the latter of similarly appearing Twaves with shortened
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⊡ Table .

ECG abnormalities in hyperkalemia

Abnormalities

P and QRS waves Flat and broad P wave (–.mEq L−)

Disappearing P wave (–mEq L−)

Widening of QRS wave (≥.mEq L−)

Sine-wave patterns of QRS wave (≥–mEq L−)

Cardiac arrest (mEq L− or higher)

ST segment and T waves Tent-shaped T wave (≥.mEq L−)

Shortening QTc interval (≥.mEq L−)

Opposing T wave (–mEq L−)

Depression or elevation of ST segment (.–.mEq L−)

Conduction and impulse formation Accelerated AV conduction (.–mEq L−)

Slow AV conduction (≥–.mEq L−)

Failure of cardiac capture by artificial pacemaker (–.mEq L−)

Reversible fascicular block (.–.mEq L−)

Reentrant ectopic beats (.–.mEq L−)

Ventricular fibrillation (–mEq L−)

⊡ Figure .

The ECG was recorded from a patient suffering from severe chronic renal failure, and advanced hyperkalemia (serum K+

level was .mEqL−). The characteristic sinoventricular rhythm (no discernible Pwaves), and the intraventricular conduction

disturbance, simulating right bundle branch block, are shown.

QTc, is helpful []. Occasionally, the tent-shaped T waves may be of normal amplitude, [], and this should be kept in
mind so that ↑K is not overlooked. In severe ↑K (.mEq L−), the T wave changes may be associated with widening of
the QRS and a decrease in the amplitude of the R waves.The T wave changes in advanced ↑K may be secondary to intra-
ventricular conduction disturbances [, ], rather than due to the alteration of the action potential. In very severe ↑K,
an inverted T wave with a wide QRS complex may be observed and may be followed by the development of ventricular
tachycardia, fibrillation, and asystole [].

ST segment depression, and even rarely ST segment elevation, may be observed in ↑K, probably as a result of the
shortening of the plateau of the action potential and the decrease of diastolic potential (> Fig. .). ST segment elevation
indistinguishable from a current of injury has been recognized for a long time, and has led to numerous reports in the
literature of ↑K, simulating acuteMI []; in such cases correction of ↑Khas abolished the pseudoinfarctional ECGpattern,
hence the expression “dialyzable currents of injury” has been coined to characterize these transient ECG alterations [].
The ST segment elevation probably is due to inhomogeneous depolarization of different myocardial territories, resulting
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⊡ Figure .

ECG changes simulating hyperkalemia in a -year old healthy male subject, due to early repolarization; automated systems

often interpret these changes as due to “metabolic or ischemic abnormalities”. A QTc of mswas present, in the absence of

hypercalcemia, or hyperkalemia.

in voltage gradients and current flow between these regions. A pseudoinfarctional ST segment elevation has been noted
in a hypokalemic patient undergoing rapid K+ replenishment, and while she was still hypokalemic (K+: .mEq L−)
(> Fig. .), and it was attributed to the reduction of the intracellular to extracellular gradient, not unlike what occurs
with true serum ↑K []. Finally, it should be always kept in mind that profound ↑K may be encountered without ECG
manifestations [].

.. Hypokalemia

... P Wave and QRS Complex

Increase in the resting membrane potential and the amplitude of the action potential are mediated by a progressive
decrease of serumK+ at a level ∼.mEq L− , although with even lower concentrations, the conduction velocity might be
reduced, indicating a decrease in resting membrane potential and prolongation of repolarization []. Thus, with severe
hypokalemia (↓K), the amplitude and the duration of the QRS increase (> Table .). The widened QRS complexes
indicate that the intraventricular conduction disturbance is due to a generalized slowing of conduction in the peripheral
conduction system and/or myocardium. The amplitude and duration of the P waves also are usually increased in ↓K, as
seen in leads II, III and aVF, with such changes resembling P-pulmonale, or “pseudo P-pulmonale” found in left atrial
abnormality.

... ST Segment and T and UWaves

The earliest abnormalities consequent to a modest reduction of the serum K+ are those of repolarization, and are com-
monly appreciated in the ECG. Electrophysiologically, there is an increase in the action potential duration. Further
lowering of K+ leads to shortening of the plateau phase of the action potential, and a progressively steeper slope of
phase . This change in the slope of the action potential, mediated by decreased conductance, can occur with milder↓K (.–.mEq L−), but it is associated with insignificant effect on the resting potential.

The ECG (usually leads II, III and V–V) reveals abnormalities of the ST segment, T and U waves, which constitute
the most common and helpful changes for the detection of ↓K (> Table .). The amplitude of the T and U wave reflect
relatively accurately the levels of the deficit in the serum concentration of K+ (> Fig. .).The diagnosis of ↓K in patients
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⊡ Figure .

(a) ST segment elevation, simulating an acute myocardial infarction in a -year-old woman, which persisted for a few hours

while she was receiving K+ supplementation for hypokalemia resulting from intravenous hyperalimentation. (b) The highest

serum K+ recorded in this patient was .mEq L−, at which time the ST segment elevation had resolved. (Reproduced from

Ref. []. With permission of the Journal of Electrocardiology.)

⊡ Table .

ECG abnormalities in hypokalemia

Abnormalities

P and QRS waves Increased QRS wave amplitude

Increased QRS wave duration

Increased P wave amplitude

Increased P wave duration

ST segment, T and U waves Prominent U wave

Flat or inverted T wave

ST segment depression

Conduction and impulse formation Atrial premature contractions

Atrial tachycardia

Supraventricular tachycardia

AV junctional rhythm

AV dissociation

First degree AV block

Ventricular premature contractions

Bidirectional ventricular tachycardia

Ventricular fibrillation
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⊡ Figure .

ECG changes at different degrees of hypokalemia, in a patient with primary aldosteronism: (a) Na mEq L−, K .mEq L−,

CI mEq L−; (b) Na mEq L−, K .mEq L−, CI mEq L−; (c) Na mEq L−, K . mEq L−, CI mEq L−.With increasing

↓K the T wave becomes lower and the U wave taller.

can be facilitated by employing ST segment depression ≥.mV, U wave amplitude >.mV, and U wave amplitude >T
wave amplitude in the same lead as the other criteria, with the frequency of a positive diagnosis paralleling the severity
of ↓K []. The depressed ST segment and the low or inverted T wave may fuse with the prominent U wave in ↓Kwithout
significant changes of QT or QU intervals. In severe ↓K, the ST segment depression is accompanied by a prominent U
wave and a dwarfed T wave.

The effects of ↓K on the Purkinje fibers differ from those on the ventricular fibers, prolonging the plateau phase in
the former and shortening it in the latter, thus increasing the difference between the action potential durations []; this
difference in the sensitivity of Purkinje and myocardial fibers to ↓K might underlie the development of the U wave.

... Conduction and Impulse Generation

A clinically relevant effect of ↓K is the enhancement of automaticity of latent pacemakers, which is probably mediated
by the acceleration of the decay of pacemaker current (iK) in the Purkinje fibers resulting from a decreased K+ con-
ductance []. Accordingly, unifocal or multifocal ectopic beats have been found in experimental and clinical studies.
Common cardiac arrhythmias at serumK+ levels≤.mEq L− are atrial premature beats, atrial tachycardia with or with-
out AV block, supraventricular tachycardia, AV junctional rhythm and AV junctional parasystole. However, in a study
employing ambulatory ECG monitoring of hypertensive patients without coronary artery disease treated with diuretics,
K+ levels of . to .mEq L− were not associated with arrhythmias []. The important issue of whether mild to mod-
erate ↓K per se is arrhythmogenic has not been resolved thus far conclusively, but even resolution of this matter may not
be clinically relevant most of the time, in terms of the need for correction of ↓K; patients usually present with clusters
of conditions and abnormal tests, and in that setting management should be individualized and mostly in favor of K+

replenishment [].The duration of the action potential is prolonged in severe ↓K (> Fig. .), making it more likely for
a propagated simple ectopic ventricular impulse to fall into the vulnerable period of the fused TU complex, and easily
initiate reentrant arrhythmias by a complex interplay of ectopy and depressed conduction. In such a setting, “torsade de
pointes” (TdP), the unusual multidirectional ventricular tachycardia characteristic of ↓K [], may emerge; in fact ↓K
is an important cause of acquired long QT syndrome, and associated TdP. ↓K also causes arrhythmias due to enhanced
automaticity. The enhancement of digitalis-induced arrhythmias by ↓K has been known for a long time and thus it is
recommended that serum K+ be kept between . and .mEq L− []. Also, arrhythmias occur in the interplay of ↓K
and myocardial ischemia []. Significant AV and intraventricular conduction disturbances secondary to ↓K have been
noted in patients, with ○ AV block appearing at serumK+ levels ≤.mEq L−, and variable degrees of AV block at levels≤. mEq L− [, ].
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.. Hypercalcemia and Hypocalcemia

... PWave and QRS Complex

The resting potential, the amplitude of the action potential, or the shape of phase  are not significantly affected evenwith
extremes of serum Ca+ concentrations (.–.mEq L−) []. Primarily, an abnormal Ca+ level impacts the ventric-
ular repolarization. However, severe hypercalcemia (↑Ca) reduces the upstroke and conduction velocities in ventricular
muscle fibers, and increases the QRS duration, in contrast to hypocalcemia (↓Ca), which decreases the QRS duration
[, ]. An increased amplitude of the QRS complex, suggesting an increase in the ventricular muscle mass, has been
observed with ↑Ca []. Furthermore, the duration of the T wave was significantly prolonged in patients with hyper-
parathyroidism. Abnormal serum Ca+ concentrations have no discernible effect on the P wave. All degrees of AV block
can be seen with ↑Ca []. Also sinus node dysfunction and tachy-brady syndrome have been described with ↑Ca [, ].

... ST Segment and TWave

↑Ca shortens the duration of phase  of the action potential in all cardiac fibers (>Table .) and increases the amplitude
of the plateau, a feature enhanced by increased catecholamines [, ]. Consequently, the duration of the action potential
and the effective refractory period are decreased. Phase  of the action potential should be prolonged since, as per the
Nernst equation, ↑Ca increases the inward calcium current. However, ↑Ca actually produces a rapid repolarization, prob-
ably resulting from the simultaneous enhancement of the K+ outward current []. As the slope of phase  and its duration
are reflected in the shape of the ST segment of the ECG, the shortening of Q-oT (onset of QRS complex to onset of T
wave) and Q-aT (onset of the QRS complex to the apex of the T wave) are the most common early ECG abnormalities in↑Ca [] (> Fig. .); the total duration of ventricular repolarization does not decrease though, and thus ↑Ca has less
effect on the QTc or QU intervals [, ]. Occasionally in ↑Ca, the onset of the T wave appears to be at the J-point [].
An Osborn-like wave has been described with ↑Ca []. Short QTc is frequently encountered, particularly in young sub-
jects without ↑Ca (> Fig. .) [], sometimes bordering the measurements seen in patients with the short QT interval
syndrome []. However, an increased T wave duration has been documented with ↑Ca []. By contrast, ↓Ca increases
the duration of plateau phase (> Table .), leading to prolongation of the ST segment and QT interval, which are both
early ECG signs of ↓Ca []. In both ↑Ca and ↓Ca, the effect on the QT interval is primarily exerted on the ST segment [].
The T wave morphology can be affected in both ↑Ca and ↓Ca []. Barring the confounding influence of other electrolyte
abnormalities, the change of the Q-oTc interval duration may significantly correlate with the serum Ca+ level []. The
duration of the T wave is not usually affected by ↓Ca, but its amplitude is decreased or sometimes it becomes flattened
(> Fig. .).The combined ↓Ca and hyperkalemia of renal failure produces ST segmentprolongation with narrow-based
tall T waves []. ↓Ca may mimic acute MI with ST elevation, reciprocal ST segment depression, and regional contraction
abnormalities; all these abate with calcium and vitamin D therapy []; coronary spasm is implicated in this condition.

... Conduction and Impulse Generation

Although cardiac arrhythmias and ○ AV block are infrequent in ↓Ca and ↑Ca [], extreme ↓Ca can produce sinus
bradycardia with intermittent sinoatrial block, : AV block and complete AV block [, ], especially in children, and
ventricular fibrillation (VF) [], while ventricular tachycardia and VF have also occurred with ↑Ca [, ]. Moreover,
torsade de pointes has occurred with both ↓Ca and ↑Ca [, ].

The hereditary prolonged QT syndrome and the prolonged QT interval seen with ischemic heart disease are pre-
disposing factors for VF. A possible explanation for the absence of cardiac arrhythmias in sodium EDTA induced ↓Ca
with prolonged QT interval [] is that ↓Ca produces a uniform prolongation of repolarization, thus preventing reentry.
Continuous injection of calcium chloride until death in animal experiments led to a change in AV conduction, followed
by VF [].
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⊡ Figure .

ECG changes at different serum Ca+ levels. (a) .mEq L−; (b) .mEq L−; (c) .mEq L−.

In hyperparathyroidism with severe ↑Ca, sinus arrest, Wenckebach ○ AV block and atrial fibrillation have been
reported [, ]. ↑Ca also may accentuate digitalis-induced ectopy. Finally, the interaction between K+ and Ca+, in
which ↑Ca reverses the conduction abnormality and cardiac arrhythmias induced by ↑K, has been put to therapeutic use.
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.. Hypomagnesemia and Hypermagnesemia

Clinically encountered abnormalities of serumMg+ do not affect the action potential significantly. However, the combi-
nation of hypomagnesemia (↓Mg), ↓K and digitalis intoxication can lead to cardiac arrhythmias [, ]. The influence of↓Mg in digitalis-induced arrhythmias may be related to the role of Mg+ as a cofactor for membrane sodium and potas-
sium (Na+–K+) adenosine triphosphatase, whichmaintainsmitochondrial integrity []. Nevertheless, hypomagnesemic
patients have suffered paroxysmal VF in the absence of digitalis therapy []. ↓Mg in patients with alcoholic heart disease
leads to ECG changes similar to the ones noted with ↑K (slightly widened QRS complexes, mild ST depression, peaked
T waves and prolonged QT intervals) []. Simultaneous correction of ↓Mg and ↓K, in cases of ↓K resistant to adequate
replenishment of K+, is required [, ]. Depressed AV conduction with severe hypermagnesemia (↑Mg) may be due to
slowing of the velocity of the upstroke of the action potential. In attributing changes in the ECG to ↑Mg, attention should
be paid to the associated electrolyte and metabolic disorders []. Whether ↓Mg and ↑Mg are arrhythmogenic has not as
yet been determined [].

.. Sodium

The amplitude of the action potential, and the upstroke velocity, increase with hypernatremia (↑Na) and decrease with
hyponatremia (↓Na) []. However, since the concentrations of Na+ required to change the ECG are usually incompatible
with life, no ECG abnormalities are encountered with the range of changes seen in the clinical setting []. Widened QRS
due to intraventricular conduction disturbances resulting from ↑K is shortened by ↑Na, and further prolonged by ↓Na [].
.. Lithium

Li+ readily replaces intracellularK+ , and in patients treated for bipolar depression,may causeminorTwave abnormalities,
sinus bradycardia and sinus node dysfunction, with stimulation testing revealing that only the sinus node is reversibly
affected by this cation []. High Li+ levels (>.mEq L−) are also associated with prolongation of PR interval and other
AV blocks, ventricular arrhythmias, reversible diffuse T wave inversions, and QTc interval prolongation [].The T wave
inversions may be due to intracellular displacement of K+ by Li+, and respond to K+ administration. The SA and AV
node dysfunction are attributed to alterations of Ca+ flux caused by Li+. Frequent recording of the ECG, particularly
in patients with renal failure or concomitant therapy with β-blockers and Ca+ channel inhibitors, could detect treated
patients with over-range Li+ levels [].

.. Hypertonicity and Hypotonicity

Cardiac cells become hyperpolarized and reveal a decrease in action potential upstroke by hypertonic sucrose and other
type of solutions [, ], and this slows conduction probably because of the widened resting-threshold membrane
potential gradient. In canine cardiac Purkinje fibers, hypertonicity increases the action potential duration [], and in
ventricular fibers from guinea pigs and cats, it leads to disappearance of phase  of the action potential []. Information
on hypotonicity is lacking. An anisotonic solution application on the heart causes T wave changes. However, in the clin-
ical setting changes in osmolarity occur in various combinations with alterations in electrolytes, pH, and oxygenation,
and thus the impact on electrophysiology and the ECG is variable.

.. pH

It is difficult to evaluate the effects of pH changes on the ECG, since acidosis and alkalosis are closely linked to alterations
in the serum concentration ofK+ andCa+. Restingmembrane potential and repolarization of canine Purkinje fibers were
little affected by a pH of ., while decreasing the bicarbonate concentration to mM independent of acidosis led to an
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increase in the action potential duration []. In diseases leading to metabolic and respiratory acidosis, an increase in the
amplitude of the T wave would be expected, while alkalosis would lead to flattening or even inversion of T waves [].
The above are stated by extrapolation from results of human experimentation with voluntary hyperventilation, exercise,
and ingestion of Na bicarbonate and ammonium chloride. Alkalosis and acidosis increase the pacing threshold [].

.. Oxygen and Carbon Dioxide

Hypoxemia (↓PaO), rise of PaO through breathing of high oxygen concentrations, hypercapnia (↑PaCO), and
hypocapnia (↓PaCO) are encountered in patients with respiratory and metabolic conditions; thus inevitably alterations
in pH and concentrations of serum electrolytes also occur. ↓PaO in canine experiments leads to sinus tachycardia [],
while normal human subjects develop reduction of the T wave amplitude and in patients with coronary artery disease,
similar T wave changes develop and are associated with ST segment depression []. Atrial and ventricular extrasystoles
are rare in the absence of cardiac pathology. There is no literature on breathing high oxygen concentrations under nor-
mobaric conditions and the ECG, although data on ECG with hyperventilation may be only tangentially relevant, due to
the associated ↓PaCO. ↑PaCO increased QTc interval and QT dispersion in normal subjects [], and in dogs caused
an increase in respiratory sinus arrhythmia, in contrast to the decrease produced by ↓PaO []. ↓PaCO induced by
voluntary hyperventilation led to mild increase in heart rate, and a decrease in the mean amplitude of the T waves [].
Up to % of apparently healthy subjects had nonspecific ST-T changes with hyperventilation [].

.. Anemia and Polycythemia

ECG changes in anemia (↓Hb) and polycythemia (↑Hb) are partially modulated by underlying cardiac pathology. Thus,
chronic ↓Hb results in high output failure, cardiac dilatation, and resultant increase in the amplitude of QRS complexes.↓Hb may also lead to left ventricular hypertrophy on the ECG in renal transplant recipients [], and low heart rate
variability in patients with stable coronary heart disease []. ↑Hb with its prothrombotic effects may lead to MI or pul-
monary embolism, with corresponding ECG changes. ↓Hb and ↑Hb lead to increase and decrease in the amplitude of
QRS complexes correspondingly, both in animal experiments and human subjects [, ].

. Atmospheric Pressure Changes

Exposure to high altitude (hypoxemic stress) impacts normal subjects and patients, producing pulmonary hyperten-
sion, which is reversible on return to low altitudes. At ,m altitude, normal subjects showed striking low frequency
(.–.Hz) heart rate oscillations during sleep, which correlatedwith low frequency (.Hz) respiratory oscillations
consistent with an unstable cardiopulmonary control system, not merely attributable to increased sympathetic modu-
lation of heart rate []. The same high altitude, as simulated in a hypobaric chamber, had no impact on ventricular
stimulation thresholds, thus ensuring the safety of pacing in pacemaker patients exposed to high altitude []. At a sim-
ulated altitude of ,m, an increase in myocardial blood flow by % was documented in normal subjects inhaling
a hypoxic gas mixture, expected to induce myocardial ischemia in patients with coronary artery disease (CAD); how-
ever, airplane travel corresponds to exposure to an altitude of ∼,m (cabin pressure in most airplanes during flight),
does not lead to changes in myocardial blood flow, and thus it is tolerated even by patients with CAD []. However,
all the above reflect changes imparted by associated hypoxemia. Apnea due to underwater diving results in bradycardia
and increase in R wave amplitude [], and scuba diving may lead to ECG signs of right ventricular hypertrophy, sinus
bradycardia, and sinus arrhythmia []. Premature atrial and ventricular beatsmay occur even in normal subjects during
deep breath-hold dive []. Two other influences are included herein, although they are not experienced necessarily in
association with changes in increases in atmospheric pressure: ()The Bezold-Jarisch reflex involves a marked increase in
vagal efferent discharge to the heart with profound bradycardia-hypotension responses, and can occur with many ordi-
nary activities [], various pathologies, and medical procedures; and () face immersion increases heart rate variability
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via an increase in vagal activity [], and total body immersion in cold water increases QT dispersion in normal subjects,
particularly older persons[].

. Gravity Changes

Aerial combat and space travel entails changes in gravity exerted on the body. In experiments with normal subjects,
employing a special aircraft, increase in gravity (.–. G) led to increase in the R wave of Z lead, while decrease in
gravity resulted in the opposite effect.Themechanism by which gravity changes the amplitude of QRS complexes appears
to be dependent on alterations in thoracic and heart geometry, thoracic conductivity, and the heart-electrode distance
[]. Sustained high gravity acceleration led to tall narrow-based Twaves min after the stress period; since hyperkalemia
was found immediately after stress, its role in the T wave changes is implicated, although adrenergic stimulation is also a
possible alternative cause [].

. Temperature Changes

.. Hypothermia

Low body temperature imparts characteristic changes to the ECG. These include sinus bradycardia, prolonged PR, QRS,
and QTc intervals, and the “Osborn waves”, i.e., slowly inscribed camel-hump like deflections of the J point in the same
direction as the QRS complexes, bridging the end of theQRS and the beginning of the ST segment, seenmost prominently
in leads facing the left ventricle and in the inferior limb leads [–] (> Fig. .). The amplitude and duration of the
J waves bear some relationship to the fall of the body temperature. Flat or even inverted T waves appear when the J
waves become very prominent.The resultant QRS complex widening is occasionally misinterpreted as an intraventricular
conduction delay or right bundle branch block. The prolongation of the PR interval suggests a slowed conduction in the
atria and the AV junction. Atrial arrhythmias encountered include junctional rhythm, atrial flutter, and atrial fibrillation
[], with the latter being the most common, particularly with temperatures below ○C; ventricular extrasystoles and
ventricular fibrillation also occur with temperatures below ○C []. Body shivering, even when not visually noticeable,
results in intermittent or continuous baseline oscillation (> Fig. .). Rewarming abolishes both the arrhythmias and
the “Osborn waves”, although the latter may persist in an attenuated form for –h [].

It has been thought that the “Osborn waves”may represent a current of injury, or early repolarization in a ventricular
territory while delayed depolarization is under way in some other territory, or due to delayed ventricular depolarization
[, ]. These waves are not pathognomonic of hypothermia, and may also be seen in patients with cerebral injuries,
e.g., subarachnoid hemorrhage [, ], hypothalamic lesions, Prinzmetal’s angina or other types of myocardial ischemia,
infarction, coronary angioplasty [] (> Fig. .), hypercalcemia [], and as a normal variant []. These waves often
simulate ischemic injury [], resulting in problems in the differential diagnosis. Also, regional epicardial cooling of the
heart in canine experiments led to “Osborn waves” indistinguishable from the ECG changes of Brugada pattern [],
suggesting a pathophysiological similarity of the two conditions, due to activation of transient outward current (Ito)
[]. A J wave is caused by the transmural (epicardial–endocardial) voltage gradient resulting from a prominent action
potential notch in the epicardial, but not in the endocardial, cells. Hypothermia-related delayed conduction of action
potential from the endocardial cells to epicardium alsomoves a latent J wave out of theQRS complex, making it evenmore
prominent []. Experimental cooling of the ventricle causes T wave inversion [], also seen in clinical hypothermia
(> Fig. .).

.. Hyperthermia

Warming of the inside of the heart causes T wave changes []; this may have relevance in therapeutic ablations, where an
increased temperature is produced in different heart chambers. Fever causes sinus tachycardia with or without nonspe-
cific ST-T changes. Since fever accompanies many underlying pathologies, it is difficult to evaluate the effect of fever per
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⊡ Figure .

AnECGrecorded fromapatientwithhypothermia,whosebody temperaturewasbelow○C. “Osbornwaves”inall leads, sinus

bradycardia and ○ AV block (rhythm strip, lead II), low T waves, prolonged QT interval, and intermittent baseline oscillation

from somatic muscle tremor are evident.

se on the ECG. All types of arrhythmias, from trivial to life threatening, have been described with febrile illnesses. The
ECG phenotype in Brugada syndrome is temperature-dependent, and thus it may emerge with fever, in association with
arrhythmias and T wave alternans [–]. Paroxysmal atrial fibrillation with fever most probably is due to an intercur-
rent illness. Malignant hyperthermia may lead to sudden death [], and since anesthesia is a frequent precipitant, close
ECG monitoring is emphasized [].

. Endocrine Disorders

Frequently, it is the ECG that alerts the physician to the fact that what is perceived initially as a primary cardiac disorder
is indeed a secondary cardiac involvement of a systemic affliction []. Endocrine disorders impact the heart by direct
and indirect ways producing occasionally pathognomonic ECG appearances.

.. Thyroid Heart Diseases

Deficiency or excess of thyroid hormones exert direct effects on the cardiac electrical activity, leading to changes in the
ECG; in addition, the secondary activation of the sympathetic nervous system (SNS) influences indirectly the heart’s
electrical activity [, ]. Direct effects of hyperthyroidism (↑TH) on the sinoatrial node fibers of the rabbit included
shortening of the action potential duration (APD) and increase in the diastolic rate of depolarization, while the opposite
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⊡ Figure .

Inflation of the balloon during percutaneous transluminal coronary angioplasty induced regional myocardial ischemia; note

arrows pointing to “Osborn waves” in ECG lead V. (AOp, aortic pressure: prox., proximal; dis., distal; LVp, left ventricular

pressure).

was observed in hypothyroid animals []. ↑TH also induced shortening of the APD of atrial fibers [, ], AV con-
duction and functional refractory period, with opposite effects in hypothyroidism (↓TH). ↑TH prolonged APD in canine
Purkinje fibers [], and shortened it in guinea pigs [], while in ventricular papillary muscle from rabbits, ↑TH pro-
longed APD at slow rates and shortened it at rapid stimulation []. It can be speculated that the lowered stimulation
threshold for repetitive atrial activity in the hyperthyroid rabbit [] and the shortened refractory period of atrial cells
[] are etiologically linked to the frequent association of atrial fibrillation (AF) and clinical ↑TH. The effect of thyroid
hormone on sinoatrial, atrial and AV nodal fibers appears to be direct, and independent of the influence of the SNS.

.. Hyperthyroidism

... Arrhythmias

Atrial arrhythmias encountered in ↑TH include sinus tachycardia, AF, and atrial flutter in descending order of frequency
[]. Sinus tachycardia is persistent throughout the  h, and its rate reflects the severity of ↑TH [, , ]. AF reversed
to normal sinus rhythm in % of patients, but this occurs with some delay, or follows establishment of euthyroidism by
several months []. Persisting AF in patients rendered euthyroid may require cardioversion [], and may reflect the
presence of comorbidity. A role for subclinical ↑TH in facilitating emergence of AF has been identified []. Young thyro-
toxic patients rarely haveAF []. Prospective data on the above are lacking. Paroxysmal atrial tachycardia, and premature
atrial and ventricular beats are rare [].TheWolff-Parkinson-White ECG pattern is more frequent in hyperthyroid sub-
jects than in the general population [, ]. Paradoxical intraatrial conduction disturbances, manifesting as prolongation
and notching of P waves, and ○, ○ and ○ AV block are also found [, , ].The AV block, which often precedes the
emergence of atrial fibrillation, is also paradoxical since canine experiments have documented enhanced AV conduction
(see> Sect. ..) []. Even intraventricular conduction blocks can occur, most commonly left anterior fascicular block
and right bundle branch block (RBBB) [, ]. These changes are reversible with management of ↑TH [, ].
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⊡ Figure .

ECG recorded in a patient during an episode of thyrotoxic periodic paralysis, showing marked ST-T changes and QT interval

prolongation (upper panel), and periods of Mobitz II ○ AV block (lower panel).

... PWave, QRS Complex, ST Segment, TWave

Increased amplitude of QRS complexes and P waves, simulating left ventricular hypertrophy and P-pulmonale may be
seen with ↑TH, and can lead to such erroneous diagnoses. Perhaps these increased amplitudes are due to the influence of
the thyroid hormone, or the aroused SNS [], or the rapid heart rates per se []. Nonspecific ST-T abnormalities were
observed in % of patients with hyperthyroidism, particularly in women – years old [, ].

While a shortened QT interval was detected in hyperthyroid patients by some [], others have observed pro-
longed QTc in patients with ↑TH, with a good positive relationship between the QTc interval and serum levels of
tri-iodothyronine, thyroxine, and tri-iodothyronine uptake, but not heart rate, suggesting that a direct effect of elevated
thyroid hormones on the myocardium must be at play [].

Thyrotoxic periodic paralysis is characterized by episodic weakness and paralysis of skeletal muscles. In a study of this
syndrome, serumK+ was ≤.mEq L− in all patients during paralysis and the ECGs showed sinus arrest and ○ AV block
in a few patients (> Fig. .), while none had extrasystoles []; nevertheless, ventricular fibrillation has been reported
during periodic paralysis []. Other typical ECG features are sinus tachycardia, high QRS voltage, and prominent U
waves [–].

.. Hypothyroidism

A combination of sinus bradycardia and low-voltage P, QRS and T waves (> Fig. .) is seen in the ECG of patients
with ↓TH []. These changes may be related to the direct effects of low levels of circulating thyroid hormones on the



  Miscellaneous Electrocardiographic Topics

⊡ Figure .

ECG of a -year-old womanwith hypothyroidism.

myocardium, associated pericarditis or pericardial effusion, intracardiac and extracardiac deposits of myxomatousmate-
rial. The frequently prolonged QT interval associated with low T wave amplitude may render the accurate measurement
of the QT interval problematic []. The low-voltage ECG does not correlate with pericardial effusion [], suggesting
that other causes for this may be implicated.

The incidence of AV and intraventricular conduction blocks (particularly incomplete and complete RBBB) is greater
by a factor of  in patients with myxedema than in the general population [, ], but complete AV block associated
with syncope is less common []. Both sinus bradycardia and ○ AV block improve with the administration of thyroid
hormone. Atrial flutter, AF, and nodal tachycardia, are rarely seen. Ventricular tachycardia in association with syncope in
patients with myxedema coma has been reported [, ]. An increased rate of reentrant ventricular tachycardias may
be due to the prolonged action potential duration [].

.. Parathyroid Diseases

Hyperparathyroidism and hypoparathyroidism, along with many other mechanisms, lead to hypercalcemia and hypocal-
cemia respectively with ECG changes caused by these biochemical abnormalities (see > Sect. ..).

.. Hypothalamus and Pituitary Gland

The hypothalamus is the center of autonomic sympathetic and vagal control of the heart. Animal experiments with stim-
ulation of the hypothalamus led to arrhythmias and repolarization abnormalities, and its injury may be the reason for the
characteristic T wave changes in subarachnoid hemorrhage (see > Sect. .) []. Pituitary insufficiency is associated
with T wave abnormalities and prolonged QTc, but no changes in the QRS complex or ST segment; these T wave changes,
which are similar to those seen in adrenal insufficiency and myxedema, are abolished transiently with isoproterenol, and
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usually disappear with hormonal therapy [].There are no specific electrophysiologic or ECG abnormalities noted with
acromegaly, but the –% incidence of ECG changes, arrhythmias and conduction disturbances encountered with this
disease are secondary to the associated cardiac hypertrophy and cardiomyopathy. Changes noted include ST segment
depression and T wave inversion, septal Q waves, left axis deviation, increased QT dispersion, conduction abnormalities,
atrial and ventricular ectopic beats, sick sinus syndrome, supraventricular and ventricular tachycardias, and late poten-
tials in signal averaged ECG [–]. AF or sinus tachycardia in acromegaly should prompt evaluation of associated
hyperthyroidism.

.. Cushing’s Disease and Cushing’s Syndrome

High levels of cortisol secretion are associated with hypertension and accelerated atherosclosis with resultant changes
in the ECG; left ventricular hypertrophy with inverted T waves has also been described in Cushing’s syndrome [].
An increase in the PR and QTc intervals has been observed with cortisol hypersecretion [].

.. Hyperaldosteronism andHypoaldosteronism

Aldosterone hypersecretion (Crohn’s disease) leads to hypertension and hypervolemia associated with increased QRS
complexes, and ECG signs of hypokalemia (see > Sect. ..). In cases of hypoaldosteronism (Addison’s disease), the
ensuing hyperkalemia leads to all the expected ECG changes (see > Sect. ..) []. Sinus bradycardia, low ECG volt-
age, low or inverted T waves, and prolonged QTc are also seen with Addison’s disease. Adrenal insufficiency in rats and
cats did not alter the resting or action potentials [].

.. Pheochromocytoma

A large variety of ECG abnormalities has been noted in patients with pheochromocytoma. Sinus tachycardia, left ven-
tricular hypertrophy, sinus node dysfunction with intermittent sinus arrest and AV-nodal escape rhythm, are found;
also ST segment depression, elevation, and inverted, upright, and sometimes positive “giant T waves” diagnostic of acute
myocardial infarction (MI) have been documented.The postulatedmechanisms for these changes include “catecholamine
myocarditis”, myocardial infarction, hypertrophic, apical (Japanese), dilated and “tako-tsubo” cardiomyopathies, and
coronary vasospasm [–]. Other findings include a decreased low frequency component of heart rate variabil-
ity, “pseudo-P-pulmonale” due to high circulating catecholamines, frequent premature ventricular beats, monomorphic
ventricular tachycardia, torsade de pointes, and long QT interval [, –, , ].

.. DiabetesMellitus

In experimental diabetic animals, sinus bradycardia, prolongation of the sinus node recovery time, inhomogeneity of
atrial conduction and AV nodal block, have been found []. In diabetic patients without hypertension and coro-
nary artery disease (CAD), diffuse T wave abnormalities are frequently noted. Also the expected ECG changes due to
hyperkalemia with diabetic ketoacidosis are seen, while hypokalemia, and its attendant ECG changes may ensue with
intracellular influx of K+ following therapy of acidosis (alkali, fluids, and insulin). Transient deep T wave inversions
with prolonged QT interval may be present during therapy of diabetic acidosis while serum K+ is normal. These are
attributed to a central nervous system abnormality coinciding with sensorial disturbances []. Sulfonylurea attenu-
ates the magnitude of ST segment elevation during an acute myocardial infarction, leading to inappropriate withholding
of thrombolytic therapy []. Diabetic patients with CAD have a higher risk of developing silent myocardial ischemia
(ST segment depression) during exercise than non-diabetic patients []. Autonomic neuropathy in diabetic individu-
als results in a decrease in heart rate variability and a disappearance of the heart rate dependency of the QT interval,
a plausible mechanism for the increased risk of ventricular arrhythmias and sudden death in such patients [].
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Themost frequent conduction disorders in type  diabetes are RBBB and left anterior fascicular block []. Hypoglycemia
can induce angina and silent myocardial ischemia with classic ST-T changes, in diabetic patients with and without CAD,
which are abolished with glucose administration [, ]. Hyperglycemia increases the pacing threshold [].

. Neurological and Neuromuscular Diseases

.. Cerebrovasular Accidents

An increased incidence mainly of repolarization ECG abnormalities, e.g., flat, large broad inverted, and rarely positive
“giant T waves”, depressed or elevated ST segments, prominent U waves, and prolonged QT intervals are noted in patients
with cerebrovascular accidents (CVA) [, ], particularly in those with subarachnoid or intracerebral hemorrhage,
who show more severe such changes [, ]. Similar ECG abnormalities are seen with ischemic strokes, neurosurgi-
cal procedures, head injuries, meningitis, epilepsy, and intracranial tumors. Prolonged QT intervals are associated with
the risk of torsade de pointes [, ]. The prevalence of ECG abnormalities with subarachnoid hemorrhage has been
reported to be –% [–].The ECG changes resemble those of myocardial ischemia (> Fig. .), with wide and
deeply inverted T waves noted usually in leads I, aVL, and left precordial leads, although the QRS complexes are not usu-
ally altered [, ]. Q waves may occasionally develop and in combination with ST segment elevation (> Fig. .)
simulate the ECG of patients with acute MI [, ]. In the latter, usually the duration of the T wave and QT interval
is shorter, and the amplitude smaller. These ECG abnormalities may be either short-lived or persist for several weeks
[, ]. Arrhythmias are noted in >% of patients, and include sinus bradycardia and tachycardia, atrial and ventric-
ular extrasystoles and atrial fibrillation (AF) [, , ]. Often it is not clear whether the last is the consequence or the
cause of a CVA []. After acute CVA ambulatory -day ECG monitoring surpassed the standard ECG and -h Holter

⊡ Figure .

Marked bradycardia with precordial ST segment elevation and giant T wave inversions resembling changes seen in the acute

phase of myocardial infarction, in serial ECGs recorded in the acute stage of subarachnoid hemorrhage.
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monitoring, in the detection of AF []. All varieties of AV blocks have been encountered with CVAs []. Heart rate
variability decreases and heart rate increases after the acute phase of CVA [].

The exact cause of these ECG changes has not been delineated, but it appears that cerebrovascular pathology leads
to myocardial injury []. Moreover it appears that specific brain lesions lead to specific ECG abnormalities; e.g., insu-
lar lesions were related to sinus tachycardia, ectopic beats, and ST elevation, with right insular lesions related to AF,
atrioventricular block, ectopic beats, and inverted T waves, and right insular lesions, compared with left or no insular
lesions, increased the odds of death within  months independent of stroke severity and age []. Postmortem study
of hearts revealed interruption of myocyte bundles and disarray of myocyte architecture with more severe such changes
in patients who had tall inverted or peaked T waves []. Also focal subendocardial hemorrhagic lesions were found
in some patients who died of subarachnoid hemorrhage [], and prospective studies with a variety of intracranial
lesions documented subendocardial hemorrhage in % and epicardial hemorrhage or myocytolysis in % of patients
[]. The rise of the myocardial biomarker troponin I, noted in patients with neurological syndromes, further sup-
ports the occurrence of cardiac damage []. This direct proof of heart injury is also corroborated by evidence for
regional wall motion abnormalities in ventriculographic and echocardiographic studies [–]. The arrhythmias and
ECG changes, observed after manipulation of the circle of Willis during surgical procedures in humans and experi-
mental animals, provide evidence that a pathophysiologic link between the central nervous system and the heart is at
play [].

Mechanistically the T wave changes have been attributed to functional repolarization abnormalities [, ], struc-
tural heart disturbances [], parasympathetic nerve stimulation [], and surge of sympathetic tone and catecholamine
release []. Animal studies have demonstrated that infusions of catecholamines and stimulation of hypothalamus and
insula produce the same hemodynamic alterations and necrotic myocardial lesions seen in subarachnoid hemorrhage
[, ]; these lesions appear similar to those seen in patients with pheochromocytoma (see > Sect. ..) or cocaine
abuse, conditions previously linked to sympathetic stimulation []. Of course it is possible that this sympathetic arousal
leads to myocardial damage mediated by increase in the myocardial oxygen demands in patients with neurologic syn-
dromes and coronary artery disease. Nevertheless, autopsies in patients with head trauma or subarachnoid hemorrhage
have identified myocardial injury in the presence of normal coronary arteries [, ]. It is also hypothesized that
the myocardial lesions found at autopsy are caused by disturbances in the cardiac contraction pattern resulting from
abnormal excitation of the origins of the autonomic nerves at the central nervous system mediated by the extravasa-
tion of blood []. The bulk of evidence indicates that sympathetic arousal is the pathophysiologic mechanism for
myocardial damage, via a direct effect or an intense coronary vasoconstrictive influence []. This is further corrob-
orated by animal studies showing that adrenergic blockade, reserpine, and occasionally, atropine prevented the ECG
abnormalities [].

.. Seizures

At least a dozen electrophysiological disorders (torsade de pointes, Brugada syndrome, long-, and short-QT syndromes
and arrhythmogenic right ventricular dysplasia) as well as cardiogenic syncope, often masquerade as “epilepsy” or
“seizures” in both the adult and pediatric population, emphasizing the importance of the ECG and continuous ECG
monitoring in unraveling many of the above diagnostic conundrums []. On the other hand, the higher incidence of
sudden death in epilepsy than in the normal population points to ventricular tachyarrhythmias as the possible culprit.
The reduction of high frequency and increase of low frequency values in heart rate variability in the frequency domain
analysis in such patients suggests that increased sympathetic activity may be the incriminating factor [].

.. Neuromuscular Diseases

Friedreich’s ataxia, progressive muscular dystrophy and myotonic muscular dystrophy (MD) are hereditary neuropathic
diseases associated with cardiomyopathy. MD is associated with very slow pulse, high incidence of all types of AV block,
Qwaves and slurring of the QRS complexes resulting from changes in the intraventricular conduction, left axis deviation,
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⊡ Figure .

AnECG fromapatientwithmyotonicdystrophyduringsyncopal seizure, showingcompleteAVblockandAV junctional escape

rhythm.

P waves of low amplitude, ST segment abnormalities, and flat or inverted T waves [, , ]. Most frequent cardiac
manifestations of this disease are conduction abnormalities (> Fig. .) for which electronic pacing is often required
(> Fig. .).

Atrial arrhythmias also occur more frequently (flutter and fibrillation) than ventricular arrhythmias. An association
of the frequency of arrhythmias and conduction disturbances with the severity of the disease has been documented [].
In spite of the high prevalence of conduction abnormalities in MD, the incidence of complete heart block is lower than
expected [, ]. A tall R wave in V is seen in Duchenne muscular dystrophy. Cardiac involvement in facioscapu-
lohumeral MD was characterized by myocardial thickening in the echocardiogram and incomplete right bundle branch
block, ST elevation in V–V, and tall T waves in V–V [, ]. Short and prolonged QTs are seen in different forms
of MD [].

. Thoracic Diseases

.. Thoracic Skeletal Abnormalities

Posterior depression of the sternum and costal cartilages (pectus excavatum) (PEX) may be associated with ECG
changes, which are not specific for the condition and are attributed to the compression and leftward displacement
of the heart between the sternum and the spine. These ECG changes, which may not necessarily signify any cardiac
abnormality, include non-ischemic and ischemic type T wave inversions (> Fig. .), late transition of the precor-
dial QRS complexes with the Q waves in V–V simulating an anterior myocardial infarction (MI), complete right
bundle branch block (RBBB), an rSr’ pattern in lead V, and a negative P wave in lead V, similar to that of lead
aVR; this last finding may be due to the direction of the atrial depolarization vector away from the V position,
because of the leftward displacement of the heart [–]. PEX was associated with incomplete blockade of the
bundle of His, ventricular extrasystoles, Wolff-Parkinson-White syndrome, and mitral valve prolapse (MVP) (% of
cases) []. With thoracic deformities, the distance of the heart from certain precordial electrodes may increase or
decrease, resulting in low or high QRS complexes. Paroxysmal tachycardias have been described in association with
PEX [], but as in patients with MVP, it is uncertain whether they are truly related to the condition. In patients
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⊡ Figure .

The ECGobtained after recovery from syncopal seizure of the samepatient as in> Fig. ., showsmarked sinus bradycardia,

prolonged QT interval, prominent U wave, ○ AV block, and complete right bundle branch block with left anterior fascicular

block (frontal QRS axis of −○). This patient underwent implantation of an artificial pacemaker.
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⊡ Figure .

ECG of a patient with pectus excavatum showing ischemic-appearing T waves in the precordial leads.

with the “straight back syndrome”, in which the heart is compressed and leftwardly displaced between a “straight-
ened” dorsal spine and the unaffected sternum, ECG changes similar to those described in patients with PEX have
been noted. Noninfarctional Q waves in the inferior leads or severe frontal QRS left axis deviation has been observed
[]. Severe degrees of kyphosis, scoliosis or kyphoscoliosis are accompanied by deranged lung function, hypoxemia,
and pulmonary hypertension. In such situations, the ECG changes may be related to chronic cor pulmonale (see
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> Sect. ..). An association of thoracic skeletal abnormalities and MVP has been documented []; also it has been
postulated that MVP may be an acquired condition caused by a growth disproportion between the heart and the chest
cavity [].

.. Parenchymal Lung Diseases

Chronic obstructive lung disease (COPD) and its clinical expressions of bronchitis and emphysemamay lead to a decrease
in the ECG voltage, particularly in the limb leads; also the precordial leads may show an attenuated ECG voltage, espe-
cially in the left precordial leads, which partially may be due to the increase of the distance of the heart from the recording
electrodes. Of course this occurs when there is a lung-inflated consequence of the underlying pathology, as in emphysema.
Theoretically, in asthma, lung hyperinflation alsomay be present episodically. In severe asthma, transient sinus tachycar-
dia, right axis deviation, right atrial enlargement, right ventricular hypertrophy, ventricular premature complexes, and
RBBBwere noted, and correlated with the degree of airway obstruction []. Asthmatics show reversible inferior T wave
inversions [], and increase in heart rate and decrease in heart rate variability, when exposed to ambient coarse particles
[].The presence of hypoxia (↓O), hypercapnea (↑CO), respiratory acidosis, alkalosis or exacerbations of COPDmay
set the stage for more ECG abnormalities to appear (see > Sects. .. and > ..). The frontal QRS axis is vertical or
rightward, and poor R wave progression in the precordial leads is noted simulating an anterior MI. Both are due to the
downward displacement of the diaphragm resulting in an anatomical, and thus an electrical, vertical heart position and a
high placement of the precordial leads relative to the heart [, ]. In addition, right ventricular dilatation contributes to
the leftward shift of the transition zone. P waves are tall in leads II, III, and aVF with a vertical or rightward frontal axis,
due to the heart’s vertical position; P-R segment and ST segment depressions in the same leads are due to exaggerated
atrial repolarization []. Some of the above changes are stable in established COPD, or transient, as in patients with asth-
matic attacks. Exercise, even when associated with ↓O, does not cause myocardial repolarization abnormalities (altered
QTc dispersion) in patients with COPD []; others, however, have documented increase in QTc dispersion with ↓O

and ↑CO, and decrease of QTc dispersion with partial correction of ↓O [].
Theoretically lung tissue, particularly in its hyperinflated state, is a poor electrical conductor and should produce

an increase in ECG potentials based on its increased impedance []. However, this may be offset by the increase in
the heart surface-electrode distance due to hyperinflation. When acute or chronic cor pulmonale ensues, the expected
ECG pictures emerge (see > Sects. .. and > ..). Extensive atelectasis and infiltration due to pneumonia, pleural
effusions, and other complications are expected to influence the ECG further. The ECG voltage is routinely attenuated in
patients cared for in respiratory critical care units (> Fig. .).

⊡ Figure .

ECG of a -year-old womanhospitalized in the Respiratory Intensive Care Unit. The chest X-ray showed infiltrates and atelec-

tases, an endotracheal tube in place, bilateral pleural effusions and cardiomegaly. The echocardiogram showed normal size

and function of the left ventricle, and enlarged hypocontractile right ventricle with pulmonary hypertension. Note the low

ECG voltage, tachycardia, and a frontal QRS axis of ○.
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COPD is associated with atrial and ventricular arrhythmias, particularly multifocal atrial tachycardia, which typi-
cally is seen in elderly patients with severe decompensation []. Although not firmly established, the mechanism of
this arrhythmia may be delayed afterdepolarizations leading to triggered activity []. Several factors may be potentially
arrhythmogenic in patients with COPD, including ↓O, ↑CO, acid-base disturbances, cor pulmonale and the use of
sympathomimetic drugs, methylxanthines, digitalis, preexisting cardiopulmonary pathology, conscious sedation, endo-
tracheal intubation, anesthesia, invasive procedure and surgery. Cough related syncope has been traced to inappropriate
chronotropic response to hypotension [].

.. Sleep Apnea/Hypopnea Syndrome

Marked obesity and COPD, with associated ↓O, ↑CO, and oropharyngeal obstruction, result in the sleep
apnea/hypopnea syndrome (SAS), which is associated with autonomic nervous system dysfunction and culminates in
pulmonary hypertension, and heart disease. ECG changes noted in SAS include sinus tachycardia, bradycardia, arrhyth-
mia and arrest, supraventricular and ventricular couplets and tachycardia, nocturnal ST segment depression, ○ AV block
Mobitz II, high ULF, VLF, LF components and high LF/HF, but lowHF values in spectral analysis of heart rate variability,
and increased QTc dispersion [–]. Continuous positive airway pressure therapy and bariatric surgery ameliorates
or eradicates all or many of the above [, ]. Heart rate tachograms derived from Holter ECG monitoring can be
used, in lieu of polysomnography, to detect SAS [].

.. Lung Congestion and Lavage

In pulmonary edema, reduced ECG voltage is noted, due to the short-circuiting effect on the cardiac potentials from
the congested lungs surrounding the heart; this phenomenon can be exploited in monitoring patients for congestive
heart failure; however, the interplay of cardiac volume changes during episodes of acute pulmonary edema may offset
the attenuation of ECG complexes, leading to unchanged ECG potentials []. Lung lavage, particularly of the left lung,
used in the therapy of pulmonary proteinosis, results in attenuated ECG potentials [].

.. Pneumothorax and Pneumopericardium

The ECG of pneumothorax and pneumomediastinum simulates appearances found in cardiac pathology [–], with
the left pneumothorax producing a decrease in QRS and T wave voltage, inverted T waves in the precordial leads, and
right frontal QRS axis deviation [], which leads to an increase in the voltage of the R wave in lead III (> Fig. .).
Occasionally right pneumothorax may not produce discernible ECG changes but when it does, the transitional zone
moves to the left, Twavesdecrease in the right precordial leads, R andTwaves increase in the left precordial leads, and can
simulate anteriorMI []. In left pneumothorax, the transitional zone is unchanged, but the voltages of QRS and Twaves
in the precordial leads and the Rwaves inV–V decrease. Tension pneumothoraxmay alter the ECG in unexpectedways
andmay imitate other pathologies, particularly pulmonary embolism, andMI.The underlyingmechanisms for these ECG
findings are probably the drastic positional changes of the heart, and the resultant change in its distance from the recording
electrodes due to alterations (particularly with left pneumothorax) in the intrathoracic volume conductor properties,
overloading of the right ventricle, and a rotation of the heart. Pneumomediastinum can cause T wave inversions [].

.. Pleural andMediastinal Effusions

Pleural effusion, depending on its size and location, results in lung and heart displacement, influencing the ECG appear-
ance. When it is left-sided and large, attenuation of QRS complexes and R waves and pseudo-infarctional Q waves are
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⊡ Figure .

ECG in spontaneous left pneumothorax showing reduced QRS voltage in V–V (left panel), with increased voltage after

recovery (right panel).

observed, mediated by an increase in the heart-electrode distance and the short-circuiting of heart’s potentials due to
the intervening fluid [, ]. In addition to pathological causes, pleural effusion may follow intrathoracic procedures
[] and insertion of central venous catheters (CVC), the latter employed for hemodynamic monitoring, hemodialysis,
or facilitation of monitoring the intracardiac P wave via the CVC []. ECG changes are further affected when pleural
effusion is combined with pericardial effusion.

.. Pleural Disease

Thickening of pleura due to inflammatory, infectious (tuberculosis) and neoplastic diseases, or radiation therapy, partic-
ularly involving the left side of the thorax is associated with attenuation of the ECG voltage. Often these pleural changes
are coupled with pleural effusion, resulting in further loss in ECG voltage.

.. Aortic Dissection

Acute or chronic aortic dissection can lead to a spectrum of complications (outflow tract stenosis, aortic valve and
coronary insufficiency, and myocardial infarction [MI], with suggestive ECG abnormalities). The ECG may be nor-
mal or indicative of prior pathologies. Typical of the ECG in acute aortic dissection is its fluidity in time as the clinical
picture evolves. Differentiation of aortic dissection from acuteMI is imperative, to avoid administration of thrombolytic
therapy [].
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. Pulmonary Hypertension

Pulmonary hypertensionmay arise acutely or gradually, be transient or progressive, and be primary, or secondary to lung
or heart disease. Paralleling this variability in pathology, a spectrum of ECG changes is observed reflecting functional
or structural alterations of the right ventricle and atrium. ECG changes observed in pulmonary hypertension are also
modulated by other intercurrent conditions and left ventricular and atrial pathology.

.. Chronic Cor Pulmonale

Chronic conditions including COPD, other pulmonary diseases, congenital heart disease, recurrent pulmonary
embolism, left ventricular systolic and diastolic dysfunction, obstructive sleep apnea syndrome, and primary pulmonary
hypertension lead to chronic cor pulmonale.The ECGof chronic cor pulmonale includes frontal right axisQRS deviation,
tall R waves inV–V, early Rwave progression (counterclockwise rotation), R/S ≥  inV, R amplitude inV ≥ mm, R/S
V ≤ , incomplete or complete right bundle branch block (RBBB), T wave inversion in V–V, and P pulmonale [];
rarely ST segment depression or elevation in inferior leads is seen []. Chronic cor pulmonale with evidence of right
ventricular hypertrophy and/or dilatation is occasionally presenting as reversed R wave progression, where the R waves
decrease progressively from V or V to V–V. Arrhythmias encountered include sinus tachycardia, supraventricular
and ventricular extrasystoles, atrial flutter and fibrillation, and multifocal atrial tachycardia.

.. Acute Cor Pulmonale and Pulmonary Embolism

All the above conditions culminating in chronic cor pulmonalemay also cause acute cor pulmonale, which by definition is
transient, although it can evolve to the chronic type. Pulmonary embolism, transient heart failure, or rise of left ventricular
afterload, can lead to acute cor pulmonale.TheECG is not sensitive or specific for the recognition of pulmonary embolism,
and changes and their severity depend on time and the frequency of recording, the size and location of the embolus and
its hemodynamic consequences, and preexisting pulmonary and/or heart diseases []. The latter may complicate the
diagnosis by either accentuating or masking the ECG abnormalities. The most frequent ECG abnormalities in patients
with pulmonary embolism reported in three series were clockwise cardiac rotation and sinus tachycardia [], RBBB and
sinus tachycardia [], and Twave inversion in the right precordial leads []. Also, the ECGwas found to be normal in
% and % of the patients with PEM [, ]. Other ECG findings include P-pulmonale, right axis deviation (RAD)
and left axis deviation (LAD), an SQ pattern, Q waves in leads III and aVF (but not II), S waves in leads I and aVL, R> .mV or R/S ratio > in lead V, QR pattern in lead V, nonspecific ST-T changes, ○ AV block, atrial and ventricular
premature beats, and atrial flutter and fibrillation [, –]. The ST-T changes include T wave inversion in leads III
and aVF, in addition to those in precordial leads, and ST segment elevation in leads III, aVR andV. ST-T changes in limb
and precordial leadsmaybe due to the right ventricular conduction disturbances,myocardial ischemia resulting from low
cardiac output and/or pulmonary hypertension, and in some patients underlying coronary artery disease. In pulmonary
embolism, ECG changes are transient, as compared to myocardial infarction (MI); also T wave inversions constitute
an early feature, while they appear later in MI. An otherwise unexplainable episode of atrial fibrillation occasionally
may be due to acute pulmonary embolism. The SIQT pattern, thought in the past, and even by some today, to be
pathognomonic of pulmonary embolism [] (> Fig. .), has been found to be equally prevalent in patients with and
without this condition []. It is postulated that the SIQT pattern is due to left posterior fascicular block, mediated
by selective stretch of the posterior part of the septum due to the high right ventricular pressure, leading to conduction
delay in the posteroinferior fibers of the left bundle. Accordingly, LAD, which is twice as frequent as RAD, may be due
to selective stretching of the anterosuperior branch of the left bundle []. Also the SIQT pattern may be due to mere
right ventricular dilatation and change in this chamber’s position relevant to the left ventricle and/or thorax.
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⊡ Figure .

The ECG on day  before the occurrence of acute pulmonary embolism, showed normal axis and incomplete right bun-

dle branch block (RBBB). The ECG on day , the day of the event, showed sinus tachycardia, marked right axis deviation,

SQT pattern, complete RBBB, and T inversion in leads V and V. The ECG on day ,  month after successful thrombolytic

treatment, showed a normal axis and no sign of right heart overload.

Right ventricular pressure overload may direct the initial left septal force superiorly and the terminal QRS vector
rightwardly, resulting in a Q wave in lead III and an S wave in lead I, respectively; the same mechanism may also lead
to a clockwise rotation of the heart along its longitudinal axis, i.e., a leftward displacement in the transitional zone of
the precordial leads. The occasional appearance of Q waves is due to marked changes in the position of the left and
right ventricle due to the latter’s dilatation. Incomplete or complete RBBB with RAD is also attributed to the acute right
ventricular dilatation.

Since the above ECG changes are nonspecific for acute right ventricular strain due to pulmonary embolism, they
should be differentiated from those of normals, inferior or anteriorMI or ischemia, extensive pneumonia, massive atelec-
tasis, chronic cor pulmonale, pneumothorax, and large pleural effusion. A previous ECG available for comparison [],
and the repetition of the ECG, has enhanced its sensitivity in diagnosing pulmonary embolism []. Accordingly, a shift
in the axis even if it remains within the normal limits may be indicative of pathology. Pulmonary embolism with severe
hemodynamic consequences has been linked to precordial T wave inversions [], and high ECG scores consisting of a
number of weighted ECG findings described above [].

. Mitral Valve Prolapse Syndrome

Degeneration or myxomatous infiltration of the mitral leaflets leads to their characteristic abnormal systolic sagging,
known asmitral valve prolapse [].The ECG in patients withMVP can be normal, but various arrhythmias and nonspe-
cific ST-T changes, involvingmostly the inferior leads,may be present in –%of patients [, ], oftenmisinterpreted
as ischemic in origin.The Twave abnormalities may be confined only to the precordial leads (> Fig. .), or may be dif-
fuse. While the T wave inversions may vary spontaneously, exercise may normalize them, and inhalation of amyl nitrate
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⊡ Figure .

ECG of a patient with mitral valve prolapse (MVP) showing ischemic-appearing T wave inversion in precordial leads V–V,

with a prolonged QT interval.

will accentuate them or convert flat to inverted T waves. An ECG false-positive exercise response, with marked ST seg-
ment depressionduring exercise or on recovery, is not at all uncommon, with a % incidence reported in one series [].
Other ECG abnormalities occasionally noted are prolongation of the QT interval (> Fig. .), prominent U waves and
abnormal Q waves without evidence of infarction []. Heart rate variability in patients with MVP was not different
than in control subjects, but the QT duration was increased; also the QT/RR slope revealed an increased nocturnal rate
dependence, which might explain the risk of arrhythmic events in these patients [].

The pathogenesis of flattened or inverted T waves is still elusive, although ischemia or even infarction of the papillary
muscle and the adjacentmyocardium is implicated []. It has been postulated that the underlying mechanismmight be
the increased traction to the papillary muscle(s) exerted by the billowing leaflet(s) via the attached chordae, which thus
interferes with the rather tenuous vascular supply of the region.

Studies with Holtermonitoring show that patients withMVP have a higher incidence of supraventricular and ventric-
ular arrhythmias than normal subjects [–]. Arrhythmias noted run the gamut from atrial, junctional, or ventricular
extrasystoles to paroxysmal supraventricular tachycardia, premature ventricular extrasystoles in a bigeminal, trigeminal,
or R-on-T patterns, or even ventricular tachycardia and fibrillation [, ]. It is believed that the latter is the cause of
syncope or sudden death in some patients with MVP [, , ]. Possible predisposing mechanisms for arrhythmias
in patients with MVP could be the mechanical stress to which the left atrium and ventricle are subjected, an underly-
ing myocardial ischemia, as evidenced by the nonspecific ST-T abnormalities, possible coexisting bypass tracts, usually
left-sided which would precipitate reentrant tachycardias, and a QT-interval prolongation []. Although it cannot be
denied that arrhythmias in patients with MVP may be associated with an increased risk of sudden death, the previously
reported increased incidence probably had been due to a selection bias (study of patients with the most severe form of
the syndrome) []. In the same vein, the occurrence of complex ventricular arrhythmias in some patients with MVP
may be a reflection of their underlying consequent mitral regurgitation, and not due to the syndrome per se, since such
arrhythmias are common in patients with nonischemic hemodynamically significant mitral regurgitation, regardless of
the specific etiology [].

. Infectious Heart Diseases

The heart can be affected by any of the entire range of infectious agents. Depending on the topography of physiological
and structural derangements and the subsequent pathophysiological consequences, as for example in endocarditis, viral
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⊡ Figure .

Serial ECG changes in acute viralmyocarditis: (a) junctional escape rhythmwith RBBB-type intraventricular conduction defect

(IVCD) and ST abnormality; (b) junctional escape rhythm with LBBB-type IVCD; (c) normal sinus rhythmwith LBBB-type IVCD;

(d) sinus tachycardia with LBBB; (e) sinus tachycardia with normal QRS morphology; (f) atrial fibrillation with normal QRS

morphology.

myocarditis, echinococcosis, syphilis, Chagas disease, and others, the gamut of arrhythmias, conduction abnormalities,
and evidence of chamber hypertrophy/dilatation may be seen in the ECG.

.. Myocarditis

While most cases of acute “idiopathic” myocarditis are probably due to viruses [], any infectious organism or toxic
agent can cause this condition. ECG changes of acute viral myocarditis are frequent but nonspecific, and consist of diffuse
low voltage, ST-T abnormalities, QT interval prolongation, sinus tachycardia, atrial and ventricular arrhythmias, and AV
and intraventricular conduction defects (> Fig. .) []. The ST segment and T wave changes may be related to the
associated pericarditis. A “fulminant” form of myocarditis is seen in association with Q waves plus ST segment elevation,
and heralds a rapidly fatal course; in general, abnormal QRS complexes and left bundle branch block are markers of poor
survival and sudden cardiac death []. Frequently “idiopathic” ventricular tachycardia is linked tomacroscopic and/or
microscopic ventricular abnormalities of myocarditis [].

Acute rheumatic fever, still of major prevalence in developing countries, may lead to “rheumatic carditis”, a form of
“pan-carditis” with involvement of endocardium, and pericardium, but also with a “myocarditis” component. The most
frequent encounter in such patients is ○ AV block (> Fig. .), with ○ AV block of the Wenckebach type or complete
AV block occurring rarely. The length of P-R interval does not bare any relationship with the severity of the carditis, or
the eventual occurrence of valvular sequelae [].

Rarely a patient with acute MC may show changes suggestive of myocardial infarction (ST segment elevation, recip-
rocal ST segment depression, or even Q waves). A possible myocarditis should be suspected when a previously healthy
young adult presents with serious atrial or ventricular arrhythmias, high-degree AV block, intraventricular conduction
disturbances, or cardiac arrest (> Figs. ., > . and > .).

.. Chagas Disease

Chagas disease, a progressive disease leading to congestive heart failure and a variety of ECG abnormalities is essentially
endemic in Central and South America. A study of symptomatic seropositive patients revealed an incidence of arrhyth-
mias, including extrasystoles, of %. ○ or ○AVblock occurred in .%, ○ AVblock in .%, atrial fibrillation in .%,
ventricular extrasystoles in .%, right bundle branch block (RBBB) in .% and left anterior fascicular block (LAFB)
in .% of patients, with the last two being the most commonly occurring conduction defects []. Another study of
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⊡ Figure .

MarkedPRprolongation (. s)during theacutephaseof rheumatic fever (upper trace)has returned tonormalAVconduction

 days later (lower trace).

⊡ Figure .

ECG showing AV dissociation and frequent VPCs during the acute phase of viral myocarditis. Four days later, the ECG rhythm

has changed to complete AV block with a normal atrial rate.
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⊡ Figure .

Serial ECG changes in acute viral myocarditis: (a) idioventricular rhythm; (b) accelerated idioventricular rhythm; (c) complete

AV block; (d) sinus tachycardia with left axis deviation; (e) atrial flutter with right axis deviation; (f) atrial fibrillation.

seropositive subjects showed that RBBB was also the most commonly found ECG abnormality []. An incidence of
RBBB of .% versus .%, and of LAFB of .% versus .% were the only significant differences between asymptomatic
Chagas seropositive and seronegative subjects, while the most frequently occurring ECG finding in these two groups was
a T wave change (.% vs. .%, respectively) []. An early cardio-vagal dysfunction was documented in asymptomatic
seropositive subjects regardless of ECG appearance, based on a large panel of tests, suggesting that such change may be
useful for identification of subclinical disease []. Abnormal values for heart rate turbulence have been noted in patients
with Chagas disease [].

. Connective Tissue Diseases

Connective tissue diseases, e.g., lupus erythematosus, scleroderma, rheumatoid arthritis, etc., frequently impact the car-
diovascular system, leading to a variety of cardiac sequelae, and ECG abnormalities. Thus, patients with rheumatoid
arthritis were found to have increased sympathetic activity []; the signal averaged ECG in patients with scleroderma
revealed late potentials in the absence of overt cardiac disease [], which could be related to the high incidence of ven-
tricular arrhythmias and sudden death in this disorder. In Marfan’s syndrome, atrial and ventricular extrasystoles and T
wave changes were detected []; in patients with systemic lupus erythematosus, atrial and ventricular arrhythmias, ○

AV block, and acquired complete heart block, along with a myriad of ECG abnormalities depending on the associated
cardiac complications have been found []. Q waves, ST segment changes, increased P wave terminal force, conduc-
tion defects, and features of cor pulmonale (see > Sect. ..) were found in patients with connective tissue diseases
[, ].
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. Cardiomyopathy

.. Hypertrophic Cardiomyopathy

TheECG is abnormal in % of patients with hypertrophic cardiomyopathy showing left ventricular hypertrophy (LVH),
pseudoinfarctional Qwaves, abnormalities of the Pwaves, ST segments, or Twaves,QTc prolongation, and atrial and ven-
tricular arrhythmias, irrespective of the presence of left ventricular outflow obstruction; however, none of these findings
is diagnostic of the disease [, ]. Left atrial enlargement (LAE), secondary to either poor left ventricular compliance
or mitral regurgitation was more common than right atrial enlargement []; P-pulmonale noted in patients with HCM
may be of the “pseudo-P pulmonale” type, occasionally seen with LAE []. LVH, mostly associated with secondary T
wave inversion, was present in % of patients []. ECG LVH may reflect primary involvement of the left ventricular
myocardium or hypertrophy in response to the outflow tract obstruction []. A frontal axis superior to ○ noted in %
of patients might have been related to LVH. []. The most common ECG findings in hypertrophic cardiomyopathy are
the ST segment and T wave abnormalities [, ], which may be of the nonspecific type, or those secondary to LVH
and conduction defects. Sinoatrial or AV blocks are uncommon [, , ], with a % incidence of complete AV block,
requiring permanent pacemaking []. T wave alternans (TWA) was more frequent in patients with hypertrophic car-
diomyopathy than in hypertensive LVH, and there was a correlation of TWA with myocardial disarray and/or fibrosis,
the maximal numbers of successive ventricular ectopic beats and episodes of nonsustained ventricular tachycardia (VT),
reflecting myocardial electrical instability [, ]. Longer QRS and QT intervals are consequences of increased left
ventricular mass in patients with hypertrophic cardiomyopathy, while abnormalities in the T wave complexity index, QT
dispersion, activation-recovery interval and its dispersion, and duration of the signal in the terminal portion of the QRS
predicted cardiogenic syncope [].

Pseudoinfarctional Q waves, the most distinctive ECG abnormality in hypertrophic cardiomyopathy (> Figs. .–
> .), are more commonly seen in the anterolateral than the inferior leads [], and may be due to ventricular
septal hypertrophy, septal fibrosis, or abnormal septal activation caused by disarray of the myofibrils [, ]. These
abnormal Q waves, seen in both the obstructive and non obstructive types of hypertrophic cardiomyopathy have no
apparent relationship to the severity of the outflow tract obstruction [], and they may change in amplitude, or even
disappear during the course of the disease []. It is intriguing that the segmental muscle hypertrophy of hypertrophic
cardiomyopathy produces Q waves similar to those resulting from muscle necrosis. A study employing intracoronary
electrograms identified the mechanisms of Q wave generation in hypertrophic cardiomyopathy to be both transmural
myocardial fibrosis and altered direction of resultant initial vectors due to disproportionate hypertrophy of septal and/or
free wall, unopposed by apical forces; areas of fibrosis were associated with regional contraction abnormalities while
hypertrophic territories were not [].The above were corroborated by newly appearing and disappearing Q waves after
alcohol septal ablations in patients with hypertrophic cardiomyopathy []. Occasionally patients with hypertrophic
cardiomyopathy can suffer a true myocardial infarction (> Fig. .).

Atrial fibrillation (AF) has been reported to occur in –% of the patients, while atrial and ventricular premature
beats were found in –% when employing  h ambulatory ECGmonitoring [, , ]. VT was observed in % of
patients (>Fig. .a) duringHoltermonitoring [], with a higher incidence reported in other literature [, , ].
AF and the Wolff-Parkinson-White syndrome are more commonly associated with certain genetic mutations in patients
with hypertrophic cardiomyopathy. Nonsustained VT particularly in the young has a poor prognosis, and sustained VT
and ventricular fibrillation are rarely documented []. Invasive electrophysiology studies have little advantage over
non-invasive risk stratification [], and along with a host of risk factors, both need to be considered for prophylactic
implantation of an automatic defibrillator [, ].

.. Dilated Cardiomyopathy

Themost common ECG findings in patients with dilated cardiomyopathy are left ventricular hypertrophy (LVH) and left
atrial enlargement (LAE) []. The pathophysiologic pathways leading to dilated cardiomyopathy are ever expanding.



Miscellaneous Electrocardiographic Topics  

⊡ Figure .

Pseudoinfarctional Q waves in leads I, aVL, and V–V, with evidence of left ventricular hypertrophy in a patient with HCM.

A newly described form of apical dilated cardiomyopathy (“takotsubo”) induced by acute physical and psychological
stress leads to ST segment elevation, diffuse T wave inversion, and prolonged QT interval indistinguishable from acute
myocardial infarction syndrome [–]. A reversible arrhythmogenic dilated cardiomyopathy due to tachyarrhyth-
mias, mainly atrial fibrillation (AF) [], but rarely even due to “chronic” sustained ventricular tachycardia [] should
be kept in mind. Arrhythmogenic right ventricular dysplasia may lead to right and rarely left ventricular dilated car-
diomyopathy []. Right ventricular hypertrophy (RVH) and biventricular hypertrophy/dilatation (BVH) are commonly
documented by echocardiography or autopsy, although are not always paired with suggestive ECG findings. The ECG
cannot distinguish hypertrophy from dilatation []. Although BVH due to congenital heart disease is occasionally
associated with the Katz–Wachtel pattern [] characterized by large diphasic QRS complexes in the standard bipolar
leads, BVH may lead to a reduction of QRS voltage or an almost normal ECG due to cancellation []. The author has
observed large diphasic QRS complexes in the precordial leads in patients with BVH, while a normal-sized diphasic
QRS complex in these leads is a normal finding []. An R/S ratio ≥ in V is the most sensitive among the con-
ventional ECG criteria of RVH []. Diastolic overload is associated with LVH in the ECG, and tall symmetrical T
waves with some ST segment elevation (not commented upon by the author) of upward concave type, in contrast to ST
segment depression and inverted T waves, found with systolic overload []. Diffuse myocardial fibrosis may be the
mechanism of the reduced QRS voltage in dilated cardiomyopathy. This attenuation of QRS complexes may involve only
the limb leads, while the precordial leads may be normal or prominent in amplitude and show poor R wave progres-
sion in patients with dilated cardiomyopathy, or congestive heart failure (> Fig. .b) [, ]. Low voltage ECG
in patients with peripheral edema is seen in spite of the cardiac dilatation (see > Sect. ..). Also the amplitude of
cardiac signals, acquired by body surface potential mapping, decreased by approximately % after partial left ventri-
culotomy [].

Pseudoinfarctional Q waves in patients with dilated cardiomyopathy may be seen, although with lower frequency
than in dilated cardiomyopathy; such Q waves are mostly present in the right and mid-precordial leads (> Fig. .b),
and are probably due to LVH and/or intraventricular conduction defects (IVCD) [, , ]. IV conduction defects,
particularly left bundle branch block (LBBB) (> Fig. .), are common in dilated cardiomyopathy, with incidences
varying between % [] and % [, , , ]. LBBB is so prevalent that its presence, particularly in patients
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⊡ Figure .

Pseudoinfarctional Q waves in leads II, III, aVF, V and V, and reversed R wave progression in V–V in a patient with

documented HCM.

younger than  years of age, would support the diagnosis of the disease. An association of extreme frontal right axis
deviation with the LBBB has been noted in some patients, and may indicate extreme severity of dilated cardiomyopa-
thy []. QRS duration and its perturbations are employed as a predictor, in the monitoring of patients with dilated
cardiomyopathy, and their response to resynchronization therapy [–]. Heart rate turbulence (onset and slope),
microvolt-level T-wave alternans, abnormal baroreflex sensitivity and heart rate variability are powerful independent
predictors of ventricular tachyarrhythmic events in patients with dilated cardiomyopathy [, ]. Commonly, the
prolongation of the QRS complexes, in the absence of typical features of either LBBB or right bundle branch block,
qualifies for the diagnosis of IVCD (> Fig. .). Most of the ST segment and T wave changes seen in the left precor-
dial leads in dilated cardiomyopathy are nonspecific or secondary to LVH, IVCD, or digitalis effect. Atrial arrhythmias,
particularly AF (> Fig. .), and ventricular arrhythmias are common in this disease. ECGs pertaining to employ-
ment of pacing, implantable cardioverter/defibrillators, and resynchronization therapy, with changes associated with
their advanced operational features and occasional malfunction, are frequently encountered in patients with dilated
cardiomyopathy [].
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⊡ Figure .

Pseudoinfarctional Q waves in V–V in a patient with documented HCM.

.. Restrictive Cardiomyopathy

Restrictive cardiomyopathy is characterized by low-voltage QRS complexes, left and right atrial enlargement, LVH, non-
specific ST-T changes, AV conduction defects, IVCD, and arrhythmias, particularly AF []. Pseudoinfarctional Q waves
and low voltage ECG complexes are noted in amyloid heart disease [, ], while body surface potential maps revealed
correlation of the amplitude of positive potentials on the anterior and lateral chest wall with disease severity, and prolonga-
tion of ventricular activation time []. It is possible that the low voltage in advanced stages of restrictive cardiomyopathy
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⊡ Figure .

ECG of a patient with documented HCM complicated by acute anterior myocardial infarction.

may be in part related to the associated peripheral edema (see> Sect. ..). Other infiltrative diseases causing restric-
tive cardiomyopathy are Fabry disease [], hemochromatosis, in which chelation therapy restores the amplitude of QRS
complexes [], hypereosinophilia [], mucopolysaccharide (Hurler’s) and glycogen storage (Pompe’s) diseases [].
The last is associated with very high QRS complexes, possibly related to high extracellular resistance [].

. Cardiac Transplantation

ECG changes at some point after cardiac transplantation (CT) are seen in approximately % of patients, consisting of
bundle branch block, atrial flutter or fibrillation, and ventricular arrhythmias with coronary vasculopathy []. A direct
association of increase in QTc duration over time with mortality has been identified []. However, with contemporary
treatment, ECG changes develop only in severe forms of rejection. Diffuse low QRS voltage, loss of precordial R wave
amplitude, right axis deviation, ○ AV block progressing to nodal rhythm, atrial arrhythmias, and occasionally ischemic
ST segment changes are looked for in the monitoring of patients following CT [, ]. However, these changes are
nonspecific, and particularly in reference to the QRS voltage, attenuation has not correlated with acute rejection [];
pericardial and pleural effusions, or other complications in the post cardiac transplantation course could also be the
cause of low QRS voltage []. Linear or nonlinear analyses of heart rate variability provide detection of acute rejec-
tion following allograft CT []. Increased QTc dispersion, independent of the reduction of the ejection fraction, has
been found in patients with post CT coronary vasculopathy []. However, increase in QTc dispersion and right bundle
branch block have not been found to discriminate between patients with and without biopsy-proven cellular rejection
[–], although a trend has been noted linking increased QTc dispersion and rejection, calling for a change of man-
agement [].The study of the frequency content of the ECG has been found useful for the detection of rejection, and its
management, while changes in QRS or signal averaged ECG were noncontributory [, ]. Analysis of the ventricular
evoked response obtained by programmed electrical stimulation may be suitable for detection andmonitoring of cardiac
allograft rejection [].
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⊡ Figure .

(a) Ventricular tachycardia in a patient with documented hypertrophic cardiomyopathy. (b) ECG of a patient with autopsy-

proven idiopathic congestive cardiomyopathy, simulating an old anteroseptal myocardial infarction. The low voltage in

standard leads is the result of pericardial effusion, which often appears not to have involved the precordial leads in patients

with enormous QRS complexes prior to the development of the effusion.
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⊡ Figure .

ECG showing left atrial enlargement and LBBB in a patient with dilated cardiomyopathy.

. Heart Injury

Trauma to the heart and large vessels may lead to ECG changes, which depend on the nature of injury and the particu-
lar anatomic site of cardiac involvement. Blunt trauma to the chest wall can involve the underlying heart in “commotio
cordis”, “contusio cordis”, and “steering wheel injury” where experimental work and clinical experience has shown the
gamut of ECG abnormalities occurring, with various outcomes from sudden death due to ventricular fibrillation (VF),
to quick, but sometimes more protracted, recovery []. Atrial and ventricular arrhythmias, AV and intraventricular
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⊡ Figure .

Atrial fibrillation and LBBB-like IVCD in a patient with dilated cardiomyopathy.

conduction disturbances, evidence of pericarditis, pericardial effusion and frank myocardial infarction (MI) (resulting
from damage to the myocardium itself or the perfusing coronary artery) are found. Some of the above may be noted
only transiently, while others may leave a permanent change on the ECG. Attenuated ECG complexes or such changes
becoming more pronounced in serial ECGs indicate hemopericardium, which is often expanding rapidly. Minor repolar-
ization ECG changesmay be seen in “contusio cordis”, which can be followed by ventricular pseudoaneurysm and sudden
cardiac death. Similar changes lasting for a few hours can be seen in boxers []. Involvement of valves leads to atrial
and myocardial after effects, which manifest as progressive ECG changes as the pathophysiology of cavity enlargements
evolves.

A variety of arrhythmias result from electrical injuries including the effect of lightning to the heart, with the alter-
nating current being worse than the direct current at the same voltage. Current of high frequencies is not damaging, and
the vulnerability of patients varies with the degree of skin resistance. Levels of current intensity (approximately mA
is fatal), duration of exposure, and its trajectory passing through the heart, determine the seriousness of the outcome.
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Sinus tachycardia, ST segment elevation, nonspecific ST-T changes, prolonged QTc interval, atrial and ventricular tachy-
cardia, VF, conduction abnormalities, and MI can occur with low and high voltage electrical injuries; QTc prolongation
results only from direct lightning hits, and for MI coronary vasospasm is implicated [, ]. The transient collapse,
noted in some victims, implies that VF may be occasionally reversible. After exposure in survivors, sinus tachycardia and
non-specific ST-T changes can be seen in the ECG, which partially may be due to underlying myocardial injury [].

After electroconvulsive therapy, no new persisting ECG changes were found even in patients with prior cardiac dis-
ease []. Internal cardioversion of atrial fibrillation may lead to prolongation of QTc []. Brief ST segment elevation
may follow external DC cardioversion []. Internal and external cardioversion of ventricular arrhythmias resulted in
brief sinus bradycardia, supraventricular and rare ventricular tachycardias []. The external and internal defibrillation
during procedures or after implantation of automatic defibrillators, has the potential rarely to cause epicardial injury, or
biochemical evidence of necrosis [–].

. Pericardial Diseases

Acute and chronic diseases of the pericardium produce various ECG abnormalities, some of which are nonspecific, while
others are very distinctive of the underlying pathology.

.. Pericarditis

Acute pericarditis causes diffuse ST segment elevation and T wave inversion, attributed to subepicardial myocarditis
or myocardial damage along with the type involving the pericardium per se (> Fig. .). Although the condition is
usually generalized, local or loculated pericarditis occasionally occurs and results in regional ST-T changes. Four stages
of evolutionary ST segment and T wave changes have been described in association with acute pericarditis [, ]:
(a) stage : diffuse ST elevation in almost all leads except aVR and possibly V, i.e., absence of reciprocal changes;
(b) stage : return of ST junction to the baseline, with diminishing amplitude of the T wave; (c) stage : inversion of

⊡ Figure .

Serial ECG changes in a patient with acute viral pericarditis: (a) Diffuse ST elevation seen on day ; (b) Normal ST segment and

Twave seen on day ; (c) Normal ST segment, but the Twave begins to be inverted on day ; (d) Marked Twave inversion seen

on day .
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the T wave with an isoelectric ST segment; and (d) stage : return of the T wave to its normal pattern. One or more stages
may be absent, or features of one stage may be intermingled with features of another, depending on the frequency of
observation, severity of the disease, and time interval between the recording and the onset of illness. Although charac-
teristic ST segment displacement has been reported in ≥% of the cases of the disease, the sensitivity and specificity of
ECG changes in the diagnosis of acute pericarditis are very difficult to evaluate [].The typical ST segment and T wave
abnormalities are more often seen in acute purulent pericarditis than in the type resulting from tuberculosis, uremia,
or as a complication of acute myocardial infarction (MI) either shortly after inception, or later (Dressler’s syndrome).
Perhaps the associated QRST alterations of the subacute or chronic MI explain the apparent paucity of characteristic
ST-T changes of pericarditis in Dressler’s syndrome, although others feel that the latter has truly decreased in incidence
in the thrombolytic era []. Etiology of pericarditis and the extent of the associated myocardial damage determine
the duration of the ECG changes []. Thus, while purulent pericarditis is likely to be associated with persistent ECG
abnormalities, the ST segment displacement in acute viral or idiopathic pericarditis may return usually to normal within
a week. However the succeeding T wave inversion may last longer, perhaps for weeks or months, even in patients who
have fully recovered.

Other less frequent and specific ECGfindings in acute pericarditis include a depressed PR segment, and atrial arrhyth-
mias, both of which are probably responses to atrial injury. Some PR segment depression (occasionally up to μV)
is the normal expression of atrial repolarization (secondary) and may extend into the ST segment and T wave [];
consequently, the exaggerated PR segment should be viewed as a primary alteration of the atrial repolarization, and is
encountered in % of patients with clinically silent pericarditis, particularly with inflammatory pericardial involvement
[].

The ST segment displacement observed in acute pericarditis should be differentiated from those occurring in acute
MI, ST elevation in healthy young people caused by vagotonia, and early repolarization. In reference to the differentiation
from acute MI [], the following are helpful: (a) There is no reciprocal ST segment depression in acute pericarditis –
ST depression is only seen in lead aVR (> Figs. . and > .), and rarely in leads V, III and aVL; (b) Less severe ST
segment elevation (usually <.mV) occurs in pericarditis, but more leads are involved; (c) Upward concave ST segment
elevation, rather than upward convex ST segment elevation, is observed in pericarditis; (d) During the period of ST
segment elevation, the Twave remains upright in pericarditis, until the ST segment returns to the isoelectric line; (e)More
diffuse but less deep T wave inversion occurs in pericarditis; and (f)The QT interval in pericarditis is normal. Regarding
the differentiation of pericarditis from early repolarization, it has been reported that the ratio of ST segment elevation to
the corresponding upright T wave is higher in the former than in the latter [] (> Fig. .).

.. Pericardial Effusion

Low QRS voltage is traditionally thought to be due to the “insulating” effect of fluid or fibrin deposits [], or changes
in the electrical properties of the pericardium, although an alternative explanation is that of a short-circuiting effect of
the fluid enveloping the heart []. There is continuing debate about the correlation of the presence of low voltage ECG
or the degree of QRS attenuation and the magnitude of pericardial effusion and it appears that the interplay of the above
is complex []. Generalized low QRS voltage with electrical alternans is seen with large pericardial effusions, and is
attributed to a swinging motion of the heart maintaining a two-beat periodicity [, ].

.. Pericardial Tamponade

There are no specific ECG changes of pericardial tamponade; however the low voltage ECG in tamponade may be due
to the associated (usually large) PE although a possible compressive effect of the increased pericardial pressure reducing
the ventricular volume has also been implicated [].
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.. Pericardial Constriction

ECG changes with chronic pericardial constriction include all the above findings seen in pericarditis, particularly the
T wave inversion seen in its third stage, and the low QRS voltage found with pulmonary embolism []; the depth
of Twaves has been felt to correlate with the degree ofmyocardial-pericardial adherence [], andmayhave implications
on the feasibility of surgical pericardial “stripping”.

. Heart Tumors

A variety of benign and malignant primary and metastatic heart tumors are associated with Q waves, ST segment devi-
ations, T wave inversions, conduction abnormalities, and atrial and ventricular arrhythmias. ECG changes may simulate
all appearances of myocardial ischemia and infarction [, ]. The entire range of ECG changes of pericarditis (see
> Sect. .) may be seen with tumor invasion of the pericardium []. Cardiac rhabdomyomas associated with
tuberous sclerosis may show ECG evidence of right or left ventricular hypertrophy depending on the ventricular cav-
ity involved, in the absence of pressure overload or cardiac enlargement, with such changes disappearing with regression
of the tumors []. Atrial myxomas lead mainly to P-mitrale (broad P waves in lead II and enhanced terminal force of
P waves in lead V) [].

. Electrical Alternans

Electrical alternans, i.e. a regular alternating change in the configuration or magnitude and axis of the ECG complexes,
arising from the same pacemaker, and associated with a stable R-R interval, is an extracardiac phenomenon []. It may
involve the P, QRS or T waves, and when all these three occur together, “total electrical alternans” is said to be present.
ST segment alternans occasionally occurs in the setting of variant angina [], myocardial infarction [], exercise
testing [], or during coronary angioplasty [], and even alternans in conduction can occur. P, T, and U wave, and
ST segment alternans is rare, while QRS alternans, with or without T wave change, is the most common pattern.

Pericardial effusion, with or without cardiac tamponade, is the most common clinical cause of electrical alternans
(see > Sect. ..) (> Fig. .), and is often associated with low ECG voltage and tachycardia. QRS alternans may
also occur in hypertensive heart disease with left ventricular hypertrophy, coronary artery disease (CAD), and supraven-
tricular tachycardia associated with the Wolff-Parkinson-White syndrome (WPW). Alternating WPW pattern might be
misinterpreted as QRS alternans (> Fig. .), although the mechanism obviously is different (pseudo-alternans). In
pericardial effusion or cardiac tamponade, electrical alternans most likely results from cardiac displacement in the peri-
cardial sac as well as the reduction of the restraining interference of the lungs on the heart []. In the absence of
pericardial effusion or cardiac tamponade, the possible mechanism of electrical alternans is an alternation in the pattern

⊡ Figure .

QRS alternans in a patient with complicated large pericardial effusion due to a hepatoma.
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⊡ Figure .

QRS alternans in a patient with alternatingWPW ECG pattern (lead II (b, c, d). Note the regularity of the P–P interval, and the

xs indicating the QRSs with preexcitation).

of depolarization, which is the consequence of the inhomogeneous refractory phase of the myocardium []. However,
this should be termed “depolarization alternans” and the implication is that this is a cardiac rather than extracardiac phe-
nomenon. Currently T wave alternans, expressed in μV, has been employed in research and practice []; particularly
its application during exercise testing is touted as useful for evaluation of patients with CAD, or for selection of patients
for implantation of cardioverter/defibrillators [].

. Cardiac Memory

Twave changes can be thought of as primary, implying a change in ventricular gradient, like the ones caused by electrolytic
or ischemic disturbances, or secondary, due to changes in the ventricular depolarization sequence, as in bundle branch
block (BBB) or sequence of repolarization as in some forms of left ventricular hypertrophy. Experimental work [–
] and the repolarization changes noted in left bundle branch block (LBBB) and right ventricular pacing led to the
proposition that a change in the sequence of ventricular activation may also induce variation in the duration of the
excited state resulting in a change in the ventricular gradient, i.e. emergence of “primary” or “pseudoprimary” T wave
abnormalities [–]. Such T wave changes are unlike the secondary changes that are seen as “obligatory” components
of LBBB or right ventricular pacing, and have the following characteristics: they develop gradually; a long time may be
needed for maximal effect to appear and subsequently to dissipate, and a shorter time for these to take place when the
heart has been previously exposed to BBB or pacing. They are manifest during return to normal activation; and their
direction is the same as that of the inciting abnormal QRS complexes (> Fig. .). These “pseudoprimary” T wave
changes may also be seen in some cases of transient complete AV block with wide QRS complexes, single or combined
fascicular blocks, preexcitation, after tachycardias especially ventricular, following premature ventricular beats (VPBs)
(> Fig. .a) and premature atrial beats (> Fig. .) and even aftermyocardial infarction []. It has been stated that
with single VPBs, cardiac memory can be detected when the VPBs are interpolated (> Fig. .a) or they are followed
by a non-fully compensatory period (> Fig. .b), while it does not occur or is barely detectedwith fully compensatory
periods; however, occasionally evidence ofmemory is seen in associationwith a fully compensatory period (>Fig. .).
Also the change in the T wave may require a few beats for full return to the appearance present prior to the VPCs.
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⊡ Figure .

(a) ECG of a patient with acute myocarditis shows complete AV block. (b) ECG shows RV pacing rhythm. (c) ECG  days later,

after discontinuation of the pacemaker, shows remarkable T wave inversion in leads II, III, aVF, V–V, with the T waves in the

same direction as the wide QRSs during RV pacing. (d) ECG further  days later has returned to normal.

Multiple single VPBs may gradually enhance the observed post-VPB T wave changes. Evidence for cardiac memory is
ubiquitous in both standard ECGs, exercise stress ECGs, and Holter monitoring tracings (> Figs. . and > .).

Themechanism, bywhich the ventricular gradient is affectedwhen the sequence of ventricular activation changes as in
LBBB, has been thought to be an electrotonic modulation occurring during cardiac activation, accelerating repolarization
at sites where depolarization starts, and delaying it at sites where it terminates []. A cumulative modulation of the T
wave change ensues, which can be appreciated in serial ECGs, and suggests some form of “storage”, simulating “memory”.
Such change may persist for days or weeks after the discontinuation of the inciting stimulus. Although the mechanism
of these T wave changes has been debated for a long time, the existence of cardiac memory is not any more disputed,
and is currently viewed as a form of remodeling via similar processes determiningmemory in the central nervous system
[, –]. Cardiac memory consequent to pacing has been shown to depend on changes in ionic currents, and the
distinction between secondary and “pseudoprimary” T wave changes is becoming less clear, since pacing for example
alters slightly the post-pacing QRS complexes, which are not exactly as they appeared prior to the initiation of artificial
cardiac stimulation [].

The clinical significance of these T wave changes was and still is the object of controversy [–]. The post PVB
T wave abnormality is a case in point, where arguments persist as to whether it reflects latent pathology, or merely it is
a consequence of cardiac memory [–]. The same applies to T wave changes in the intrinsic ventricular capture
beats in patients with intermittent pacing (> Fig. .), and whether this signifies underlying pathology, injury to the
myocardium, or merely “an ECG curiosity” [, ]. In terms of the causative mechanism, T wave change after a VPB
could also be due to myocardial ischemia resulting from post-ectopic potentiation of ventricular contraction, transiently
increasing regional myocardial oxygen demands [, ]. A way to discriminate between the T wave changes due to
cardiac memory and those reflecting ischemic alterations regardless of the coronary artery involved has been reported,
and relies on the polarity and amplitude of the T waves in particular ECG leads [].
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⊡ Figure .

(a) ECG of a -year-old man with hypertension, and normal coronary arteries and left ventricular function shows T wave

changes after an interpolated VPB (arrowhead) (b) A Holter ECG recording of a -year-old manwith normal coronary arteries

and left ventricular function complaining of palpitations reveals post VPB T wave changes (arrowhead).
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⊡ Figure .

Holter ECG of a -year-old man with complaints of dizziness and a normal exercise treadmill/thallium- test shows post

premature atrial beat (PAB) lowering of the T wave (arrowhead) to the direction of the predominant QRS forces of the PAB.

. Gastrointestinal Disease

A number of diseases of abdominal organs (pancreatitis, cholecystitis, duodenal ulcer disease) are associated with ECG
changes, mainly nonspecific ST-T changes; however, occasionally the ECG changes are more impressive, i.e., deep T
wave inversion and ST segment elevation of ≥ .mm, and rarely Q waves simulating myocardial ischemia or infarc-
tion [, ]. ST-T changes in patients with gastrointestinal diseases may occasionally represent a normal variant. In
esophageal disorders in particular, due to the frequent presentation with chest pain indistinguishable from the one due
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⊡ Figure .

ECG of a -year-old manwith hypertension and left ventricular hypertrophy in his echocardiogram, shows T wave enhance-

ment post VPB (arrowhead) to the direction of the predominant QRS forces of the VPB.

⊡ Figure .

In a -year-old woman with sick sinus syndrome, demand artificial pacing (DDI) produced conducted beats (x), with deeply

inverted T waves. Note the similarity in the directions of the inverted T and the paced QRS complex (o, paced beat; Δ, fusion
beat).

to myocardial ischemia, evaluation of ECG changes is problematic []. Although real myocardial ischemia has been
occasionally attributed to esophageal reflux, ECG changes did not occur with decrease in the esophageal pH []. Upper
gastrointestinal endoscopy is associated with sinus tachycardia, ST segment depression, and in some patients, evidence
of myocardial ischemia by cardiac scintigraphy []; no protective effect was documented by sedation or supplemental
oxygen, and the tachycardia rather than hypoxemia was found to be the mediator of ST segment depression [, ].
Myocardial ischemia with ST segment depression or elevation during colonoscopy (under conscious sedation and with-
out supplementary oxygen)may be associatedwith tachycardia and/or hypoxemia, while probably viscerocardiac reflexes
may be contributing to the pathogenesis of myocardial ischemia []. In general, arousal of the sympathetic nervous sys-
tem, sinus tachycardia, atrial and ventricular ectopy, and ST segment deviations are noted, particularly in elderly patients
and/or those with cardiac disease, and supplemental oxygen, sedation, and monitoring during and after endoscopic pro-
cedures is recommended. A frequent affliction, the “irritable bowel syndrome” is associated with palpitations [], and
functional gastric dilatation may present with atypical chest pain and dramatic T wave inversions, resolving with gastric
decompression [].
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. Renal Disease and Hemodialysis

Renal diseases, with the culminating coronary artery disease and hypertension,may lead to all the commonly encountered
ECG abnormalities of these complications. Patients with renal failure and pericarditis/pericardial effusion may have the
expected ECGchanges (see > Sect. .), and those with end stage disease show increase in ECG voltage after hemodial-
ysis, most probably due to alleviation of fluid overload [–]. Patients with renal failure suffer an excessive mortality,
particularly cardiovascular in nature and due to suddendeath [], and their ECGs reveal abnormal late potentials [],
decreased heart rate variability [], and prolongation of the P wave andQTc intervals [, ]. Some of these changes
may become accentuated with hemodialysis but a confounding influence contributing to these abnormalities may be the
fluid shifts which such patients experience [].

. Psychiatric Disease

Psychiatric disease aggravates the condition of patients with coronary artery disease or heart failure. In addition, psy-
chiatric disease, in the absence of cardiac disease, increases mortality. Psychiatric disorders are linked to autonomic
dysregulations, and heart rate variability (HRV) is reduced in patients withmajor depression, panic disorders, Alzheimer’s
disease, and schizophrenia [].Themagnitude ofHRV reduction correlates with the severity of the depression and there
is suspicion that these dysregulations are partly responsible for the increased mortality in patients with psychiatric dis-
ease. Mostly reduced parasympathetic activity, but also elevated sympathetic activities have been found in psychiatric
patients. Antidepressive therapy with serotonin reuptake inhibitors has failed to improve the prognosis of these patients.
Anorexia nervosa, bulimia, depression, anxiety, and panic attacks prolong QTc, while weight recovery in patients with
anorexia nervosa reduces the increased QT duration and QT dispersion []. Such patients with psychiatric disease
and QT abnormalities should be evaluated for underlying hypokalemia []. Certain antipsychotic drugs cause T wave
changes and QTc prolongation and confer an arrhythmic risk to patients with psychiatric disease []. Although ECG
screening of all patients with psychiatric disease is felt not to be cost-effective, the high prevalence of electrophysiologic
abnormalities in such patients and the importance of monitoring such prognostic parameters, as the above, and their
response to drug therapy, emphasizes the importance of routine use of the ECG [].

. Non-Specific ST-T Changes

The “non-specific ST-T changes” designation is employed widely by electrocardiographers, mostly without adherence
to specific criteria. Implicitly this diagnosis encompasses “mild” ST-T alterations for some, while others refer to criteria
(<.mVST segment elevation or depressionwith orwithout flattened or inverted Twaves<.mV) []. Although such
changes can be found as a normal variant, or as a response to many drugs, other environmental influences or substances,
and in a large array of pathological conditions, most often there is no explanation for their presence. Since many causes
lead to similar ECG appearances, the designation “non-specific ST-T changes” in describing these changes is appropriate.
The term “non specific” is employed in contrast to “specific”, e.g. the tall T waves of hyperkalemia; however, even “specific”
changes can occasionally occur without a specific inciting pathology. Interpretation of ST-T changes should always take
into consideration the clinical context. A partial list of conditions causing non specific ST-T changes, contained in a book,
includes  items [].

Non specific ST-T changes are frequently the reason for cardiology consultation (e.g. in healthy pregnant women)
(> Fig. .) (see > Sect. .), and the cause for anxiety or iatrogenic disease, in normal subjects []. Only up to
% of patients presenting to an emergency department with chest pain and normal ECG or non specific ST-T changes
were diagnosed with an acute myocardial infarction []. Also, transient ST segment changes were found in up to
% of patients’ ambulatory ECG recordings in the absence of coronary artery disease []. Non specific ST-T changes
were detected in ambulatory ECG monitoring after meals, with the Valsalva maneuver, and with a change in body
position [].
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⊡ Figure .

ECG of a young woman  weeks pregnant who was referred for evaluation after a heart murmur was detected; this turned

out to be a functional murmur, and echocardiography showed a hyperdynamic normal-sized heart.

Variation in anatomical position of the heart and the spread of excitation and repolarization may generate a wide
range of normalcy. Multiple gradients of repolarization are generated, with cancellation from simultaneously recover-
ing territories, resulting in the appearance of what is called normal ST-T waves. When cardiac activation is abnormal,
such gradients are altered, their cancellation patterns are different, and the associated changes in the shape of action
potentials (particularly the slope and duration of phases  and ) conspire to produce ST-T wave abnormalities. These
types of changes, called “secondary” changes, are due to abnormal activation seen with bundle branch blocks or ven-
tricular hypertrophies, in distinction from “primary” ST-T wave abnormalities resulting from alterations of the recovery
process per se. []. Examples of the latter are changes imparted by various cardiac and non-cardiac conditions, and
drugs. Non specific ST-T changes may be similar in morphology and amplitude to the above “primary” and “secondary”
changes.

. Giant and Low Voltage ECG Complexes andWaves

The “giant” ECG voltage characterization is often employed without criteria, although it is occasionally used for high
amplitude T waves, e.g., T amplitude >.mV is considered a diagnostic demarcation []. Conventionally, low voltage
ECG is diagnosed when the QRS peak to peak voltage is ≤.mV in the limb leads and ≤mV in the precordial leads.

.. Giant RWaves

Giant R waves are noted transiently with myocardial infarction (MI) (> Fig. .) [], Prinzmetal’s angina
(> Fig. .) [], and during exercise stress testing (> Fig. .) []. Often they appear as monophasic QRS com-
plexes with merging of the QRS and ST segment, some widening of QRS, and in the presence of tachycardia may simulate
ventricular tachycardia []. Mechanistically, giant R waves may represent intraventricular (unopposed) ventricular
conduction delay [].

.. Positive Giant TWaves

If positive or negative T waves >.mV are considered as “giant”, their incidence is frequent. Positive “giant T waves” are
seenwith electrolytic abnormalities, Prinzmetal’s angina, hyperacute phase ofMI, hyperkalemia, and rarely cerebrovascu-
lar accidents []. Transient positive giant T waves are seen in leadsV–V in posterior MI, left ventricular hypertrophy
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⊡ Figure .

ECG of a -year-oldmanwhopresentedminutes after onset of chest pain; an acutemyocardial infarction (MI)was associated

with early changes in the amplitude and duration of the QRS complexes before the emergence of the classic ECG changes of

MI. (Reproduced from Ref. []. With permission of the Journal of Electrocardiology.)

⊡ Figure .

ECG of a -year-old man, subjected to anginal attacks of Prinzmetal’s angina; increase in the amplitude of the R wave par-

ticularly in lead II (a) in comparison with the resting ECG (b) occurred and was followed by ST segment elevation. A burst of

ventricular tachycatrdia occurred at the peak of the attack (c). (Reproduced from Ref. []. With permission of the Journal of
the AmericanMedical Association.)
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⊡ Figure .

Exercise stress ECG from a -year-old manwho showed transient increase in the amplitude of R-wave in leads II, III, and aVF;

cardiac enzymesdidnot riseafter thestress test, coronaryarteriography revealed three-vessel coronaryarterydiseasewith an

occluded right coronary artery, and a left ventricular ejection fraction of %withmild hypokinesis of the inferior ventricular

wall. (Reproduced from Ref. []. With permission of the Journal of Electrocardiology.)

and left bundle branch block, and in left precordial leads in association with aortic andmitral regurgitation and other left
ventricular volume overload states []. Positive giant T waves are very occasionally encountered in the early phase of
acute pericarditis, or as a normal variant in early repolarization with occasionally marked (> Fig. .), but most often
modest, ST segment elevation. Automated ECG interpretation often ascribes the positive giant T waves to “metabolic
abnormalities”.
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.. Negative Giant TWaves

Many clinical entities are associated with negative “giant T waves”, pointing to a common underlying ventricular repolar-
ization disturbance [–], but with diverse pathophysiological underpinnings, or rarely as a normal variant in young
subjects [], particularly of the black race. A variety of morphologies of the negative giant T waves are encountered
in different leads and in different patients associated with abnormalities in the ST segment and prolongation of the QT
interval. Deeply inverted T waves and QT prolongation, both being abnormalities of ventricular repolarization, often
coexist in many conditions. T wave morphology is not expected to change from a diffuse increase of the action-potential
duration, which results however in a QT prolongation, as in hypocalcemia. On the other hand, T wave changes imply
underlying regional differences in the repolarization duration. However, minor local dispersion of the action potential is
often accompanied by QT prolongation. Theoretically the negative giant T waves could be due to shortening of the action
potentials somewhere in the ventricles. In general, negative giant T waves are almost always associated with some QT
prolongation, but the separation of the ECG entities of negative giant T waves with and without QT interval prolongation
may be useful. Furthermore, mild QT interval prolongation may not have the same diagnostic and prognostic signifi-
cance as marked QT prolongation. The particulars of prolonged congenital and acquired long QT interval are dealt with
in > Chap. , while here the focus is mainly on the negative giant T waves.

... Myocardial Infarction and Ischemic Heart Disease

Symmetrical negative giant T waves are frequently found in patients with MI in the subacute phase and beyond, and in
leads overlying the infarcted territory. Also, they are seen in non-ST segment elevation or non-QwaveMIs (> Fig. .),
angina pectoris, and variant angina [–]. Some prolongation of the QT interval is seen in the above conditions,
suggesting a repolarization delay of the ischemic territory, and explains the interest in employing the QT interval as a
prognostic index [–].

... Ventricular Hypertrophy and Hypertrophic Cardiomyopathy

Occasionally, secondary negative giant T waves are seen in leadsV–V with right ventricular hypertrophy (RVH) [],
particularly in association with the acute right ventricular pressure overload of pulmonary embolism. Similar T waves
in leads V–V, with less impressive changes in the limb leads, and tall R waves in V and V resembling the pattern
of RVH are noted in the “Japanese” hypertrophic cardiomyopathy with confinement of hypertrophy to the apical region
(> Figs. . and > .) [–]. The above ECG picture evolves gradually over the course of many years and then

⊡ Figure .

Negative “giant T waves” in the ECG recorded from a -year-old womanwith anterior and inferior myocardial infarction.
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⊡ Figure .

ECG showing negative “giant T-waves” in a -year-old man with apical hypertrophic cardiomyopathy.

⊡ Figure .

Ventriculogram at end diastole (a) and end systole (b) of the patient whose ECG is shown in > Figs. . and> ..

may persist for a long time. Some QT interval prolongation, attributed to a recovery delay of the abnormal hypertrophic
myocardium, is usually seen in these patients. Similar T wave abnormalities may be found in other cardiomyopathies
[, ].

... Central Nervous System

Negative giant Twaves resembling changes found inMImay be seen in patients with cerebral pathology, e.g. brain tumors,
or subarachnoid hemorrhage (> Fig. .), [, –]. Frequently, pronounced QT interval prolongation and occa-
sionally abnormal Q waves are also noted. Similar ECG changes have been reported in brain surgery and cranial injuries
[, ]. Subarachnoid hemorrhage and lesions in the frontal cortex and basal portion of the brain are frequent corre-
lates of these ECG abnormalities, and are probably due to abnormal autonomic nervous systemdischarges and electrolyte
or other metabolic problems (see > Sect. ..).

... Electrolyte Abnormalities

Myocardial repolarization disturbances are frequently linked to abnormal serum electrolyte concentration [, ];
prominent U waves with hypokalemia and QT prolongation with hypocalcemia are prime examples. Such conditions are
rarely associatedwith significant T wave abnormalities, since they exert a diffuse influence on themyocardium. Neverthe-
less in severe or chronic K+ or Ca+ deficiencies, deeply inverted T waves, marked ST segment changes, and ventricular
arrhythmias have been noted [, , ]. The underlying mechanism appears to be the changes in the membrane or
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⊡ Figure .

Giant negative T-waves with prolonged QTU-interval in a -year-old woman with subarachnoid hemorrhage, resembling

myocardial ischemia (compare with> Figs. . and> .).

⊡ Figure .

Markedly prolonged QT interval, ST-T abnormalities, and negative T waves in leads II, III and aVF. T-waves seen in a -year-

old woman with an inferior myocardial infarction, potassium of .mEq L−, and digoxin level of . ng mL− . The T wave was

normalized after these values became normal.

intracellular distribution of ions and an enhanced sensitivity to sympathetic activity. Myocardial ischemia, infarction and
high serum digoxin level may complicate the picture further (> Fig. .).

... Sympathetic Nerves and Catecholamines

Clinical doses of catecholamines administered to normal subjects lead to sinus tachycardia, minor changes in the mor-
phology of QRS complex, and flattening of the T waves [, ]; these are partly caused by the β-mediated lowering
of the serum potassium level [, ]. Slight shortening in the action potential duration of normal ventricular mus-
cle has been observed with isoproterenol [–], but such changes could alter the ECG drastically. Negative giant T
waves can be generated with unilateral stimulation of the stellate ganglion or local application of catecholamines [–
]. Right and left sympathetic nerves innervate the anterior and posterior aspects of the ventricles, respectively [],
and thus when either of the right and left sides is stimulated, a small local difference in repolarization leads to T wave
changes.

In contrast, high doses of catecholamines superimposed on myocardial pathology or electrolyte abnormalities could
influence the ECG markedly [, ]. Accordingly, negative giant T waves can be produced by experimental isopro-
terenol infusions combined with a high calcium environment []. Repeated or chronic catecholamine exposure may
have somewhat different outcomes from that of acute single dose administration. Negative giant T waves have been
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⊡ Figure .

ECG of a -year-old womanwith complete AV block and giant negative T-waves.

reported with pheochromocytoma [, ], and it is probable that the effect of catecholamines is modified by under-
lying myocardial ischemia, abnormalities in electrolyte distribution, or other reasons. Also catecholamines could induce
focal toxic “myocarditis” and cardiomyopathy [, ].

... AV Block and Heart-Rate Change

Occasionally in bradycardia, in the setting of advanced AV block, negative giant T waves with marked QT prolongation
have been observed (> Fig. .) [, ]. Bizarre repolarization waves are most likely to occur after Adams-Stokes
attacks resulting from tachyarrhythmias, where abnormalities in the recovery process are, in turn, considered to predis-
pose to ventricular arrhythmias (VT) and initiate repeated attacks over a period of time. Hence, it is often difficult to
determine which is the primary event. Similar repolarization abnormalities have been seen in association with torsades
de pointes [, ], suggesting a common underlying mechanism; this atypical VT is caused by certain antiarrhythmic
drugs and other agents (see > Chap. ).

Post-tachycardia inverted T waves, not necessarily with marked QT prolongation, have been observed after the ter-
mination of supraventricular or ventricular tachycardia [, ]. Inverted T waves, not always of the “giant” variety,
have been observed also after artificial ventricular pacing [, ], but since the pacing rate inducing them is not high
(as in the post-tachycardia states) the mechanism is different (see > Sect. .). Of similar mechanism are the changes
noted after transient or intermittent LBBB [], and radiofrequency catheter ablation of accessory bypass tracts [];
in the latter case the Twave changes secondary to such tracts are replaced after ablation by the “memory” primary Twave
changes [].

... Antiarrhythmic Drugs andMiscellaneous Conditions

The list of drugs leading to ST-T changes, with QT prolongation and ventricular arrhythmias, is perpetually expanding.
Association with negative giant T waves is not reported with all such drugs, but since they cause long QTc or ventricular
arrhythmias, they are considered as potential causes of giant Twaves. Since these agents primarily prolong theQT interval,
they are dealt with in > Chap. . During angiography (see > Sect. ..) and surgical procedures [–], low
temperature and tissue injuries may also be responsible for pronounced ST-T abnormalities.

.. Low Voltage ECG

The “low voltage ECG” is characterized by a decrease in amplitude of all components of the ECG curve; thus the P waves,
the QRS complex and the T waves are of low amplitude, although diagnostic criteria conventionally refer only to the
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QRS complexes. Traditionally the list of conditions associated with the low voltage ECG includes among others, obesity,
emphysema, pneumothorax, pericardial and pleural effusions, infiltrative heart disease, multiple MIs, and myocarditis
[]; also other factors can induce such ECG changes (see > Sect. ..).

. Extracardiac Factors

Amplitude, morphology, and orientation of the various components of the ECG curve are influenced by a number of
factors exerting an effect beyond the heart’s surface.What is recorded at the body surface are “residual currents” after the
extracardiac influences (pericardial, and body volume conductor) have exerted their effects on the currents emanating
from the heart []. Additionally, the intracavitary blood volume influences the potentials recorded at the body surface
[].

.. Heart-Electrode Distance

Distance of the heart from the chest wall (and therefore from the recording electrode), irrespective of the intervening tis-
sues and organs, affects the surface ECG voltage [].The prime example of such influence is the large voltages recorded
in the precordial leads in comparison with the unipolar limb leads []. The drop of ECG voltage is precipitous, as
the “exploring” electrode is positioned at gradually increasing distances from the heart, and this relationship follows the
inverse square law. The increase in the V–V QRS voltage in tachycardia may be due to the enhanced closeness of the
heart’s “centroid” to the chest wall precipitated by a reduction of its volume due to tachycardia []; hypovolemia leading
to an underfilling of the heart may exert a similar influence. These associations are discordant to what is expected as a
result of “Brody effect” [].

.. Body Habitus

Anthropometric designations of ectomorphic, mesomorphic, or endomorphic with their attendant different amount and
proportion and distribution of muscle and fat, have an effect on the appearance of ECG, which is exerted via the variation
in the heart-electrode distance (see > Sect. ..), and heart position (see> Sect. ..). The chest configuration also
influences potentials.The ECGof emaciated patientsmay show enormous deflections in all leads [], while thin-chested
individuals have such changes only in precordial leads []. Both factors prevent great losses in potentials on the way to
the body surface (Wilson’s “proximity effect”) [].Muscular or obese (see> Sect. .) individuals, or those with large
cylindrical chests have attenuated potentials. Consequently knowledge of the patient’s height, weight, and body build is
useful in accurately interpreting the ECG.

.. Heart Position

The anatomical versus “electrical” heart positions should be viewed as distinct, with the former however influencing the
latter. There is a relation between the ECG and the anatomical position of the heart in the thorax []; thus a verti-
cal position of the QRS loop is found with a vertical anatomical axis of the heart, as seen in lean subjects and/or with
a low-positioned diaphragm, while a leftward rotation of the loop is seen with transversely placed heart in association
with a raised diaphragm in a stocky individual and/or with a prominent abdomen. In a person with average body build
the anatomic and electrical orientation of the heart is from upper right to lower left. In slender tall individuals the heart
is anatomically more vertical and shows a vertical axis [], while it is more horizontal in heavy-set corpulent sub-
jects who have more squat hearts []. Occasionally, there is a discordance of the anatomical and electrical axes of the
heart.

Rotations of the body and heart can be about the sagittal body axis (e.g. dextrocardia), the anatomical longitudi-
nal axis of the heart or the long axis of the body, or the transverse axis (anterior or posterior position of the apex).
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The last is associated with low QRS voltage in the frontal plane, as with emphysema. Similar changes are seen in con-
gestive heart failure (CHF), and can be attributed to the left ventricular posterior displacement due to right ventricular
dilatation in patients with CHF []. Even Q waves can be found in some ECG leads as a result of an unusual posi-
tion of the heart. The P waves and T waves are also affected, and the R/S ratios may be changed markedly. Physiological
and pathological changes in the position of the diaphragm, i.e. pregnancy (see> Sect. .), obesity (see> Sect. .),
ascites, and tumorsmay resemble the ECGappearances of deep expiration, while emphysema, asthma, andwastingmimic
the state of deep inspiration. All these changes can be compounded by pathological alterations, thus becoming atypical.
The “electrical centers” or “centers of gravity” of the atrial and ventricular depolarization and their relationship to various
positions of surface electrodes determine the ECG appearance [].

.. Body Posture

Different body positions influence the ECG, since they change the relationship of the heart with the recording electrodes;
this may apply particularly for lateral decubitus and for prone, in contrast to supine, body positions. Both stable ECGs in
the supine, sitting, and standing positions, using the standard and the Mason-Likar exercise testing electrode “hook-up”
[, ] (> Fig. .), and decrease in the R wave amplitude in the standing position has been reported []. A heart
rate increase is expected by assuming the sitting and standing positions [, ]. Nevertheless,mild Twave changes and
alterations of repolarization occur with change in position []. Also, non-specific ST-T changes, tall P waves in leads
II and III, and right QRS frontal axis deviation have been recorded in young patients with a labile autonomic nervous
system on assuming the upright position []. Since the ECG is routinely recorded in a supine body posture, changes are
expected mostly in ambulatory ECG recordings, where drastic variation of the entire PQRST curve has been noted with
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⊡ Figure .

ECGs in thesitting, standingandsupinepositions, employing theMason-Likar electrode “hook-up”, fromapatientundergoing

a Bruce treadmill exercise stress test, were similar in appearance. (Reproduced from Ref. []. With permission of the Journal

of Electrocardiology.)
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different body postures []. Lying on the right or left side, or the prone position produces expected ECG alterations
(shift of the entire PQRST three dimensional vector loop toward the lowest body point). The R wave in V increases in
amplitude in the left decubitus position []. Absence of changes in the amplitude and frontal axis of QRS complexes in
the standard bipolar ECG leadswith lying on the right and left sides is indicative of pathology causing fixation of the heart
in the thorax (adhesive pericardiomediastinitis) []. Also, the inelastic dilated lungs of an emphysematous patient can
lead to a “fixation” of the heart in the thorax, leading to a stable ECG, unaffected by changes in the body position [].
Perhaps recording of the ECG in the standing position, in a patient who complains of orthostatic symptoms,may bemore
informative of his/her condition than the traditional recording in the supine position; ECGs recorded during “tilt table”
testing may not be equivalent to those recorded in self-supported standing patients, and thus the latter should also be
employed [].

.. Respiration

The frontal QRS axis is deflected to the right in inspiration and to the left in expiration [] (> Fig. .). Lead III is
particularly affected, and its positivity of P, R, and T wavesmay be increased, or be reversed especially in deep inspiration
and expiration respectively []. Of diagnostic significance for non existing inferior myocardial infarction is the conver-
sion of a considerable Q wave to a nonpathological q wave or even to an R wave in lead III, during deep inspiration. Also
morphological changes are seen in the QRS complex related to the projection of a changed loop in its D space orien-
tation, on the recording thoracic electrode lattice. Of course, the outcome of deep inspiration depends on the amplitude
and polarity of waves and complexes at expiration. ECG changes due to respiration reflect a special and reproducible
change in the heart’s position (see > Sect. ..), [] along with other electrophysiological influences not examined
herein.
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⊡ Figure .

ECGs of a -year-old patient with history of coronary artery disease and chronic obstructive lung disease, obtained in the

supine position at the points of modest expiration (a) and inspiration (b) showing a corresponding shift of the frontal QRS

axis from ○ to ○.
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.. Peripheral Edema

Peripheral edema of varying etiology (sepsis, pneumonia, chronic obstructive lung disease, congestive heart failure
[CHF], end stage-renal failure) leads to attenuation of all parts of the ECG curve [, ], which is more prominent in the
limb and lateral precordial leads. Some of these changes do not necessarily reach the point of “low voltage” ECG. Periph-
eral edema in supine patients involves more the dorsal torso due to gravity. Also, due to the eccentric anterior/lateral
position of the heart in the chest, V and V are much more affected than V and V (> Fig. .). Weight gain due to
peripheral edema correlates well with the reduction of the amplitude of QRS complexes []. Augmentation of the ECG
voltage (the inverse phenomenon) has also been observed with treatment of peripheral edema due to CHF [, ]
(> Fig. .), or after hemodialysis [, ].The attenuation of the QRS complexes in the limb leads reflect the overall
(peripheral/distal changes) while the changes in the precordial leads reflect also the influence of peripheral edema on
local thoracic ECG expression []. Clinical consequence of this phenomenon is the false negative ECG diagnosis of left
ventricular hypertrophy [], as well as atrial abnormalities [].

The attenuation of the ECGvoltage with peripheral edema appears to be due to a decreased electrical impedance of the
passive volume conductor influencing the transfer of cardiac potentials from the surface of the heart to the recording sites
[, ]. Other consequences of peripheral edema are shortening of the QRS and the QT intervals, which are attributed to
a measurement failure in detection of early onset and late offset of these intervals resulting from the overall attenuation
of the ECG curves [, ]. There may be clinical implications of these shortenings of the QRS and QT durations for
patients with heart failure and peripheral edema who are being considered for cardioverter/defibrillator implantation, or
biventricular resynchronization pacing []. Continuous impedance monitoring incorporated in the permanent pace-
makers can be employed to monitor the intrathoracic edema in patients with heart failure []; the principle involved is
similar to the one discussed above to explain the changes in the ECG amplitude with peripheral edema, although applied
locally.

. Obesity

Traditionally low voltage ECG comes to mind in association with obesity, resulting from increase in the distance of the
heart from the recording electrodes due to the excess of adipose tissue. In addition, some influence must be exerted by
the resistivity characteristics of the fat, which may increase the amplitude of body surface potentials []. The condition
also tends to shift the frontal axis to the left, due to elevation of the diaphragm (see > Sect. ..); such a shift may
lead to a false diagnosis of an inferior myocardial infarction []. Increases in the QRS amplitude, QRS duration, QTc
and PR intervals, and heart rate have also been reported in obesity []; increase in the cardiac workload leading to left
ventricular hypertrophy may be the reasons for this. ECG abnormalities change after bariatric surgery for obesity but are
not eliminated []. Liquid protein diets result in QTc or QTUc prolongation, ST-T abnormalities, left axis deviation,
torsade de pointes, and ventricular fibrillation [, ].

. Pregnancy

Although pregnancy is associated with augmented blood volume and cardiac output, the ECG of most pregnant women
is normal. In the late stages of pregnancy, sinus tachycardia is frequently present, and the frontal QRS axis gradually
shifts leftward or towards horizontal, or rarely even rightward due to elevation of the left hemidiaphragm, consequent
to uterine enlargement []. Also with advancing pregnancy, atrial and ventricular premature beats are common. In
young women during pregnancy, first onset of reentrant supraventricular tachycardias (RSVT) is rare, but symptoms
of recurrent RSVT are exacerbated []. AV conduction defects are extremely rare, and they are of the ○ AV block
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⊡ Figure .

ECGs of a -year-old man who had suffered pneumonia and sepsis and in the process had fluid overload gaining . lbs

showed gradual attenuation of the voltage of his ECGs; an echocardiogram obtained close to the date of the peak fluid accu-

mulation showed that there was no pericardial effusion to account for the attenuated ECG voltage. (Reproduced from Ref. [].

With permission of the Journal of the American College of Cardiology.)
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⊡ Figure .

ECGsof a -year-oldmanwith congestiveheart failurewho lost  lbs in the courseof weeks in response todiuresis, showed

augmentation of the voltage of his discharge ECG (b) in comparison with the one from his admission (a). (Reproduced from

Ref. []. With permission of the Congestive Heart Failure.)

of Wenckebach type []. Increase in size and mass of the left ventricle, as assessed by echocardiography, is occasionally
associated with QRS voltage compatible with left ventricular hypertrophy.

Transient ST segment depression with flat or inverted T waves may be registered in both the limb and precordial
leads (> Fig. .) [], and such changes are abolished after delivery but may recur with succeeding pregnan-
cies []. Follow-up for – years of women with such changes has not disclosed any pathology. A cause for
these ST-T changes has not been found, and myocardial ischemia does not appear to be contributory. Occasionally
Q waves with inverted T waves may occur in the limb leads in older patients, suggestive of an inferior myocar-
dial infarction [] (see > Sect. ..), but such changes are not registered in aVF and are abolished by deep
breathing.

Peripartum cardiomyopathy, a form of an idiopathic congestive cardiomyopathy characteristic of pregnancy, is man-
ifest in a few women during the last month of gestation or the first few months after delivery. It is associated with
cardiomegaly and all the hallmarks of heart failure (see > Sect. ..). Nonspecific ST segment depression and T wave
inversions are seen in the ECG of patients afflicted with this condition.
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Cardiovascular abnormalities in pregnant women such as hypertension, rheumatic heart disease, congenital heart
disease, and obstructive cardiomyopathy may become aggravated, by the increased circulatory load. The ECG tends
to show changes in keeping with these associated diseases, occasionally expressing right and/or left ventricular
hypertrophy.

. Fetal Electrocardiography

The fetal ECG (FECG), albeit initially of low signal-to-noise ratio and poor quality of tracings, has permitted the detection
of the fetal heart rate []; the fetal and maternal heart rates are independent of each other in the absence of pathology
[]. To obtain analyzable tracings, amplification of the fetal heart currents is necessary [], since such currents are
expected to beminiscule at thematernal abdominal surface due to the large distance between their source and the record-
ing electrodes, and the short-circuiting effect of the amniotic fluid. The fetal ECG has important clinical applications
[]. Directly applied fetal electrodes and computerized signal-enhancement techniques [] have led to improvement
in the quality of tracings [].This, in turn, has provided the basis for correlative studies of ECG parameters (P, QRS, ST
amplitudes, heart rate variability) with the condition of the fetus as assessed by laboratory data such as blood gas analysis,
blood pH, or hemoglobin content []. As a minimum, digital signal processing techniques applied to maternal abdom-
inal fetal ECGs (> Fig. .) can improve monitoring and analysis of fetal heart rate [, ]. A study of the PR–RR
relationship during normal labor found both positive and negative relationship between P-R and R-R intervals, but the
latter did not discriminate between bradycardia with or without hypoxemia []. The problem of fetal ECG extraction is
being addressed by a multitude of innovative techniques [, ]. In some of these studies, the intrapartum fetal ECG
is obtained by fetal scalp electrodes []. Modern fetal electrocardiography has extended its scope to monitoring and
analysis of the fetal ST waveforms [].

. Food, Drink and Other Compounds

.. Prandial and Postprandial Changes

The effect of eating solid food and drinking fluids, both cold and hot, on the ECG has been reported; changes occur in
the T waves with cold [] and hot drinks, and supraventricular tachyarrhythmias, focal atrial tachycardia, atrial fib-
rillation, and ischemic ST segment changes have been elicited [–]. The arrhythmogenic influences may be due
to neural or local sensitivity of the atria or pulmonary veins, while the ST segment changes may partially reflect coro-
nary vasospasm.Water ingestion in normals increased cardiac vagal control, but this is not seen in the elderly, transplant
recipients, or subjectswith autonomic failure []. Tachyarrhythmias, syncope, and silentmyocardial ischemia have been
observed with swallowing, belching and mastication [–]. Post-prandially, exertional angina indicates obstructive
coronary artery disease, rest angina reflects an unexplained myocardial oxygen supply deficit [], and heart rate vari-
ability assessment suggests diminished vagal activity []. Starvation in ex-prisoners of wars increased QTc duration
and dispersion [], and in patients with anorexia nervosa, enhanced heart rate variability due to increased vagal con-
trol was detected []; QTc abnormalities in the latter were abolished with oral potassium administration and refeeding
[, ].

.. Alcohol

Alcohol drinking induces, in healthy subjects, sinus tachycardia, atrial and ventricular ectopic beats, and prolongation
of the P-R, QRS and QTc intervals []. The interplay of pathology and alcohol drinking in patients may exacerbate
the above, and can cause more abnormalities. Rarely, heavy alcohol drinking leads to myocardial infarction []. Sinus
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⊡ Figure .

The lower tracing shows the abdominal ECG containingmaternal and fetal ECG signals. The upper tracing shows the fetal ECG

obtained after mathematical treatment to remove the maternal signal. (After van Oosterom. In: Ruttkay I, Macfarlane P, eds.

Electrocardiology , , . © Excerpta Medica, Amsterdam. Reproduced with permission.)

tachycardia and decrease in heart rate variability is determined by the aldehyde dehydrogenase- genotype and is probably
mediated by catecholamine secretion []. Heavy alcohol drinking may render an implantable cardioverter defibrillator
transiently ineffective []. Signal averaging of the P waves identifies patients who are prone to alcohol-induced parox-
ysmal atrial fibrillation []. Alcohol withdrawal may culminate in a catecholamine-driven state characterized by ST
segment depressions and release of myocardial enzymes [].

.. Caffeine

The effective and functional antegrade and retrograde refractory periods of the atrioventricular node decrease after coffee
ingestion, most probably due to a rise in catecholamines []. In normal adults, even high dose caffeine does not affect
the heart rate or cause atrial or ventricular ectopy []. Caffeine did not increase the rate of PVCs, ventricular couplets,
and ventricular tachycardia in patients with a recent myocardial infarction [], or even among patients with known
life-threatening arrhythmias []; also coffee was not associatedwith risk of atrial fibrillation or flutter []. In patients
referred with symptomatic idiopathic ventricular premature beats (VPBs), caffeine restriction did not result in significant
change in the frequency of VPBs [].

.. Tobacco

Smokers have elevated mean heart rates, mediated by sympathetic stimulation, while the vagal cardiac control is
not altered. Thus, no change in respiratory sinus arrhythmia is detected []. However, environmental tobacco
exposure in nonsmokers led to a decrement in the heart rate variability []. In ambulatory ECG studies, smok-
ers had a higher heart rate and prevalence of supraventricular and ventricular extrasystoles than non-smokers, and
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smoking cessation led to reversion of these differences []. Electrophysiologic studies at baseline and after smoking
showed an increase in heart rate and improved atrioventricular conduction both in patients on and off beta-blockers,
suggesting a direct effect of sympathomimetic action of smoking; also atrial and ventricular arrhythmias were not
increased by smoking []. In the absence of an arrhythmogenic substrate, smoking does not induce late potentials in
smokers [].

.. Drugs

The tricyclic anti-depressants, not favored any more for treatment of depression, mediate their cardiovascular side
effects via a quinidine-like influence and anticholinergic action, leading to sinus bradycardia, prolongation of P-R,
QRS and QTc intervals, ○ and ○ AV blocks, and torsade de pointes [, ]. Premonitory ECG features of car-
diac toxicity include QRS duration >ms, and a rightward shift of the terminal ms frontal axis of the QRS vector
[]. Arrhythmias, nonspecific ST-T changes, QTc prolongation and decrease in the amplitude of the QRS com-
plexes have been described with some chemotherapeutic drugs []. Although cardiomyopathy due to anthracycline-
related toxicity and lethal arrhythmias is well recognized, many other chemotherapeutic drugs are associated with
bradycardia, ischemic ST-T changes, myocardial infarction, and serious arrhythmias []. The electrophysiologic and
ECG effects of drugs are beyond the scope of this chapter; also drug-induced prolongation of QTc is dealt with in
> Chap. .

.. Contrast Agents

Employment of contrast agents in cardiac catheterization is associated with frequent ECG changes, like inversion or
peaking of the T waves in the inferior leads, prolongation of the QTc and QRS complexes, and significant ST segment
shifts []. Transient bradycardia, sinus arrest, and various degrees, including complete AV blocks, are encountered.
Ventricular fibrillation is reported in .% to .% of patients []. Hyperosmolarity mediates partly the toxicity of
contrast agents, while transiently induced hypocalcemia may contribute to ventricular fibrillation []. Newer contrast
agents are lower in osmolarity, and have a lower calcium-binding potential, thus resulting in fewer ECG changes and
arrhythmias, including ventricular fibrillation [].

.. Illicit Drugs

Amphetamines and cocaine may be associated with ECG changes suggestive of ischemia most probably mediated by a
strong sympathomimetic influence, although coronary vasospasm may also be contributing particularly with cocaine
[]. An abundance of literature, mainly case reports, documents occurrence of ST segment deviations, atrial and ven-
tricular arrhythmias, myocardial infarction, QTc prolongation, and decrease in heart rate variability with the use of
cocaine.

.. Poisons

CO poisoning results in ST-T changes reflective of myocardial ischemia, which could culminate in myocardial infarction
[, ], and may require hyperbaric oxygen administration []. CO, in contrast to cyanide, which commonly coex-
ist in exhaust fumes and smoke, led to slowing of AV conduction and ventricular repolarization in animal experiments
[]. Organophosphates lead to acetylcholine accumulationwith resultant sinus tachycardia, bradycardia, ST-T changes,
prolonged QTc, atrial fibrillation, monomorphic ventricular tachycardia (VT), torsade de pointes, and ventricular fibril-
lation (VF) [, ]. The commonest heavy metal poisoning is with arsenic, and is associated with T wave inversion,
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QTc prolongation, torsade de pointes, and VF []. Emetine results in a host of ECG changes including T wave alter-
ations, and prolongation of PR, QRS and QT intervals []. Antimony poisoning produces flattening and/or inversion
of T waves and prolongation of the QTc, particularly in large doses and with prolonged exposure []. Poisoning can
result from herbal agents used singly in the context of alternative medicine, or by interacting with conventional medi-
cations. Bradycardia, heart blocks and VT result from oleander, a cardiac glycoside containing plant []. Many toxins
from scorpion venoms activate sodium channels and the sympathetic nervous system; scorpion envenomation resulted in
○ atrioventricular block, intraventricular conduction disturbances, predominantly right bundle branch block, reversible
ventricular repolarization changes, and arrhythmias [].

. Physical Activities

.. Exercise

Exercise and its lack impart certain changes in the ECG.The rapid increase in the heart rate early during exercise is typical
of underconditioning, with a much slower heart rate rise encountered in fit individuals. In a study of monozygotic twin
pairs discordant for physical fitness, the oneswho engaged inmore physical activities hadECG evidence of left ventricular
hypertrophy (LVH), not corroborated by echocardiography []; this suggests a different role of ECG in the assessment
of effects of exercise beyond that of the anatomic LVH. Heart rate at  or min of recovery after exercise is a prognostic
index of mortality [] andmorbidity and should be employed unfailingly. Heart rate variability increases with exercise,
even after a single such session or mild exercise in sedentary individuals []. T wave alternans during exercise is rarely
found in normal subjects []. In view of the prognostic importance of the long QTc interval, physicians should look
for it when evaluating normal subjects embarking in an exercise program. Swimming, jogging, running, mild, moderate,
or heavy exercise, the isotonic or isometric nature of exercise, and the age, sex, weight, and sedentary status of healthy
subjects and patients, all are factors influencing the ECG derived diagnostic and prognostic parameters.

.. Bathing

Bathing and showering is associated with tachycardia, atrial and ventricular extrasystoles and even ventricular tachycar-
dia, particularly in the elderly and during winter []; the ambient temperature, the temperature of the bathing water
and underlying pathology are influential. Heart rate variability showed changes in the elderly during hot bathing with the
LF/HF ratio in the frequency domain analysis decreasing, which suggests a decrease in sympathetic tone predisposing to
syncope. The high ambient temperatures of sauna bathing with its resultant reduction in the intraventricular volume is
associatedwith increases in the magnitudes of the R and Q waves in lead Z, and of the S wave in lead X, which contradict
the Brody effect [, ]. Showering or bathing lead to changes in the autonomic nervous tone, while addition of light
exercise in predisposed individualsmay lead tomyocardial ischemia []. Cold packs on the chest wall cause nonspecific
ST-T changes [].

.. Athlete’s Heart

The range of athletic activities is wide, encompassing increase of strength or endurance objectives, length of involve-
ment, status (amateur to elite) and intensity. ECG changes are seen in athletes, in subjects with “athlete’s heart”, and in
athletes with heart disease.These distinctions should be kept inmind. Vagally mediated sinus bradycardia, sinus arrhyth-
mia, escape rhythms (both atrial and ventricular), incomplete right bundle branch block, various atrial and ventricular
arrhythmias, all degrees of AV blocks are noted, with the disappearance of many of the above under stress, attesting to
the non pathological nature of these findings [, ]. Other ECG features often seen in athletes include increased
amplitude of Q, R, and S waves, ST segment changes, and T wave flattening or inversion, often mimicking LVH or car-
diomyopathy []. The ECG is more sensitive in diagnosing athlete’s heart than the imaging modalities focusing on
change in left ventricular dimensions and myocardial wall thickness. Reversibility of LVH is seen in the ECG of athletes
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undergoing detraining, who also experience resolution of ventricular extrasystoles and episodes of ventricular tachycar-
dia, and absence of cardiac events at follow-up; all these support the notion that LVH and these rhythm disturbances are
of benign nature, or they represent another expression of AH []. QT duration and QT dispersion do not increase in
athletes, as they do in patients with LVH due to hypertension, even in the presence of LVH [, ]. Heart rate vari-
ability is increased in athletes []. The ECG is used in screening individuals who potentially could be “athletes” – see
> Chap. .

. Bodily Functions

.. Sleep

ECGs during sleep may normally show isorhythmic AV dissociation, marked bradycardia, sinus arrhythmia, sinus nodal
blocks, ○ and ○ Mobitz AV blocks, and supraventricular and ventricular beats; atrial extrasystoles are less frequent,
and ventricular extrasystoles are more frequent, than during wakefulness, while both increase with age []. In Holter
ECG recordings, long asymptomatic pauses are occasionally seen during sleep, but these should not lead to interventions.
Recumbent episodes at night, while awake, cannot be distinguished from sleep in the evaluation of such recordings. Heart
rate variability changes during sleep, and is related to changes in the encephalogram and cycles of rapid, and non-rapid,
eyemovement sleep [], while QT interval duration increases []. Sleep deprivation results in increased sympathetic
and decreased parasympathetic cardiovascular modulation [].

.. Diurnal Changes

TheECG is subject to diurnal changes; thus the heart rate, cardiac refractoriness and conduction, pacing and defibrillation
thresholds, heart rate variability indices, QT duration, QT dispersion and Twave alternans show diurnal variability [].
Autonomic tone mediated physiologic variations, during eating, sleeping, and exercise result in day-to-day fluctuations
in pacing threshold [], while some have not found a role of the autonomic tone for such variation []. Studies of
the reproducibility of ECGs over time have disclosed diurnal changes, e.g., the P wave duration and PR interval show a
significant circadian variation in healthy subjects []. These variations require that the “time” factor is considered in
the analysis of electrophysiological and ECG test results, and may provide an explanation for the clustering of clinical
“events” at particular time windows. These diurnal changes of electrophysiological/ECG variables are influenced by a
large number of factors, e.g. age effect on QT intervals [], and cardiac pathology.

.. Sexual Activity

Sexual activity may precipitate ischemic ST segment changes [] and ventricular arrhythmias [] in patients with
coronary artery disease. In normal subjects, sexual activity leads to sinus tachycardia, equal to –% of maximum
predictive value, persisting longer in women [], and affecting the post exercise heart rate recovery for at least  h after
sexual activity []. All the above changes are modulated by the arousal of the sympathetic nervous system, which exerts
an effect on all electrophysiologic and ECG parameters.

.. Belching, Nausea, Vomiting

Atrial arrhythmias, including atrial fibrillation, can be precipitated by esophageal stimulation during swallowing and
belching []. Ischemic like ST depression and T wave inversion can be found in patients experiencing nausea [].
Spontaneous or self-induced vomiting is associated with prolonged QTc, although inter-current pathology or electrolyte
abnormalities are confounding factors [].



  Miscellaneous Electrocardiographic Topics

.. Urination and Defecation

Situational syncope is diagnosed with bradycardia immediately after urination or defecation []. Profound sinus
bradycardia due to increased vagal tone, while straining during a bowel movement, could result in severe cerebral and
myocardial hypoperfusion with cardiac arrest, particularly in elderly patients. Syncope during straining is rarely asso-
ciated with advanced AV blocks necessitating implantation of a permanent pacemaker []. Defecation syncope may
also occur in patients in the context of alternation of intrinsic and pacemaker rhythms, requiring reprogramming of the
device [].

. Aging

Aging attenuates the ECG potentials []; such changes in the precordial leads may be offset by the reduced thickness
of the chest wall, bringing the heart closer to the recording electrodes. An increased incidence of atrial and ventricular
ectopic beats, bundle branch blocks, pathological and non-pathological Qwaves, Twave inversion and atrial fibrillation is
seen, which is probably due tomorphological and histological changes of the cardiac musculature, or associated ischemia
and infarction. []; indeed differentiating such changes due to aging per se from those due to pathology is difficult
[]. Such changes in the atria with fibro-fatty regional replacement may be the substrate initiating and maintaining
atrial fibrillation [].

. Gender

ECG is influenced by gender; accordingly left ventricular hypertrophy employs for its diagnosis different thresholds for
amplitude criteria for the two sexes. Conversely, the performance of different ECG criteria differs between men and
women []. The amplitude in some precordial leads is influenced by the positioning of electrodes in relation to the
left breast []. The amplitude of ST segment and duration of QTc intervals varied among the three phases of the men-
strual cycle []. P-R intervals are longer in men, while women have higher resting heart rates, longer QTc intervals and
steeper slope of  hQT/RRdynamics, explaining their greater susceptibility to torsades de pointes during treatmentwith
drugs that prolong QT interval [, ]. Further data relating to the influence of gender on the ECG can be found in
> Chap. .

. Anthropometric Parameters

Anthropometric parameters influence the ECG.Thus the height, weight, configuration of different body parts, abdominal
circumference, fat percentage, presence of obesity (see > Sect. .), and body habitus (see > Sect. ..) need to be
considered in research and practice.Themagnitude of spatial atrial vectors has shown the greatest variability in reference
to anthropometric parameters [].

. Race and Ethnicity

Race and ethnicity lead to differences in the ECG. The normal T wave amplitudes were greater in Chinese than in
Americans, except for lead V, which was greater in Americans than in Chinese []. The prevalence of early transi-
tion in precordial leads, high R wave in lead V , and R and T wave amplitudes differed in various ethnic groups; also
the incidence of left ventricular hypertrophy would be overestimated for some ethnic groups using fixed R wave ampli-
tude criteria []. The prevalence of ○ AV block and ventricular extrasystoles is higher, and intraventricular blocks
and atrial fibrillation lower, in African than Caucasian Americans [–]. The early repolarization pattern is more



Miscellaneous Electrocardiographic Topics  

common in young black athletic males [], and routine criteria for left ventricular hypertrophy do not apply to black
Africans [].

. Normal Variants

It has long been recognized that inappropriate ECG interpretation has consequences often creating ECG-based cardiac
invalidism []. Usually this is due to non-adherence to established ECG criteria of normalcy and/or lack of knowledge
on normal variants on the part of the human interpreter. For professionals relying on automated ECG interpretations,
problems arise with the occasional error in measurements, or employment of inappropriate diagnostic criteria by the
automated algorithm. These problems could be easily corrected and are gradually being addressed.

.. PWaves

P wave abnormalities are often diagnosed inappropriately; the mere presence of a late negativity of the P wave in lead V

(area <.mm) is a normal finding. “Left atrial enlargement” was ubiquitously present according to the interpretation of
some of the earlier automated systems. Appearance of “transient P-pulmonale” is often seen in association with increased
heart rate [, , ], and it is a normal response to exercise.Wandering atrial pacemaker, particularly in association
with sinus bradycardia is a common finding in the young. Also “AV nodal” and “low atrial” activity with isorhyth-
mic AV dissociation are commonly encountered. Many of the above are seen both in standard ECGs and Holter ECG
recordings.

.. QRS Complexes

Notches, r′, rounding of peaks, W, or M-shaped QRS complexes, without increase in their duration, can be seen nor-
mally, although they are also encountered in patients with hypertension, septal fibrosis or as residuals from prior small
myocardial infarctions. Elevated or depressed ST or PR segments due to atrial repolarization may hamper the measure-
ment of the QRS duration. Some borderline QRS widening may disappear with exercise.The QRS duration in neonates is
shorter than in adults []. Qs in QRS complexes in III may decrease or disappear with inspiration, or as a result of minor
rightward shift of the frontal QRS axis during inspiration or exercise []. Deep but narrow Qs in inferior and lateral
leads, often in association with large QRS complexes mimicking those encountered in left ventricular hypertrophy, are
seen in normal adolescents and young adults, particularly male. Also Qs or QS, without associated ST segment and T
changes in leads I and aVLmay not be pathological in subjects with a vertical heart [].The pattern of “early transition”
characterized by R/S >  in V–V is frequently found in healthy subjects [], often with a vertical QRS axis, while the
“poor R-wave progression inV–V” (“pseudoinfarct” pattern), or with aQS inV andV (interpretedby some automated
ECG interpretation algorithms as suggestive of anteroseptal myocardial infarction), are mostly not associated with such
pathology []. Low voltage ECG in the limb leads or throughout all ECG leads, is occasionally a normal variant, while
low voltage in leadsV and V in women may be due to the underlying breast []. Transient augmentation in the QRS
amplitude can be brought about by an increase in the heart rate in the setting of narrow QRS complex tachycardia [].
Frontal QRS axes, −○ to ○ in the young, and more commonly ○ to ○ in the old, without identifiable cardiac
pathology, are occasionally found.

.. ST Segment and TWaves

ST segment elevation, usually concave upwards starting from an r′ and an elevated J point with upright tall T waves
involving particularly V–V, occasionally only II, III, and aVF, or rarely all ECG leads are seen in normal subjects and
comprise the “early repolarization” normal variant (> Figs. . and > .). The ST segment elevation decreases in
amplitudewithmild exercise, as witnessed in the stress laboratory.The peaked Twave associatedwith early repolarization
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I aVR V1 V4

II aVL V2 V5

III aVF V3 V6

⊡ Figure .

ECG of a -year-old man with atypical for angina chest pain with a negative maximal exercise stress/thallium test, showing

ST segment elevation of early repolarization type, involving all ECG leads, save for aVR, aVL, and V.

mimics the one seen with hyperkalemia, but it is asymmetrical and not narrow-based; this T wave is often attributed to
“metabolic abnormalities” by automatedECG interpretation systems. Although this ST segment elevationpattern is more
common in the young, male, and particularly black individual [, ], it can be found in many other groups, and can
be rarely associated with T wave inversion and notching of the downstroke of the R waves [, ].The ST changes are
stable, not accompanied by reciprocal ST depressions except in aVR, often diffuse as those noted in pericarditis, in contrast
to those of ischemia or myocardial infarction. PR segment depression, thought to be due to atrial wall injury, and lower T
wave amplitudes, changing over time, differentiate pericarditis from early repolarization. Although the characterization
of early repolarization implies an overlapping of cardiac activation and recovery, this was not found with body surface
isopotential mapping []. The similarities in the ECG of early repolarization, the “Osborn waves” of hypothermia,
and the Brugada pattern have led to a reexamination of the mechanism of early repolarization. The cellular and ionic
characteristics of Brugada pattern and early repolarization raise the possibility that the latter may not be benign after all,
and that individuals with early repolarization may be at risk for life threatening arrhythmias under certain conditions
[]. The so-called post tachycardia syndrome is also characterized by ST depression [], sometimes deeper than the
ones of “nonspecific ST-T changes”.

T-wave inversion, commonly seen in children, can be found mainly in leads V–V, in young or even middle age
normal subjects, particularly women. The term “persistent juvenile pattern” is often used to describe such changes in
adults [], and has led to unnecessary coronary arteriography in normal individuals presenting with complaints of
chest pain. Occasionally these T wave inversions are very deep [], particularly in young black males. T wave inversion
is noted in some leads, depending on the T wave axis. Shortened QTc mimicking hypercalcemia or digitalis effect is
common in young healthy individuals (> Fig. .), but occasionally seen in older adults. The congenital short QTc
interval syndrome [] is much shorter (<ms), than the one described herein.

.. Heart Rhythmand Conduction

Sinus arrhythmia is seen in all ages, and not necessarily in the presence of sinus bradycardia. Sinus tachycardia is frequent,
and is occasionally unpleasant to some healthy subjects, who seek evaluation. Sinus bradycardia, rare PACs and PVCs,
are found in normal subject. PR interval <ms suggestive of accelerated AV conduction is common, particularly in
young subjects (> Fig. .), with PR intervals even as low as ms, especially in association with rapid heart rates;
this is not due to Lown–Levine–Ganong syndrome, which should be diagnosed only in association with supraventricular
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⊡ Figure .

ECG of a -year-old healthy lady showing a PR interval of  ms, with a sinus rhythm at a rate of  beats.min− , and with a

frontal P wave axis of ○ and a QRS axis of ○. T waves in V–V suggest a “persistent juvenile”pattern.

arrhythmias []. Mild to significant prolongation of PR interval, or Mobitz II AV block, particularly during sleep, are
seen in normal young subjects [].

. Artifactual ECG Abnormalities

Artifactual ECG abnormalities are common, have many sources, and may result in confusion and difficulty in interpre-
tation. When the ECG is in disagreement with the clinical state, an inquiry about ECG artifacts is in order.

.. Improper Electrode Positioning

Improper limb electrode positioning, particularly involving the reversal of the right and left arm electrodes, is frequent.
The distortions of the ECG resulting from electrode misplacement are illustrated in > Fig. . []. Reversal of the
right arm and left leg electrodes creates the pattern of an inferior MI (> Fig. .) []. The reversal of the leg elec-
trodes does not change the ECG appearance, since the potential on the right and left ankles is similar while it does not
matter on which leg the grounding electrode is placed. All types of artifactual ECG can be suspected by the marked dif-
ference in the morphology of the complexes in leads I and V (> Fig. .), save for the one shown in > Fig. .d.
Although the changing polarity of leads I and aVRand the alteration of the other limb leadsmimics dextrocardia (except in
> Fig. .d), the unalteredV–V leads can aid in the differentiation of artifactual ECGs from the ECG of dextrocardia
(> Fig. .).

With multi-channel ECG recorders, the inappropriate sequence in the positioning of V–V electrodes leads to con-
fusing ECG artifacts, with unaltered limb leads. The reversal(s) of electrodes at various points of the V–V sequence
result(s) in different patterns of R wave progression and/or regression (> Fig. .). More frequent is the placement of
all precordial electrodes higher (most common) or lower than their proper position. This has necessitated, when quan-
titative ECGs are employed serially, inclusion of a separate analysis of the limb leads []. Placing V–V higher than
appropriately on the thorax, results in poor R wave progression and mimics anterior myocardial infarction or RBBB or
rSR pattern []. Problems with the recording of V–V may arise in women when some of these leads are placed above
or below the left breast [], or when this is done with some variation in serial recordings. A device has been described
to facilitate correct V–V lead placement [].



  Miscellaneous Electrocardiographic Topics

a

b

c

d

e

f

⊡ Figure .

Various patterns of ECG resulting from the incorrect positioning of limb electrodes: (a) normal; (b) reversed positioning of

arm leads; (c) reversed positioning of the right arm and left leg leads; (d) reversed positioning of left-sided limb leads; (e)

counterclockwise incorrect positioning of upper and lower limb leads; (f) clockwise incorrect placement of upper and lower

limb leads. (After Marriott []. © Williams andWilkins, Baltimore, Maryland. Reproduced with permission.)

.. Muscle Tremor and Other Movements During ECG Recording

Parkinsonism, the extrapyramidal syndrome, or shivering, result inmuscle tremor distorting the isoelectric line, which by
its coarse and fine undulations, maymimic atrial flutter (> Figs. . and> .), or atrial fibrillation. The irregularity
of the undulating baseline differentiates artifacts from atrial flutter. However, if the artifactual undulations of the baseline
are regular, it may be problematic to differentiate artifacts superimposed on a regular atrial rhythm, from atrial flutter
transmitted to the ventricles with a fixed AV block. Muscle tremor with sinus arrhythmia or other irregular rhythms may
bemistaken for atrial fibrillation. Undulations frommuscle tremor or insufficient relaxation of the peripheralmusculature
are of irregular frequency and amplitude, andmay affect the limb leadsmore than the precordial leads. Applying the limb
leads electrodes in the proximal part of the limbsmay be necessary in patients with intense tremor. If themuscular tremor
can be traced to cold environment, the ECG should be recorded in a room with an appropriate temperature. Sometimes
AC interference or other electrical or mechanical artifacts, regular or quasi-regular, will have a similar effect on the ECG.
Movements of the body or the attached electrodes cause coarse changes and shifts or wandering of the baseline. Body
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⊡ Figure .

Artifactual ECG resulting from the interchange of right arm and left leg lead connections.

a

b

⊡ Figure .

(a) Artifactual ECG resulting from the reversal of right and left arm electrodes; (b) ECG correctly recorded in a young lady with

dextrocardia, where there is a similarity between leads I and V. Leads from the right chest wall display larger QRS complexes

than the ones from leads V and V.
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⊡ Figure .

Leftpanel: artifactual ECG resulting from the reversed electrode positioning of V and V, using a three-channel ECG recorder;

right panel: electrode positioning error has been corrected.

⊡ Figure .

Artifactual ECG,mimicking atrial flutter, resulting from tremor of limbs in a patient possibly suffering from the extrapyramidal

syndrome.
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⊡ Figure .

Artifactual ECG (lead II) resulting from vigorous tremor of limbs.

movements and poor skin-electrode contact maymimic arrhythmias, leading to improper therapies including implanta-
tion of devices []. Asymptomatic “pseudo-torsade de pointes” ventricular tachycardia has been recorded on telemetry
in a patient with Parkinson’s disease during urination []. Some of these artifacts can be traced to the respiratory move-
ments, which if excessive in a particular patient, may necessitate recording the ECG with held respiration. Scrutinizing
the ECG and the circumstances of its acquisition often resolve these mimicries, although repeating the ECG recording
may occasionally be necessary. For ambulatory recordings, the multi-lead devices are preferred since occasionally  or 
of the employed leads are uninterpretable due to artifacts.

.. Inappropriate Damping of the Stylus of the ECG Recorder

Inappropriate damping of the stylus of the ECG recorder will create distortion of signals. In an era of digital recorders,
this applies only to equipment producing paper strip ECG recordings still in use. An underdamping causes an over-
shoot on the upswing and downswing of the signals (> Fig. .), and increase of the amplitude of all rapid deflections,
i.e., the Q, R, and S waves. In contrast, overdamping will record sharp angles or fast deflections with low fidelity
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⊡ Figure .

The shape calibrations and corresponding different ECG morphologies resulting from critical damping, underdamping and

overdamping of the stylus.

(> Fig. .), all notches will become slurred, the QRS complexes may appear widened, and the ST segment falsely
depressed (> Fig. .).

.. Wrong Speed orWrong SwitchingDuring the ECG Recording

By recording at a faster chart paper speed, e.g., mm/s, all components of the ECG appear widened (> Fig. .).
This is occasionally intended for more accurate manual measurement of time intervals; however, if this is done by error it
may confuse an inexperienced interpreter, unaware of the change. Diagnoses like prolonged Pwave duration, ○ AVblock,
intraventricular conduction delay, prolonged QTc have been entertained prior to the reviewer noting the recording speed.
Similar problems are encountered in continuous ambulatory ECG recorders due to mechanical malfunction. Another
unusual artifactual ECG may occasionally be produced when a single-channel recorder is used and one fails to switch to
the “V” lead position during precordial ECG recording, thus in turn generating a recordwith allV –V leads being similar
to lead aVF (> Fig. .).These artifacts, whichmay cause difficulty in interpretation, can be traced to an inexperienced
operator of the ECG equipment, when an ECG technician is not available.
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⊡ Figure .

Artifactual ECG resulting from an overdamped stylus.

⊡ Figure .

“Artifactual”ECG caused by higher recording speed (mm s−) (upper panel), also shown at normal speed (mm s−) in the

lower panel.

⊡ Figure .

V–V are similar to lead aVF, in an artifactual ECG caused by faulty switching during the recording of the precordial ECG leads.
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⊡ Figure .

ECG of a -year-old manwho had suffered an extensive anteriormyocardial infarction  years earlier (a) showing persistent

ST segment elevation in lead V (b) in the presence of left bundle branch block suggestive of a primary repolarization abnor-

mality due to a ventricular aneurysm (consider this figure with> Fig. .). (Reproduced from Ref. []. With permission of

the Journal of Electrocardiology.)

.. Electric andMagnetic Fields

Sensing of the electromagnetic fields produces artifacts in the ECG. Proper grounding of the electrocardiograph and the
patient prevents the characteristic fixed amplitude  or Hz undulations of the electrical ac power lines, and higher
frequencies from other electrical equipment in the environment. Magnetic fields are generated with the interaction of
electrical power and the lead wires, and appear as a high frequency noise in the ECG; this distortion can be prevented by
aligning all the leadwires with the patient’s body in the head to foot axis.When feasible, unplugging some of the electrical
devices (including the patient’s bed), in the environment where the ECG is being recorded, contributes to an artifact-free
record; similarly unplugging the electrocardiograph itself and operating it in “battery mode” is advisable.
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⊡ Figure .

An echocardiogram (four-chamber view) of the patient, whose ECG is shown in> Fig. , revealing an enormous ventricular

aneurysm (VA). During systole (a) and diastole (b) the septum is thin and akinetic due to the VA, while the lateral wall displays

thickening during systole. LV = left ventricle; RV = right ventricle; LA = left atrium; RA = right atrium. (Reproduced from Ref.

[]. With permission of the Journal of Electrocardiology.)

.. Other Sources of Artifactual ECGs

Unintentionally recording the ECG with an increased or decreased calibration for the entire ECG or only the precordial
leads may create diagnostic problems in busy places, where scrutiny of the records is not routine. Unintentional under,
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⊡ Figure .

ECG of a -year-old womanwho had suffered an anteriormyocardial infarction complicating by a ventricular aneurysm who

had persistent ST segment elevation in leads V–V, suggestive of a primary repolarization change in the presence of right

bundle branch block. (Reproduced from Ref. []. With permission of the Annals of Noninvasive Electrocardiology.)

⊡ Figure .

An echocardiogram (four-chamber view) of the patient whose ECG is shown in > Fig. ., revealing a large ventricular

aneurysm. (Reproduced from Ref. []. With permission of the Annals of Noninvasive Electrocardiology.)
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⊡ Figure .

Comparison of ECGs from rest, peak exercise stress test (% of maximal predicted heart rate) and recovery phases of a

-year-old woman did not disclose ischemic changes; note the enormous change in the P wave at peak exercise sugges-

tive of left atrial abnormality. Compare with > Fig. .. (Reproduced from Ref. []. With permission of the Journal of

Electrocardiology.)

or over-calibration may be more of a problem when there is no automated interpretation provided by the ECG appa-
ratus, since the latter’s algorithm detects such alterations. Then “low voltage” ECG, left ventricular hypertrophy, P wave
abnormalities, or major changes from previous tracings are diagnosed, before the recording mistake is detected.

. Automated ECG Interpretation

Automated ECG interpretation is widely available in commercial electrocardiographs; both a routine and extended
ECG interpretation can be generated instantly, with the hardcopy reports including different sets of ECG data mea-
surements. Instant provision of measurements provides an advantage over manual assessment of the ECG when clinical
decisions need to be implemented rapidly []. However, the presence of artifacts often complicates matters to the point
that measurements become unreliable. Also, even with correct measurements, the final ECG diagnosis is often erro-
neous, but this is correctable by adopting appropriate criteria, or upgrading the algorithmic component dealing with
the measurements-interpretation coupling. Thus, current experience shows that problems with automated ECG inter-
pretation systems can be reduced to “inaccurate diagnoses” based on “accurate measurements”. However, even today,
automated ECG interpretation must be subject to human over-reading [, ]. Further discussion on this topic can
be found in > Chap. .
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⊡ Figure .

Thallium myocardial imaging of the patient whose ECGs are shown in > Fig. ., revealing severe reversible perfusion

defects involving many myocardial territories (A–D) selected ECG leads from the exercise stress test (H) severe stenosis of

the right and left anterior descending coronary arteries on coronary arteriography (F) and the vectorial conceptualization

explaining the association of ischemia in myocardial territories opposite each other with false negative exercise ECG due to

electrical cancellation. (Reproduced from Ref. []. With permission of the Journal of Electrocardiology.)

. New Ideas in Elecrocardiography

As the ever-expanding discovery of new ECG associations with various clinical entities goes on, new insights come to
light. Some ECG “curiosities” start as such, and eventually find their way into the main stream of electrocardiography by
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Rest Stress

I V1 I V1

II V2 II V2

III V3 III V3

aVR

aVL

V4 aVR V4

V5 aVL V5

aVF V6 aVF V6

⊡ Figure .

Comparison of ECGs from rest, and peak exercise stress test of a -year-old man with severe three-vessel coronary artery

disease showing ischemic changes. Compare with > Fig. .. (Reproduced from Ref. []. With permission of Clinical

Cardiology.)

⊡ Figure .

Thalliummyocardial imaging of the patientwhose ECGs are shown in> Fig. . revealing falsely negative appearances due

to balanced severe myocardial ischemia. (Reproduced from Ref. []. With permission of Clinical Cardiology.)
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Rest

Nonischemic muscle : Ischemic
Ischemic muscle ST vectors
No muscle : Cancellation

Stress

⊡ Figure .

Consider this figure with > Figs. . and > .. A schematic explaining the mechanism of a false negative for ischemia

thallium myocardial scintigram (due to balanced ischemia) in association with a true positive stress ECG; although electrical

cancellation of ST segment depression occurs formost of the ischemic ventricle, the area of the ischemic apex remains unop-

posed by muscular ischemic tissue, thus rendering the stress ECG positive. (Reproduced from Ref. []. With permission of

Clinical Cardiology.)

V11 V11

V22 V22

V33 V33

V4aVR V4aVR

V5aVL V5aVL

V6aVF V6aVF

Rest Stress

⊡ Figure .

Comparison of ECGs from rest, and peak exercise stress test of a -year-oldwomanwith a previous inferiormyocardial infarc-

tion revealed a transient reduction or disappearance of the infarctional Q waves in the stress ECG. Consider this figure with

> Fig. .. (Reproduced from Ref. []. With permission of Journal of Electrocardiology.)
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⊡ Figure .

Consider this figure with> Fig. . Coronary arteriograms showed occluded right coronary artery (RCA) and left circumflex

coronary artery, while the left anterior descending coronary artery had a % (LCA). Thallium myocardial scintigraphy dis-

closed severe reversible perfusion defects affecting amongothers the territory opposite the region of the old infarct (MI). The

schematic explains the mechanism of transient disappearance of infarctional Q waves due to the transient incapacitation of

the area opposite theMI, temporarily incapable to pull the early QRS vector away from theMI, and thus generate the Qwave.

(Reproduced from Ref. []. With permission of the Journal of Electrocardiology.)

being diagnostically useful. A few such examples include the diagnosis of left ventricular aneurysm in the presence of left
bundle branch block from the ST segment elevation in the leadsV–V (> Figs. . and> .) [], left ventricular
aneurysm in the presence of right bundle branch block from the ST segment elevation in the leads V–V (> Figs. .
and> .) [], an explanation for the false negative ECGdiagnosis of exercise induced ischemia due to cancellation of
the ST segment vectors from ischemic myocardial territories opposite each other (“ischemic ST segment counterpoise”)
(> Figs. . and > .) [], the false negative diagnosis of myocardial ischemia by myocardial scintigraphy in
association with a positive exercise ECG (> Figs. . and > .), and the role of the apical ischemia in producing
such a discrepancy (> Fig. .) [], and the transient reduction or disappearance of Q-waves from an old myocardial
infarction due to exercise-induced ischemia in the territory opposite the infarct (> Figs. . and > .) []. The
employment of intracardiac electrograms obtained via a “saline ECG lead” from a central venous catheter for the detection
of P waves (> Fig. .) [] or the diagnosis of arrhythmias, is another example of an idea awaiting routine use.
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⊡ Figure .

Standard ECG of a -year-old womanwith chronic renal failure and sepsis who suffered peripheral edema, showing attenu-

ated ECG voltage and invisible P waves. Electrical connection of the one of the “V” leads with her saline-filled central venous

(jugular) catheter enable recording of the P waves (Δ). Note the larger P waves recorded via the distal lumen versus the

proximal lumen (“proximity effect”). (Reproduced from Ref. []. With permission of American Journal of Cardiology.)
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. Introduction

The electrocardiogram in congenital heart disease has often been discussed in terms of specific types of
electrocardiograms for specific types of lesions. Indeed, in the pages, which follow, certain such relationships do occur.
However, the relationships are usually based upon specific mechanisms, some of which are well understood (including
cardiovascular hemodynamics) and some of which are not. Close analysis reveals that most of the time the electrocardio-
gram is not specific for a specific lesion, but that the hemodynamics determine the changes from normal. An exception
is the abnormal superior vector associated with endocardial cushion defect. Therefore, an understanding of the elec-
trocardiogram of infants, children and young adults with congenital heart diseases necessitates an understanding of the
hemodynamics of the various lesions. Consequently, accompanying the discussion of each lesionwill be a brief delineation
of pertinent hemodynamics. Since these hemodynamics are usually not contaminated by effects of coronary artery dis-
ease, the related atrial and ventricular hypertrophy tends to be relatively “pure” as compared to hypertrophy in the older
adult. On the other hand, there are specific problems which complicate matters in infants and children, particularly the
problem of the heart being so large in relation to the chest – the proximity effect. (–) This proximity effect not only
accentuates anterior over posterior sources in terms of magnitude but may significantly distort the orientation of the var-
ious sources differently in different parts of the chest [–]. These effects plus lung effects and various inhomogeneities
appear to be particularly important in children [–]. Another problem relates to the often considerable differences
in normal values from one age-group to another, particularly in early infancy [, , –]. Appropriate statistics for
electrocardiography must also be utilized [, ].

Despite the obvious differences between infants and, children on the one hand and the older adult on the other,
the basic principles of the electrocardiographic interpretations are not different per se []. Furthermore, there are no
differences in basic principles when interpreting the electrocardiogram of people with congenital heart disease. The
interpretation must be based upon known physics, physiology and pathology [, , , ].

The term electrocardiography is used for

(a) The two lead systems of standard electrocardiography with scalar display, namely the standard limb leads and the
precordial leads [, ]

(b) Orthogonal electrocardiography with scalar and/or vector display [–]
(c) Electrocardiographic body surface potential mapping (BSPM) [, ]

In this chapter, standard electrocardiography, and Frank system [] and McFee–Parungao system [] orthogonal elec-
trocardiography, will be utilized, often contiguously. In all figures showing simultaneous X, Y and Z scalars, the paper
speed is  div s−. It seems probable that some form of BSPM is part of the future of electrocardiography, but its inclusion
in this chapter will be minimal; it is discussed in detail in > Chaps.  and > .

The approach to interpretation of the electrocardiogram must also reflect improvements in the understanding of
anatomical, physical and electrophysiological phenomena. Terminology, asmuch as possible, must be based upon appro-
priate principles, the past not being revered simply because of usage. The term “axis deviation,” for example, is not
appropriate since “axis” as utilized, refers to the mean QRS vector in the frontal plane. There are many areas of the heart
being depolarized early, other areas late and other areas later yet. These areas cannot be averaged.

The only axes of use are the X, Y and Z axes, representing left-right, inferior-superior, and anterior-posterior direc-
tions. Although, there are many areas of interpretation where understanding is deficient, pattern reading is not generally
reliable. Perhaps, the major element necessary for appropriate interpretation of hypertrophy is the knowledge of the
sequence of activation “what is being depolarized and when” [–, –].

A most useful way to appreciate “what is being depolarized and when” (while interpreting the standard electrocar-
diogram), is to utilize vector analysis, despite the known inaccuracies. Each lead on the chest, for example, is best viewed
as a projection of the cardiac vector (see > Chaps. , > , and > ), despite the fact that this projection is distorted by
many things, including proximity effects and various inhomogeneities. The vector loop in the frontal plane of standard
electrocardiography is only minimally useful even though proximity distortion is not a factor, particularly because of the
very poor X axis as represented in lead I. This poor X axis is the major distorting factor in Burger’s scalene triangle [].
The vector loop in the horizontal plane of standard electrocardiography is extremely useful, however, despite the distor-
tion of the cardiac vector. For an explicit description of the simple methodology for construction of the vector loop from
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standard limb or precordial leads, see previous publications [–]. Considerable reference will be made in this chapter
to such vector loops – hence the use of terms such as “terminal vector” in the standard ECG.

The electrocardiographermust also have available all normal values for the various types of useful parameters, includ-
ing the quantitative limits for specific leads. These values must be utilized within the guidelines of appropriate statistics
[, ]. The normal limits of the ECG in infants and children are discussed in > Chap.  and a comprehensive list of
tables is presented in the Appendices. Many of these tables were produced as a result of the work of the author [, ].
A separate paper dealing with statistical treatment of data has also been prepared by the author and is presented in the
Appendices. For convenience a small summary table of principal limits of normality is presented in the > Table ..

In the following pages, common and otherwise important congenital cardiac diseases will be discussed and represen-
tative electrocardiograms will be illustrated. Whenever pertinent, the hemodynamics will be illustrated utilizing the box
diagram, as shown for a normal child [, ] in > Fig. ..

. Atrial Septal Defect (Ostium Secundum Type)

Atrial septal defect (ASD) is not a disease usually recognized in early infancy []. Since compliance of the right ventricle
in the newborn period is diminished as compared to that of the left ventricle, there is no left-to-right shunt at that time. At
the same time, there is no stimulus to prevent the newborn’s pulmonary arterioles and small muscular arteries (resistance
vessels) from maturing normally (rapidly) into thin-walled, very compliant vessels. Such “adult-type” vessels can allow
up to three to four times normal flow without increasing pulmonary artery pressure. In the first weeks to months after
birth, as compliance of the right ventricle slowly increases compared to that of the left ventricle, a left-to-right shunt
develops, albeit very slowly. As the left-to-right shunt slowly increases, selective hypertrophy gradually develops so that
the ventricle is conditioned to prevent congestive heart failure. The hypertrophy causes a decrease in compliance of the
right ventricle resulting in the slow development of the left-to-right shunt because of “feed back” mechanisms. By the
time a large left-to-right shunt is present through the ASD, the resistance vessels are thin-walled and the pulmonary
artery pressure is rarely more than –mm Hg systolic. The consequence is a right ventricle, which is complaint, is a
little thicker than normal, but is dilated. Very few children with atrial septal defect are diagnosed as such between  and
 years of age. Most then remain very stable throughout childhood. The box diagrams > Fig. . for atrial septal defect
include the volume ofwork in each chamber.There is increased volume ofwork of both the right atriumand right ventricle
(although there is increased volume entering the left atrium, it immediately goes through the nonrestrictive ASD so that
there is no increased work for the left atrium).

⊡ Table .

Approximate upper limits of normal subjects used as a pediatric ECG “ready-reckoner” (ECG standards %)

Heart rate
V aVF V

(beats
Age min−) PR (s) QRS (s) QT (s) R S R S R S

– h  . . . . .

– days  . . . . . . . . .

– days  . . . . . . . . .

– months  . . . . . . . . .

– months  . . . . . . . . .

– months  . . . . . . . . .

– years  . . . . . . . . .

– years  . . . . . . . . .

– years  . . . . . . . . .

– years  . . . . . . . . .

– years  . . . . . . . . .
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⊡ Figure .

Hemodynamics of a normal child, utilizing the box diagram: RA, right atrium; RV, right ventricle; PA, pulmonary artery; PA

wedge, pulmonary artery wedge (an estimate of pulmonary venous pressure); LA, left atrium; LV, left ventricle; Ao, aorta;m,

mean pressure. Numbers indicate pressures in mmHg. Numbers in parentheses are percentage oxygen saturations.
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⊡ Figure .

Box diagrams of atrial septal defect (ASD). In (a), the volume in each blood vessel and chamber is in min− m−. It is assumed

that min− m− is the normal cardiac output. Note the increase in oxygen saturation (expressed as percentages) at the atrial

level. The calculatedpulmonary:systemic (P:S) flow ratio is :. In (b), ASD is shown, utilizing the normal cardiac output as  unit

of cardiac output. Therefore,  unit returns to the venae cavae and  unit goes across the ASD, resulting in  units of volume in

the RA,  units in the RV,  units in the PA,  units in the pulmonary veins (PV),  units in the LA,  unit in the LV, and  unit in

the Ao. Therefore, this box diagram delineates an ASD with a : P:S flow ratio as in (a).
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All of the above is for the most common ASD (the secundum type). The dynamics of partial anomalous pulmonary
venous return and the sinus venosus type of ASD are identical, as is the electrocardiogram. The exception is that in the
sinus venosus lesion the pacemaker is frequently not sinus but is low atrial or atrioventricular (AV) junctional.The ostium
primum type of ASD will be discussed later in this chapter.

.. Right Atrial Enlargement

Right atrial enlargement (RAE) is a term which does not attempt to distinguish between hypertrophy and dilatation.
The most useful criteria for RAE are the following.

(a) Standard electrocardiography (ECG) [, , –]:
(i) Increased magnitude of first portion of P wave in lead II (mainly inferior)
(ii) Increased magnitude of first portion of P wave in lead V.(mainly anterior) and
(iii) Increased negative magnitude of P wave in lead V if lead V is mainly anterior

(b) Orthogonal electrocardiography (VCG) [, , , ]:
(i) Increased magnitude of P anterior
(ii) Increased spatial vector magnitude (SVA) at the time of maximum P anterior
(iii) Increased P magnitude inferior

.. Right Ventricular Hypertrophywith Terminal Right Conduction Delay

Criteria for right ventricular hypertrophy (RVH) aremany [, , ], with themost sensitive being an increasedmagnitude
of the terminal QRS vector to the right, and analysis of the direction of inscription of the vector loop in the horizontal
plane. It is appropriate at this time to delineate all the criteria for RVH, while being more specific about ASD. Then, for
other defects where pure RVH is present, reference can be made to these criteria.

... RVH Criterion  – Direction of Inscription of QRS Vector Loops

The direction of inscription of the QRS vector loop in the frontal plane of standard electrocardiography is not generally
useful. A clockwise-inscribed frontal plane loop is the norm in all infants and is present in % of teenagers []. Analysis
of the horizontal plane, however, is very useful. In ASD, the RVH is not usually severe, with the initial QRS loop being
inscribed normally to the right and anterior, afterwhich the direction of inscription is to the left and anterior.The terminal
vector then may or may not become posterior, but if it does, the magnitude of the posterior QRS vector is usually very
small. The variation is considerable even when the amount of pulmonary blood flow is essentially the same from case
to case. Sometimes the vector remains so far anterior that a clockwise-inscribed vector loop results. The terminal QRS
vector to the right is frequently, but not always, greater than normal, but since the QRS projection posteriorly is usually
small or nonexistent, the terminal vector in the standard ECG crosses the projection of the VR and V lead vectors.The
result is a terminal r or R in those leads. The terminal vector is usually inscribed quite slowly, so that the ECG diagnosis
is RVH with terminal right conduction delay [–]. > Figures . and > . illustrate this.

> Plates . and> . are BSPMs of the same child as in > Fig. ..These maps were recorded with  electrodes.
> Plate . is from  to ms of the QRS; while > Plate . is from  to ms. On the side is the color scale, from 
to −,  μ V, and from  to +,  μ V. At the bottom is a magnitude factor, which represents the total of the instanta-
neous value fromeachof the  electrodes.The frontal and horizontal plane vectorcardiograms, derived fromappropriate
leads from among the , are also simultaneously drawn.The red dots each indicate the six maps of the QRS BSPM ms
apart. As with the scale factor, the yellow to orange to red are negative values, while the increasing intensity green to red
are positive values. Each map (from clavicle to waist) is divided into four sections. The left border is the right axillary line
and the right border is also the right axillary line. Therefore, the viewer should consider the maps as the chest unrolled.
Therefore, the four sections are the right anterior chest, left anterior chest, left posterior chest and right posterior chest.
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⊡ Figure .

Frank-system orthogonal electrocardiogram with (a), simultaneous X , Y and Z orthogonal scalars plus (b), horizontal and

frontal plane vectorcardiograms. In this and all similar figures of this article, the scalar ECG traces are at  div s−. The large

regular peaks preceding the traces in (a) are the standardizations. The direction of inscription in (b) is away from the “hook”

on each mark; e.g., mainly clockwise in the frontal plane. The patient is a -year-old male with a sinus venosus type of ASD,

including partial anomalous pulmonary venous return to the superior vena cava. The diagnosis of RVH with terminal right

conduction delay was straightforward and typical, just as in ASD secundum. Note, however, that the P vector (lead Y) is supe-

rior, a low atrial pacemaker being common in sinus venosus ASD. (After Liebman et al. []. ©Williams and Wilkins, Baltimore,

MD. Reproduced with permission.)

Note in > Plate . at ms that there is a notch (just to the left of the sternum) in the positive zone. This notch
gradually expands, becoming less and less positive, so that it eventually loses positivity. At ms, an extension of the
negative has fitted into the notch (> Plate .), which continues to expand in area and magnitude. This entire process
depicts epicardial right ventricular breakthrough. It has begun very late and is very prolonged, typical of atrial septal
defect.The average normal time for epicardial right ventricular breakthrough is ms, with the negative extension being
from the right superior area rather than the central superior zone. In addition, after the onset of breakthrough there is
considerable positivity to the right and anteriorly, arising from the right ventricle. This is not seen in the normal subject.
We have documented previously [–] that in right bundle branch block there is no epicardial right ventricular break-
through. In the past, it has been stated that in atrial septal defect, there is incomplete right bundle branch block. Our
BSPM data clearly documents that the diagnosis in ASD is RVH with terminal right conduction delay, and that there is
no right bundle branch block.

Obviously, in RVH in general there is a spectrum based upon the severity of the hemodynamics. Therefore, it is not
considered useful to describe types of RVH. (With ASD, there is a spectrum even with very little variation in hemody-
namics.) It is also not considered useful to diagnose volume overload versus pressure overload on the basis of the type of
activation sequence. Any diagnostic criteria that have been developed to do so most likely indicate differences in severity.
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⊡ Figure .

Standard ECG (with six simultaneous leads in limb and chest leads) of a /-year-old boy with a large secundum ASD. This

type of ECG is unusual for an ASD. Note that the R waves in VR, V, V are prolonged in duration (in V above . s). In this

child’s VCG, the diagnosis of RVHwith terminal right conduction delay was straightforward although the terminal vector was

posterior (andwell to the right). Why there was not a prominent terminal vector the right in the standard ECG is not clear, but

the reason why there is no terminal R in the right chest leads is because the rightward posterior or terminal projection was

too far posterior to cross the projections of the VR and V lead vectors (see > Fig. .). (After Liebman et al. []. © Williams

andWilkins, Baltimore, MD. Reproduced with permission.)

A terminal right conduction delay from right ventricular volume overload, is likely in ASD, although mild to moderate
pulmonic stenosis may result in an almost identical ECG [].

... RVH Criterion  – Initial QRS Vector Loop to the Left and Anterior

This is uncommon except in severe RVH. This criterion is unlikely to be met in ASD, where the RVH is not marked.

... RVH Criterion  –Main or Mean QRS Horizontal Plane Vector to the Right

This is only found when RVH is severe enough, and therefore is not usually seen in ASD.
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⊡ Plate .

Body-surface potentia map of the subject of Fig. . from –ms of the QRS (See > Sect. ... for detail).

... RVH Criterion  –Main or Mean QRS Vector Abnormally Anterior

This is common, but by itself is an unreliable sign of RVH. Proximity effect, particularly in preschool children, or in the
presence of chest deformities such as pectus excavatum, may cause overreading of RVH. This is so, on occasion, even in
older children.

As an important aside, note that main QRS vectors are much more meaningful than are mean vectors. In utilizing
main vectors, the electrocardiographer is considering activation sequences. In RVH, there may be two main vectors:
the first vector to the left and anterior, the second (terminal) vector to the right and posterior (or anterior). The result is
that after  month, and certainly after  months of age, the presence of two main vectors provides a criterion for RVH.
If the first vector is abnormally to the left, then additional left ventricular hypertrophy (LVH)must be diagnosed.However,
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⊡ Plate .

Body-surface potentia map of the subject of Fig. . from – ms of the QRS (See> Sect. ... for details).

it must be appreciated that this LVHmay be diagnosed inappropriately in ASD, since the anterior right ventricle, because
of its increased volume, may cause a proximity effect artifact in leads V and V.

... RVH Criterion  – Mean QRS Vector in the Frontal Plane to the Right

This has been called right axis deviation (RAD), a standard ECG term which is not appropriate. The use of axis devi-
ation as a parameter for diagnosis is not recommended since the only true orthogonal axes are the X, Y and Z axes.
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If RAD is present in the standard -lead ECG with nothing else to suggest RVH, a mean QRS to the right should be
ignored. As with Burger’s scalene triangle [], the X axis of lead I is poor. The prominent S in lead I may be owing to
distortion of the right-left lead by superior-inferior forces, often present without a prominent S in lead V. In orthogonal
electrocardiography, a mean vector to the right is a reliable indicator of RVH.

... RVH Criterion  – IncreasedMagnitude of Terminal Rightward QRS Vector Loop

This is manifested by an increased terminal X to the right, or a deep S in V, and is the most sensitive measurement
criterion for RVH []. To be certain of its reliability, a deep S in V as well is helpful.

... RVH Criterion  – A Terminal r or R′ in VR and V

This has been themostmisunderstood criterion for RVH (particularly inASD), and points out amajor reasonwhy pattern
reading, or the identification of a particular criterion in one lead, may be fraught with error. > Figure . is explanatory.
A terminal r or R in VR or V indicates only that the terminal projection crosses the perpendicular to the VR or V

lead vector.When the terminal QRS vector is markedly posterior, a large terminal vector to the right is necessary in order
to cross the perpendicular to the VR or V lead vector, whereas when the terminal vector is minimally posterior, or is
anterior, only a small magnitude terminal QRS vector to the right is necessary to cross the perpendicular to the VR or V

lead vector. In ASD, where the terminal vector is of decreased magnitude posteriorly, the characteristic terminal r or R is
expected. In normal people, because of large variation in how far posterior the main body of the vector “loop” projects, as
well as howmuch to the anterior the most rightward portion of the terminal QRS vector extends, it is difficult to correlate
the magnitude of the terminal r or R′. This helps explain the normal variant rsŕ in the right chest leads, particularly when

R

A
V4R

⊡ Figure .

A diagrammatic representation of a transverse vector loop with two different terminal vectors: A, anterior; R, right. The VR

lead axis is depicted as well as the perpendicular to the projection of the VR lead (dotted line). Both terminal vectors extend

about equally to the right, with the more posterior projection (dashes) slightly further to the right. The more anterior termi-

nal vector (bold dashes) crosses the perpendicular to the VR lead axis, as well as the perpendicular to the V lead axis (not

depicted). Therefore, for the more anterior terminal rightward vector, VR (and V) would project on those chest leads as rSr’

complexes, whereas for the more posterior terminal rightward vector, VR (and V) would project on those chest leads as rS

complexes. (After Liebman et al. []. ©Williams andWilkins, Baltimore, MD. Reproduced with permission.)
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there is not a deep S in V and V, and when the S (Z axis posterior) is relatively small. The deeper the S in V, the more
significant is the r′ in VR and V as an indicator of RVH.

There are times when, in the right chest leads, there is a small voltage terminal r in VR and/or V without a deep
S in V. This is likely to represent a proximity effect and is usually a normal variant. (Despite the fact that is represents
a proximity effect, it may also be the only clue, in a particular tracing, to the diagnosis of mild RVH.) An orthogonal
electrocardiogram with vector display will usually help determine whether RVH is present.

The rsŕ or rsŔ has, of course, been called “incomplete right bundle branch block” by the majority of electrocardio-
graphers. Clearly this is incorrect, for the reasons described above. Furthermore, even though in ASD there is right
ventricular dilatation and terminal right conduction delay on the ECG of almost all patients, there is no right bundle
branch block. This has been documented in the body-surface potential map in that there is definite epicardial right ven-
tricular breakthrough [–] (> Plate .). (In order to make sure that there is no confusion with the terminology of
the past, the author has discarded the term “incomplete right bundle branch block,” even when it is truly present, in favor
of the term partial right bundle branch block (partial RBBB). Partial RBBB, in congenital heart diseases, is usually seen
as a consequence of certain types of cardiac surgery and is only infrequently seen in the nonoperative state [–]. It is
very rare for children with ASD who have not undergone operation to have partial RBBB.)

... RVH Criterion  – IncreasedMagnitude of Z Anterior

This is only relatively reliable. It is necessary to be cautious about the tall initial r or R. It is easy to overread RVH where
there is a tall spiking R wave of brief duration as part of an RS complex. Most of the time, particularly in the preschool
child, the cause is a proximity effect because the heart is so close to the chest wall at those ages. It is preferred that the
duration of the initial QRS (e.g., R in V) be at least ms in order to suggest the diagnosis of RVH. Although an increased
R/S ratio in V is commonly used to diagnose RVH, it is a very soft unreliable sign. (Z anterior corresponds to an R wave
in V, V, in the orthogonal ECG, e.g., > Fig. ..)

... RVH Criterion  – Increased Magnitude of Y Inferior

This involves a tall R in aVF. It may be part of severe RVH but is not a factor in ASD.

... RVH Criterion  – IncreasedMagnitude of Z Posterior

This is a deep S in V, V. It may be part of severe RVH in the presence of a clockwise-inscribed horizontal plane “loop”
terminating well posterior, but it is not a factor in ASD.

... RVH Criterion  – Abnormal Ratios of Specific Magnitudes

Anexample of this is an increased ratio of themagnitude ofZ anterior toZ posterior (aweak criterion) and/or an increased
ratio of the magnitude of X terminal right to X left (an excellent criterion). Normal standards for orthogonal electrocar-
diography are present for many, although not all, age groups and very few standards are available for the standard -lead
ECG. The concept, however, must always be considered. It is particularly useful in the presence of abnormally low volt-
age from various causes, including lung disease. However, overreading of RVH in the standard ECG is very common
when the R/S ratio in lead V is utilized, as mentioned above. The error appears especially when the tall initial R is of
brief duration, presumably part of a proximity effect. Proximity effect is most common in the preschool child, but can be
recognized at all ages.
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... RVH Criterion  – IncreasedMagnitude of the Terminal R in AVR

This is a reliable criterion, but when present the diagnosis is usually obvious from other criteria.

... RVH Criterion  – Increased Magnitude of the Maximal Spatial Vector to the Right

This is known as MSVR. In general it is an excellent criterion, but it is not useful in ASD (see > Sect. .).

... RVH Criterion  – Abnormally Prolonged QRS Duration

On average, the QRS is prolonged, but the variation is so great that the criterion is only of limited value. Most often, a
clearly prolonged QRS duration is part of RBBB, but, occasionally, it is seen as part of ASD, with considerable terminal
right conduction delay.

... RVH Criterion  – T-Wave Abnormality

This is not useful in ASD (see > Sect. .).

... RVH Criterion  – ST Segment Abnormality

With severe RVH, ST-segment abnormality may occur, although it is not as common or extensive as in severe LVH.
The abnormal ST-segment vector is directed posterior and to the left, so that it is recognized in the standard ECG as ST
depression in the right chest leads. It is not expected in ASD.

... RVH Criterion  – T Vector Anterior Leftward

An upright T wave in leads VR and V after age  h is abnormal, and is indicative of RVH. It does not appear to occur
in ASD.

. Atrial Septal Defect (Ostium Primum Type)

This condition is considered here without mitral valve abnormality.The horizontal plane electrocardiogram of the ostium
primum defect without mitral regurgitation is identical to that of the ostium secundum type []. All else being equal, the
amount of RVH is dependent upon the amount of left-to-right shunt. However, because this is an endocardial cushion
defect, an abnormally superior vector loop is present (> Fig. .). (The term “abnormally superior vector” is utilized
instead of the inaccurate and inappropriate term, “left axis deviation.”) It is specifically defined, in the frontal plane, as
initial inferior, usually rotating counterclockwise, and terminally superior. In addition to the premise that axis deviation is
a term that is inaccurate and not useful (mean vector is preferred), a normal mean vector is usually further to the left than
is the abnormally superior vector. Another term commonly used is left anterior hemiblock, since the electrocardiogram
is identical. However, here the term left anterior hemiblock is reserved for that of an abnormally superior vector loop
which develops after a disease or surgical injury, in situations where the ECG was previously known to demonstrate a
normal inferior vector.

The genesis of the congenital abnormally superior vector almost always implies an endocardial cushion defect, even
when it is part of other congenital lesions such as tricuspid atresia or double outlet right ventricle. It can also be part of
the Noonan syndrome, for reasons not completely clear, although there may be some left ventricular cardiomyopathy in
patients with Noonan’s syndrome.
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⊡ Figure .

Standard ECG in a /-year-old child with a large ASD of the ostium primum type. On the right is a simultaneous recording of

the P wave in leads V, V, V, I, II, III at  x standard and mms− for purposes of atrial analysis. The first portion of the P

wave is of increased magnitude inferiorly and anteriorly, so that there is right atrial enlargement. No left atrial enlargement

is present. There is the classical abnormally superior maximum QRS vector of endocardial cushion defects (with initial QRS

inferior, as it must be to make the diagnosis). There is more marked RVH than is usual, yet right ventricular pressure is only

minimally above normal. (After Liebman et al. [].)

Whether the left anterior branch has been surgically injured or whether the abnormally superior vector is congenital
as in patients with endocardial cushion defect, BSPMs have shown late and prolonged superior activation [].The genesis
of the initial inferior activation is related to the fact that whereas the left side of the septum is activated by the posterior
branch of the left bundle, the initial superior vector in the normal person is the result of activation of the left anterior
branch of the left bundle. Therefore, when there is a true “abnormally superior vector loop” or left anterior hemiblock,
the normal initial superior activation does not occur. The consequence is an initial inferior vector [, ].

. Single Atrium

The true single atrium is rare, but since it includes the area of the ostium primum, an endocardial cushion defect is part
of the lesion. Therefore, an abnormally superior vector is present.
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⊡ Figure .

Box diagram of pulmonic stenosis with intact ventricular septum. The oxygen saturations are normal. The right ventricular

pressure is elevated, in this case to near systemic level.

. Pulmonic Stenosis with Intact Ventricular Septum

Pulmonic stenosis (PS) is, almost invariably, purely valvular. Infundibular pulmonic stenosis, when present as the only
lesion, is believed to have been associated with a ventricular septal defect (VSD), which had previously closed. Occa-
sionally, an anomalous right ventricular muscle bundle could have been the cause of the PS, although here too, a VSD
has often been present. The spectrum of severity in valvular PS is from a trivial narrowing with minimal or no increase
in right ventricular pressure (RV pressure), to that of extremely severe narrowing resulting in suprasystemic pressure in
the right ventricle. The hemodynamics, therefore, is that of pure pressure overloading of the right ventricle (> Fig. .).
Occasionally with suprasystemic RV pressure there is a right-to-left shunt at the atrial level through a foramen ovale.The
hemodynamic consequence is cyanosis and less than normal volume in the right ventricle. The pressure and volume in
the left ventricle remain normal.

RAE is expected with increased pressure overload of the right ventricle, since compliance of the right ventricle is
diminished. RVH is common in PS and the various criteria for RVH from > Sect. .. in the presence of PS are
discussed here.

.. RVH Criterion  in Pulmonic Stenosis

In the mildest PS, the ECGmay be normal.With slightly increased RV pressure, the activation sequence remains normal,
with an increasedQRS terminal vector to the right, often associatedwith a decreased posterior projection.Therefore, there
will be a terminal r or R in VR and/or V, since the terminal vector crosses the VR and/or V lead vectors (> Fig. .).
This can occur, of course, without terminal right conduction delay, but the latter is sometimes present in the RVH of the
pure pressure load hypertrophy of PS. As expected, since there is a spectrum of severity of valvular PS, the RVH severity
varies. As the PS increases, the maximumQRS vector is less posterior and the terminal vector is more to the right so that
the horizontal plane may show a crossed loop with two main vectors. With increased severity, the vector loop is almost
entirely anterior, with a clockwise direction of inscription (> Fig. .). Rarely, in severe PS, the terminal QRS vector is
markedly posterior with a clockwise direction of QRS loop inscription. With increased severity, the initial QRS is to the
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⊡ Figure .

Standard -lead ECG of a -year-old male who had surgery for moderately severe valvular pulmonic stenosis (PS), via the

pulmonary artery. The right ventricle was not entered and RBBB did not develop. The RVH gradually decreased until it stabi-

lized with this ECG. Mild residual PS remains. There is trivial RVH on the basis of the anterior T vector and terminal R’ in VR

and V. (After Liebman et al. (). © Williams andWilkins, Baltimore, MD. Reproduced with permission.)

left and anterior, suggesting suprasystemic right ventricular pressure [] (> Fig. .). The mechanism for the initial
QRS to the left in severe pulmonic stenosis has been hypothesized utilizing body surface potential maps [, , ].

.. RVH Criterion  in Pulmonic Stenosis

When the PS is very severe, the initial QRS is frequently to the left and anterior. Suprasystemic pressure must then be
considered, although the mechanism can only be hypothesized. The ECG of initial QRS activation is due mainly to four
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⊡ Figure .

Frank-system orthogonal ECG of a -month-old femalewith valvular PS and RV pressure just under systemic level. The initial

QRS is to the right, consistent with the RV pressure being less than suprasystemic. The wide open clockwise vector indicates

considerable RVH. There are two main vectors, the first to the left and anterior, the second to the right and posterior. The

magnitude left is within normal limits so that additional LVH is not present. (In the standard ECG, the initial vector to the left

may be above the th percentile and additional LVH diagnosed, yet the cause in this case is only a proximity effect because

the right ventricle is so large that the V lead is too close to it. This artifact is less likely in the Frank or axial (McFee–Parungao)

orthogonal ECG systems). (After Liebman et al. []. ©Williams andWilkins, Baltimore, MD. Reproduced with permission.)

components, namely the left septum / to / down the septum, the free posterior wall adjacent to the left septum,
the right septum (somewhat more inferior than the left septum), and the right ventricular endocardium. (A fifth area
responsible for initial superior activation has been discussed above.) Immediately following is activation of the free ante-
rior wall including the portion near the septum. Rotation of the septum owing to the high RV pressure appears to be an
insignificant factor in the presence of pressure overloading, so that aspects of initial activation as described above appear
most important. Right septal hypertrophy could also be a factor, but this cannot be anatomically documented.The most
likely hypothesis is that the marked hypertrophy of the anterior wall inferior to the position of normal initial activation
extends to the left of the position of normal initial activation. It is also possible that the sequence of initial activation has
changed so that different components becomemore important.The answers may not be easily available, but perhaps they
will be found through detailed studies involving endocardial and epicardial mapping in humans. Body surface mapping
appears to have confirmed the above hypothesis [, ].
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⊡ Figure .

Frank-system orthogonal ECG of a -year-old female with valvular PS and RV pressure above systemic level. The initial QRS

to the left is consistent with suprasystemic RV pressure, although not all patients with PS and intact ventricular septum and

initial QRS to the left have suprasystemic pressure. However, when initial QRS is not to the left, the suprasystemic RV pressure

is not likely to be present.

Occasionally the initial leftward QRS vector is far enough to the left so that the VR and/or V lead vectors are not
crossed.The result is a qR complex in those leads.The qR inVR andV, therefore, provides another indication of severity.
A qR in V, because the initial QRS vector is to the left and posterior, is also very occasionally seen and is an indication
of even greater severity. Usually in such patients, however, the VCG does not demonstrate this vector to be to the left and
posterior (because V is not reliably comparable to lead Z).

.. RVH Criterion  in Pulmonic Stenosis

This criterion is the single most reliable criterion of RVH and in known PS has been shown to provide at least as good an
index for estimation of RV pressure as the more tediously calculated MSVR [].

.. RVH Criterion  in Pulmonic Stenosis

As described above, an rsŕ or rsŔ pattern is very common in the ECG associatedwith pure valvular PS even though there
is pressure overload. With increased severity of the PS, the right chest leads demonstrate a pure R (because the vector is
mostly anterior) or a qR when the initial QRS is well to the left.
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.. RVH Criterion  in Pulmonic Stenosis

In PS this criterion has been used as a specific predictor of the RV pressure in valvular PS with intact ventricular septum.
Present data indicates a correlation coefficient of . to . for the Frank system (lower with McFee–Parungao) [],
although the originally published data claimed much higher correlation. In any case, the confidence interval for specific
patients is so wide that the criterion is best used considering the individual patient as his or her own control, just as for
magnitude of the terminal QRS vector to the right; e.g., when looking for change over a period of time.

.. RVH Criteria  and  in Pulmonic Stenosis

With very severe PS, ST-T abnormality may be present. There may be ST depression in the right chest leads and/or the
T vector may be abnormally posterior and, usually, to the left. Very occasionally, the T vector may even be to the right
so that the T is inverted from VR to V (> Fig. .). The deviation of T from QRS is less in the frontal than horizontal
planes. A special T abnormality must be mentioned which is not related to severity and is not well understood. An
anterior leftward T vector is abnormal after age  h (T upright VR, V, V, as well as V, V) (> Fig. .).This empiric
indication of RVHmay be present in mild PS even in the presence of a normal QRS.
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Standard ECG before (left) and after (right) surgery in a -month-old male with severe PS and suprasystemic RV pressure.

Note that initial QRS is not to the left (a rare exception) but there is marked ST and T abnormality so that the T vector is to the

right and posterior. Right atrial hypertrophy is also present. Following surgery (the surgeon had to enter the right ventricular

outflow tract via the pulmonary artery) advanced RBBB developed. (A few years later, the RBBB resolved.) (After Liebman

et al. []. © Williams andWilkins, Baltimore, Maryland. Reproduced with permission.)
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Note the anterior T waves in right chest lead, an unexplained indication of RVH after  hours of age.

. Total Anomalous Pulmonary Venous Return to the Right Atrium

This condition, known as TAPVR, comes in two major varieties, with or without pulmonary venous obstruction. In
either case, the RVH is severe, so that the hemodynamic variations are not considered pertinent to this section. In the
majority of patients after early infancy, there is no significant pulmonary venous obstruction. Almost invariably, the four
pulmonary veins drain into a common pulmonary venous trunk, which has not been normally incorporated into the
left atrium. Drainage is then via a systemic vein, frequently primitive, to the right superior vena cava, left superior vena
cava or coronary sinus, and thereafter, to the right atrium.The result (see > Fig. .) is a tremendous volume overload
of the right side of the heart. As with atrial septal defect, and for similar reasons, there is only moderate elevation of
RV pressure, although since the increase in pulmonary blood flow is obligatory and early, there may be a significant
RV pressure elevation in some cases. Another significant aspect is that, because there has been decreased volume into
the left atrium and left ventricle in utero, as well as after birth, the left atrium and left ventricle may be small. In addition
embryologically, since the common trunkhas not been incorporated into the primitive left atrium, the resulting left atrium
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Box diagram in total anomalous pulmonary venous return (TAPVR) with low pulmonary vascular resistance, so that the pul-

monary arterypressure is onlyminimally elevated. The commonpulmonary venous trunk (posterior to left atrium)drains into

a systemic vein and then into the superior vena cava. Therefore there is a very large volume overload into the right atrium

and ventricle estimated as at least four times normal. The left atrium is embryologically small and the left ventricle may also

be small, contributing to the marked RVH. The ventricular septum usually bows into the left ventricle.

may be very small. In patients with pulmonary venous obstruction, the usual anatomy is that the systemic vein from the
common trunk drains below the diaphragm to the portal vein or even hepatic vein. The pulmonary venous obstruction
is in the liver and is intense. The increase in volume work of the right ventricle may be minimal, but because of the
severe elevation of pulmonary venous pressure in utero, the pulmonary vascular resistance is greatly elevated. Usually,
the pulmonary artery pressure is suprasystemic. In both the unobstructed and obstructed types of TAPVR, the former
mainly because of volume overload, the latter mainly because of pressure overload, the RVH is severe (> Fig. .).
The small left ventricle adds to the RVH. The two types of TAPVR cannot be separated on the basis of the ECG. With
increased volume and pressure in the right atrium, as well as decreased compliance of the right ventricle, RAE is usually
considerable.

.. RVH Criterion  in TAPVR

The initial QRS is usually to the left and may be posterior. At the time of activation of the free walls of each ventricle,
the right ventricle usually dominates. More often than not, the maximumQRS vector does not ever go posterior, so that
after reaching a brief maximal deflection to the left, the vectors are anterior and to the right. A clockwise horizontal plane
vector usually results, with the main vector well to the right and anterior.

.. RVH Criterion  in TAPVR

For the reasons described for severe PS in> Sect. .., the initial QRS is usually to the left and anterior. In addition, the
large volume right ventricle together with the small left ventricle results in the lower septum bowing into the left ventricle.
Consequently, the initial QRS is often even posterior as well as to the left (> Fig. .).
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McFee-Parungao system orthogonal ECG and vector loops of a seven year old male with TAPVR and low pulmonary vascular

resistance. The magnitude of the terminal vector of the right (XTR) is remarkably large, even for the McFee-Parungao sys-

tem, where voltages are greater than in the Frank system. The T vector to the right and posterior, is very abnormal although

there was only volume overload. In the standard ECG, the T wave was inverted from Vyr through V (After Liebman et al. [].

©Williams andWilkins, Baltimore, MD (). Reproduced with permission).

. Hypoplastic Left Ventricle Syndrome

In the most severe form of the hypoplastic left ventricle syndrome, there is little or no left ventricular cavity, with no
blood in it. There is a hypoplastic ascending aorta, aortic atresia and mitral atresia.Therefore, all pulmonary venous flow
must go through a usually restrictive atrial opening into the right atrium, right ventricle and pulmonary artery. There
is a high pulmonary vascular resistance, so that there is a right-to-left shunt through a patent ductus arteriosus into the
descending aorta. Therefore, even in cases where the hypoplastic left ventricle syndrome is less severe, for example, with
aortic stenosis and/or mitral stenosis intead of atresia, the RVH is severe (> Fig. .). There is marked volume and
pressure overload, to which is added the small left ventricle.

In addition to RAE, there is marked left atrial enlargement (LAE) as well.The left atrial pressure is very high and there
is volume overload, with the only egress being the restrictive atrial opening.

The direction of inscription of the QRS vector loop and the initial portion are similar to those of the marked RVH of
total anomalous pulmonary venous return. In approximately half of the children with hypoplastic left ventricle syndrome,
the initial QRS is posterior as well as to the left (> Fig. .). Very infrequently the initial QRS is to the right. Rarely, the
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Frank system orthogonal ECG and vector loops of a  month old male with TAPVR to the superior vena cava and low pul-

monary vascular resistance. There was marked right ventricular volume overload as in figure .. The initial QRS is to the

left, indicating the severity of the RVH, but it is also posterior, consistent with evenmore severe RVH. The fact that the septum

is bowed into the left ventricle contributes to this unusual QRS (After Liebman et al. []. ©Williams andWilkins, Baltimore,MD

(). Reproduced with permission).

ECG may show good left chest potentials [], most likely because of the large volume right ventricle extending well to
the left, providing a proximity effect.

. Complicated Coarctation of the Aorta

The most common combination of lesions making up this syndrome is that of severe coarctation of the aorta (in the
normal position near the left subclavian artery) together with a ventricular septal defect and/or patent ductus arterious.
Although the pulmonary vascular resistance after birth remains high, the resistance to flow through the coarctation is even
greater, so that there is an early left-to-right shunt. Consequently, the left ventricle is hypertrophied and dilated owing
to great pressure and volume work. Nonetheless, the ECG often demonstrates pure RVH (> Fig. .). It is believed
that the effects in utero are responsible. Prior to birth, the right ventricle, working against the newborn’s very high pul-
monary vascular resistance, sends blood through the ductus arteriosus and then, presumably, through the coarctation.
It is hypothesized that prior to birth this extra work of the right ventricular myocardium results in cellular hyperplasia,
which persists after birth. Thus, there is hypertrophy of more cells. In addition, because of left ventricular failure after
birth, there is a high pulmonary venous pressure, resulting in pulmonary hypertension. Although simple coarctation is
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Frank system orthogonal ECG with vector loops of a five day old male with the hypoplastic LV syndrome. The initial QRS is to

the left, is part of the severe RVH. There is also ST abnormality asmanifested in the unclosed ST segment directed posterior in

the transverseplane. Theelevationof ST in the Z lead is derived from the sameobservation. The frontal plane is unusual being

entirely superior. It is not related to an “abnormally superior QRS vector”since the initial QRS is not inferior. Explanations can

only be hypothesized (After Liebman et al. []. ©Williams andWilkins, Baltimore, MD (). Reproduced with permission).

expected to have pure LVH, the infant with severe narrowing occasionally has pure RVH. Although this usually changes
to LVH in a few months, occasionally it may persist (> Fig. .). Many years after successful surgery for simple coarc-
tation of the aorta BSPM has shown mild RVH in many []. The mechanism is believed to be cellular hyperplasia with
hypertrophy shortly after birth.

. Transposition of the Great Arteries with Intact Ventricular Septum

The hemodynamics of transposition of the great arteries is one of constant change after birth. In most cases, the anatomy
demonstrates in addition only a foramen ovale, no atrial septal defect, with minimal left-to-right shunt and right -to-left
shunt at that level. The ductus arteriosus, because of low systemic PO, remains open for a variable, but brief, period of
days, allowing some low-oxygen blood to go from the aorta to the pulmonary artery. Pulmonary vascular resistance does
not decrease as rapidly as in normal babies, so that pulmonary blood flow (and thus left ventricular flow) is only a little
above normal. Left ventricular pressure (LV pressure) gradually decreases over the first few days. On balance, the work
of the left ventricle is a little above normal and this, together with the right ventricle working against systemic pressure,
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Frank systemorthogonal ECGwith vector loops in a six year old femalewith thehypoplastic left ventricle syndrome (unusually

old for this condition). The RVH is severe with the initial QRS vector directed left and posterior (as in half such babies) and

the T vector to the right posterior (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD (). Reproduced with

permission).

usually results in a normal vectorcardiogram (> Fig. .). Occasionally, there is some right ventricular hypertrophy.
After successful balloon atrial septostomy, the pulmonary vascular resistance usually decreases and the ductus arterio-
sus closes. There is then significant bi-directional shunting at the atrial level. The volume of work of the systemic right
ventricle is above normal and that of the left ventricle is very much increased. However, because of the low pulmonary
vascular resistance, LV pressure is quite low; for example, mm Hg. Therefore, pure, often considerable, RVH can be
expected (> Fig. .).Then, if an “atrial switching” operation, such as theMustard or Senning procedure, is successfully
accomplished, the result is that left ventricular volume is normal with low left ventricular pressures. Consequently, the
RVH is now severe (>Fig. .). Inmany suchpatients, there is significant pulmonic stenosis, but the expected additional
LVH is often not recognized. After successful arterial switching surgery (now a standard of care), the electrocardiogram
usually gradually normalizes.

. Tetralogy of Fallot

In tetralogy of Fallot (TOF), by definition, there is a nonrestrictive ventricular septal defect (so that the RV and LV
pressures are equal), with pulmonic stenosis being severe enough so that resistance to flow into the pulmonary artery
is greater than resistance to flow into the aorta. The result is a right-to-left shunt. Although an overriding aorta is not
necessary to create the hemodynamics, it is usually present in the embryological TOF. In the maximally severe TOF,
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Frank system orthogonal ECG with vector loops in a three month old male with coarctation of the aorta, ventricular septal

defect andmitral stenosis. The RVH is considerable. The horizontal plane vector loop is clockwisewith the large terminal right

vector (XTR) markedly posterior. (The large terminal right posterior projection is part of the RVH. The diagnosis of additional

LVH would be an error). (After Liebman et al. []. © Williams andWilkins, Baltimore, MD (). Reproduced with permission).

there is pulmonary atresia, so that %of right ventricular blood goes from right to left through theVSD.The pulmonary
blood flow is then by way of a ductus arteriosus or bronchial arteries. A typical moderately severe TOF, with % of right
ventricular blood going from right to left through the VSD, is depicted in > Fig. ..

Right ventricular volume work is normal, at systemic pressure, while left ventricular volume work is less than normal,
at normal pressure. Pure RVH, therefore, is expected. (Note that if a systemic-pulmonary artery shunt is created, there is
increased left ventricular volume work to accompany the RV pressure work) so that LVH may also develop.

With regard to the effect on atria, RAE is usually found in TOF. The effect on ventricles is discussed according to the
criteria laid down in > Sect. ...

.. RVH Criterion  in TOF

Because the hypertrophy is usually severe, the RVH is much as described for severe valvular PS with intact ventric-
ular septum. An exception is that in the most severe form, often associated with the lowest arterial oxygen satura-
tion, the clockwise-inscribed vector loop turns quickly to the right (after beginning to the left) before terminating
markedly posterior. The result in the standard ECG is often that the only QRS complexes where R > S are VR and
V (> Figs. . and > .). Occasionally, the only complex with R > S is VR, so that unless there is an orthogonal
VCG, the diagnosis of RVH may be difficult to make. Careful vector analysis of the chest leads, however, should reveal
that the horizontal plane is rotated clockwise (> Fig. .).
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Frank system orthogonal ECG with vector loops in a  year old female with severe simple coarctation of the aorta. The

diagnosis is RVH with no evidence for additional LVH.

.. RVH Criterion  in TOF

The initial QRS vectors are usually to the left and anterior (> Figs. . and > .) since the RVH is severe.

.. RVH Criterion  in TOF (R in AVF)

The abnormally tall R in aVF by itself, in the presence of prominent left chest potentials, suggests the diagnosis of left
ventricular hypertrophy since the more inferior ventricle is the left ventricle. However, it is an error, in the presence of
significant RVH, to diagnose additional LVH when an abnormally tall R in aVF is present. In this case, the prominent
inferior vector is part of RVH, presumably from hypertrophy of the inferior right ventricle. This criterion is extremely
common in the presence of TOF (> Fig. .).

.. RVH Criterion  and  in TOF

ST-T abnormally (with the T vector well to the right and posterior) is very unusual in TOF, even when very severe, but
can occur (> Fig. .).
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Frank system orthogonal ECG with vector loops in a five day old with simple transposition of the great arteries with intact

ventricular septum (the frontal plane vector loop is at  div(mv−) (so that voltage is quite low). The ECG is normal (very

unusual).

. Obstruction of Outflow From the Left Atrium

This includes congenital mitral stenosis (multiple varieties), supravalvular stenosing ring, and cor triatriatum. All of these
have the same pathophysiology, unrelated to the varying embryology. The cause of the RVH is elevation of pulmonary
venous pressure. Should the obstruction be significant in the newborn period, when the fetal thick-walled pulmonary
arterioles remain, the RVH may be severe. Should the obstruction become significant later in life, it may take time, as
the pulmonary arterioles become more muscular once again, before significant RVH develops. Both left and right atrial
hypertrophy (LAE and RAE, respectively) will be present [, , –]. The reliability of the reading of LAE is only fair
although reliability of reading RAE is very good.

. Nonrestrictive LV-RV Communication with Pulmonary Vascular Disease

An example of this is ventricular septal defect. The degree of RAE or RVH depends upon the severity of the pulmonary
vascular disease, just as in tetralogy of Fallot, where the degree of RAHor RVHdependsupon the severity of the pulmonic
stenosis.The box diagram in > Fig. . is explanatory.
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Standard ECG in a three month old male with simple transposition of the great arteries and intact ventricular septum. A bal-

loon atrial septostomy had been done in the newborn period. The RVH is moderate. Note that the initial QRS is to the left.

Right atrial hypertrophy is present on the basis of the first part of the P wave inferior and anterior having a large magnitude.

However, in patients with large ventricular septal defect, there is likely to have been a period before the pulmonary
vascular disease developed when there was significant left-to-right shunt.Therefore, there may be less RVH than in TOF,
owing to previous hemodynamics.

. Patent Ductus Arteriosus

In pediatrics, the isolated patent ductus arteriosus (PDA) must be discussed in two contexts. First, there is the PDA
associated with the newborn, usually prematurely born, often with respiratory distress syndrome; and second, there
is PDA that is congenitally open, and manifest after the newborn period. The ductus in the former is presumed to be
kept open mainly because of the hypoxia associated with the pulmonary disease. The flow through it is from left-to-
right, so that the left atrium and left ventricle are enlarged. However, because of the high pulmonary venous pressure
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Frank-system orthogonal ECG in a -year-old female with transposition of the great arteries who had undergone a successful

atrial switchingprocedure (Mustard) in the first year of life. As is typical, the RVH is very severewith initial QRS to the left, most

of the clockwise-inscribed QRS vector loop to the right and the T vector posterior right. After successful Mustard operations,

the right ventricle is at systemic level, and the left ventricle is usually at less than half systemic level. (After Liebman et al. [].

©Williams andWilkins, Baltimore, MD. Reproduced with permission.)

as well as the lung disease per se, there is likely to be significant pulmonary hypertension. Therefore, the right ventricle
is involved as well. In addition, the prematurely born baby has a very low voltage and has less of the newborn’s right
ventricular dominance []. Finally, the ductus tends to open and close, the hemodynamics changing rapidly. Conse-
quently, the ECG is not reliably useful in evaluation. The ECG is very useful, however, in the evaluation of the “true”
congenital PDA.

The left-to-right shunt through the “true” PDA is not usually significant until a number of weeks after birth,
related to a more gradual decrease in pulmonary vascular resistance than in normal babies. The ductus itself, because
of its length, has considerable resistance, so that the majority of PDAs are associated with no more than moderate
pulmonary hypertension and usually less. The work of the heart is, therefore, volume work of the left ventricle
(> Fig. .).

There is left atrial enlargement (LAE), a term which does not attempt to distinguish between hypertrophy and
dilatation. The most useful criteria for LAE are the following [, , –]:

(a) Standard electrocardiography [, , , –]:
(i) Increased duration of second portion of P wave (i.e., when P is m-shaped)
(ii) Increased P terminal force in V (>.mVs)
(iii) Increased time between first and second peak of P
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Box diagram typical of tetralogy of Fallot. In (a), the right and left ventricular pressures are equal. Resistance to flow past

the severe pulmonary stenosis is much greater than is systemic artery vascular resistance. Therefore, there is considerable

right-to-left shunt and no left-to-right shunt. The systemic arterial oxygen saturation is only %. In (b), the outputs into

thepulmonary artery andaorta, andvolumes in eachenteringgreat vein andeach chamber aredelineated. The right ventricle

at systemic pressure sends blood through the severely stenotic right ventricular outflow tract and into the aorta aswell. Only

one-half normal volume enters the left ventricle, which sends less than the normal volume into the aorta at normal pressure.

Therefore, the ECG is that of pure RVH.

(b) Orthogonal electrocardiography [, –]:
(i) Increased P terminal force
(ii) Increased duration second portion of P
(iii) Increased magnitude posterior of second portion of P
(iv) Increased time between first and second peak of P
(v) Increased spatial magnitude at the time of maximum posterior (SVP)

.. Left Ventricular Hypertrophy

Criteria for left ventricular hypertrophy are many [], with the most sensitive being an increasedmagnitude posterior in
the presence of a normally inscribed horizontal plane vector loop. It is appropriate at this time to delineate all the criteria
for LVH while being more specific about PDA.Then, for other defects where pure LVH is present, reference can be made
to these criteria.

... LVH Criterion  – Direction of Inscription of QRS Vector Loops

The QRS vector loops may have exactly the same configuration as in the normal, so that after infancy there is a normal
initial QRS vector to the right and anterior, followed by the vector being increasingly to the left, first anterior, then clearly
posterior, ending slightly to the right and posterior. However, the spatial voltage will be larger than normal. (Occasionally,
particularly in severe hypertrophy, the most distal portion of the loop is to the left, but inscribed clockwise. The genesis
of this is presumed to be an intraventricular conduction abnormality involving the left bundle, associated with fibrosis.)
A newborn with a wide-open counterclockwise-inscribed vector loop indicates LVH no matter what the voltage.
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Standard ECG of a /-year-old male with TOF and marked RVH. There is a wide open clockwise horizontal plane vector loop

whichextendsquickly to the right andposterior. The loop is not shownbut canbederived from the standard ECG asdiscussed

in>Chap. . Theposterior projection is very large (. mV) (not part of LVH) and there is also aprominent inferior vector, seen

frequently in TOF.

The direction of inscription in the frontal plane usually remains clockwise. Only occasionally does LVH cause coun-
terclockwise inscription in the frontal plane, usually in older children with very severe LVH, but the maximum QRS
vector will still be mainly inferior.

In PDA, the initial QRS vector is usually normally rightward and anterior, with normal horizontal plane direction of
inscription and increased voltage both to the left and posterior.

... LVH Criterion  – Initial QRS vector

An initial QRS vector to the left and anterior [, , , ] (a manifestation of severe LVH) is not usually seen in
PDA. However, a large initial QRS to the right and anterior, and frequently superior, is very common. This is left septal
hypertrophy, not LVH per se. (Proximity effect, particularly in the preschool child, may cause a prominent initial anterior
vector, sometimes also rightward, contributing to an erroneous diagnosis of left septal hypertrophy.)

... LVH Criterion  – Abnormally Posterior Angle of theMain or Mean QRS Vector

This is only a fair sign of LVH because of so much normal variability.
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Standard ECG of a -year-old with severe TOF and very severe RVH (as well as right atrial hypertrophy). What is unusual for

TOF is the marked T abnormality, the T being to the right and posterior. The maximumQRS vector is also posteriorly directed

(and to the right) as in> Fig...

... LVH criterion  – Horizontal Plane Vector Loop Progressing Rapidly from Anterior

to Posterior

This causes the loop to be posterior by about ms. The differential diagnosis is anterior myocardial infarction, rare in
children, so that the criterion is excellent.

... LVH Criterion  – IncreasedMagnitude of Leftward QRS Vector

This gives increased X to the left and tall R in V, V. This is an excellent sign of LVH. If V is greater than V, even
though neither is above . percentile, LVH should be considered. In the latter, a very wide, broad leftward loop has
been projected, which remains to the left for a long time.

... LVH Criterion  – IncreasedMagnitude of Inferior QRS Vector

This leads to increased Y inferior and a tall R in aVF. In the presence of a normal horizontal plane vector loop with good
left chest potential (which need not be abnormally high), a clearly large inferior vector suggests LVH. The left ventricle is
the more inferior ventricle. However, pure marked RVH is frequently associatedwith a large inferior vector, but, as noted
above, even mild RVH or LVH can be associated with a high magnitude inferior vector.



  The Electrocardiogram in Congenital Heart Disease

I

II

III

aVL

aVR

aVF

Limb leads all
1/2 standard

Chest leads all
1/2 standard

SV2 = 2.6 mV

V4R

V1

V2

V4

V5

V6

⊡ Figure .

Standard ECG of a -year-old female with TOF andmoderately severe RVH. As in > Figs. . and> ., the initial QRS is to

the left and the QRS transverses quickly to the right and posterior. The difference here is that not only does V demonstrate

rS, but so does V. Therefore, without VR (and/or the orthogonal ECG) RVH would be difficult to diagnose. Note that all leads

are half standard size. (After Liebman et al. []. ©Williams andWilkins, Baltimore, MD. Reproduced with permission.)

... LVH Criterion  – IncreasedMagnitude of Posterior QRS Vector

This means increased Z posterior, with a deep S in V, V. The abnormally posterior maximum QRS vector is probably
the single best criterion for LVH (although lung disease, with high residual volume, may cause decreased anterior forces,
and therefore, an abnormally posterior vector) []. In severe RVH, a clockwise-inscribed horizontal plane vector loop
may terminally swing far posterior, so that additional LVH is sometimes diagnosed. This would be in error for in such a
case the genesis of the posterior forces is presumed to be late posterior right ventricular potentials occurring after the left
ventricle has completed activation. If, with a counterclockwise horizontal plane vector loop, the X left and Z posterior are
at the upper limit of normal in magnitude, LVH is likely. A Z posterior at the upper limit of normal together with a quite
small X left may be part of an abnormally posterior horizontal plane QRS vector angle and is a weak sign of LVH.
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Frank-system orthogonal ECG of a -year-old with TOF. As is typical, the direction of inscription is wide open clockwise with

the initial QRS to the left. The T in the horizontal plane overlays the initial QRS. (After Liebmanet al. []. ©Williams andWilkins,

Baltimore, MD. Reproduced with permission.)

... LVH Criterion  – IncreasedMagnitude of Terminal Rightward QRS Vector

in the Presence of an Abnormally Posterior MaximumQRS Vector

This is frequently amanifestation of posterobasal LVH rather than combined ventricular hypertrophy. However, it is often
not possible to distinguish the difference.

... LVH Criterion  – Abnormal Ratios of Specific Magnitudes

An example of this is a decreased magnitude of the ratio of Z anterior to Z posterior. Other ratios are less reliable. It is
particularly useful in the presence of low voltage from various causes. The major differential is that of lung disease with
a high residual volume. A good clue is that, in lung disease, the X left is also decreased in magnitude, more than merely
by the low voltage per se, since there is frequently air in the lateral left chest wall in cystic fibrosis [] as well as in the
anterior chest.

... LVH Criterion  – IncreasedMagnitude of R in aVL

This is a reliable criterion, but, when met, the diagnosis is usually obvious from other criteria. An important note of
caution is that in the presence of an abnormally superior maximum QRS vector, the magnitude of R in aVL will be
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Frank-system orthogonal ECG of a -day-old baby boy with a maximal TOF, which indicates non-restrictive VSD, pulmonary

atresia and % right-to-left shunt. The pulmonary blood flow in the -day-old child was via a small ductus arteriosus. The

RVH is severe with a wide open clockwise vector loop (normal for this age), but with most of the terminal vector to the right

and posterior. The T vector is to the right and posterior, but that could be normal for this age.

increased because the direction of the vector is similar to that of the lead vector for aVL; in such cases, therefore, the
criterion cannot be utilized.

... LVH Criterion  – IncreasedMagnitude of theMaximal Spatial Vector to the Left (MSVL)

This is, in general, an excellent criterion, but themeasurementof Z posterior by itself is probably just as good, and simpler.
(See > Sect. . for specific use.)

... LVH Criterion  – Abnormally Prolonged QRS Duration

On average, the QRS is prolonged, but the criterion is only fair because the variation is so great.

... LVH Criterion  – T-Wave Abnormality

There are two types of T-wave abnormality. The first, very common in PDA, is a large magnitude T vector in the normal
direction (increased left and/or inferior). By itself the criterion is not useful, for tall T waves can be present in many
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⊡ Figure .

Box diagram of a patient with non-restrictive VSD and pulmonary vascular disease, so that resistance to flow into the

pulmonary artery is higher than resistance to flow into the aorta. The amount of right-to-left shunt is exactly the same as

in the patient with TOF depicted in> Fig. .. Oxygen saturations are given as percentage values.
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⊡ Figure .

Boxdiagramof apatientwith apatent ductus arteriosus andmoderate left-to-right shunt (/ pulmonary/systemic flow ratio).

On the basis of the volume work alone, there is pure LVH. However, the larger the ductus, the greater the pulmonary artery

(and thus right ventricular) pressure.
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situations including hyperkalemia. It is also not an indication of severity. Although often present in volume overloading,
tall T waves can also be present in patients with pressure overloading.

The second type of T-wave abnormality is that of a wide deviation of T from QRS (i.e., increasedQRS-T angle).When
LVH is severe, the T vector is more anterior and less to the left. In the most severe cases, the T vector will be so much to
the anterior that the T waves are upright in the right chest leads. If, in addition, the T vector is to the right, the T in the left
chest leads will also be negative. Although this type of T abnormality has been associated with severe pressure overload,
it is also seen in the pure volume overload of PDA when the left-to-right shunt is very large. Severity of the hypertrophy,
perhaps with fibrosis, seems to be the cause, rather than the type of hemodynamics, for example, pressure versus volume
overloading. A low-voltage T vector may have similar significance to that of a wide QRS-T angle.

... LVH criterion  – ST-Segment Abnormality

When the T-wave abnormality is severe, there will usually also be ST-segment abnormality, manifested by depression in
the X leads (V, V) and sometimes elevation in VR and V. ST depression inferiorly, in Y or aVF, may also be present.
As in the T-wave abnormality, ST-segment abnormality has usually been associated with severe pressure overload, but
severe volume overload, as in a large shunt PDA or aortic regurgitation, may also be responsible.

. Aortic Stenosis (Valvular)

Whereas PDA provides the prototype for left ventricular volume overload, aortic stenosis (AS) provides the example
usually given for pure pressure overload. However, valvular stenosis, because of the frequent narrow pulse pressure caus-
ing less coronary perfusion when severe and the need for perfusion of very thick muscle, has the additional problem of
that poor perfusion (> Fig. .).

The ECG criteria of importance in aortic stenosis are the following.
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⊡ Figure .

Box diagram of a patient with pure valvular aortic stenosis. The oxygen saturations are normal. The amount of stenosis is

moderate in this case, with a mm systolic gradient. Note that the end-diastolic pressure in the left ventricle is, as is typical,

only somewhat elevated. Although there is consequent elevation of the left atrial pressure, there is usually, no dilatation.
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.. LVH Criterion  in Aortic Stenosis

The direction of inscription of the vector loop is typical of that in LVH, but there are a number of important specifics
for this lesion. First, the more severe the stenosis, the more likely is the initial QRS to be oriented to the left and anterior
[, , , ] (> Fig. .). Second, in the more severe cases, the QRS forces are often directed posterior so early that
anterior myocardial infarction may not be able to be differentiated (> Fig. .). Third, posterobasal LVH is common,
although there seems to be little or no relationship to severity (> Fig. .). Fourth, in severe cases, the vector turns
posterior very early, then turns laterally so that there is a crossed (figure-of-eight) loop. It may be that the posterobasal
area is being activated early, as in left bundle branch block (LBBB). Under any circumstance it is likely that considerable
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⊡ Figure .

Frank-system orthogonal ECG of an -year-old male operated upon one year previously for severe valvular aortic stenosis.

The QRS had not significantly changed, although the T-vector had been further to the right. (Note that, as is usual, the frontal

plane vector loop is wide open and clockwise inscribed, despite the severe LVH). (After Liebman et al []. © Williams and

Wilkins, Baltimore, MD. Reproduced with permission.)
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⊡ Figure .

Standard ECG of an -year-old male with severe coarctation of the aorta (operated upon successfully at age  years) and

two further operations for severe valvular aortic stenosis. The first operation was a valvotomy and the second for aortic valve

replacement. The initial QRS is to the right, anterior, superior (normal). The horizontal plane direction of inscription in the ECG

appears tobe counterclockwisewith considerablemidportion slowing, butwith theVCG the vector goeswell posterior before

going to the left as inmany patients with left bundle branch block (LBBB). Nonetheless, the diagnosis is intraventricular con-

duction abnormality as part ofmarked LVH since the initial QRS is normal. (The T vector is well to the right and posterior, very

abnormal, and could be part of either severe LVH or LBBB). (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD.

Reproduced with permission.)
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fibrosis is present. If the initial QRS is to the right, then intraventricular conduction abnormality (perhaps due to fibrosis)
is suggested, as part of severe LVH (> Fig. .). If the initial QRS is to the left, then differentiation from LBBB may not
be possible.

.. LVH Criterion  in Aortic Stenosis

The initial QRS activation includes at least five major components:

(a) The left septum, / to / down the septum
(b) The posterior free wall of the left ventricle near the left septum where activation begins, stimulated by the posterior

branch of the left bundle
(c) The right septum, stimulated by a branch of the right bundle from the base of the anterior papillary muscle
(d) The right ventricular endocardium, stimulated by branches from the right bundle via the moderator band
(e) Up the septum from stimulation by the left anterior branch of the left bundle, which causes the normal QRS to be

initially superior left or right and anterior or posterior.

As stated above, in severe valvularAS, the initial QRS is frequently to the left. Data [] shows that in a series of  patients
severe enough to need surgery, the initial QRS was to the left in half, and when it was to the right, the magnitude was
small. In another series of  catheterized patients,  had systolic gradients less than mmHg, of which, in  the initial
QRS was to the right. Of  who had systolic gradients greater than mm Hg and/or need surgery, the initial QRS was
to the right in only three. The etiology of the initial QRS vector to the left in the more severe cases is not known, but it
could be hypothesized that hypertrophy of the free posterior wall near the left septum may provide the answer. Studies
in BSPM [, ] have confirmed this hypothesis. Fibrosis of the left septum, which could surely cause the initial QRS to
be to the left, has not been confirmed in pathologic studies. Left septal hypertrophy is not usually seen in valvular aortic
stenosis, but is frequently recognized in fixed subvalvular stenosis, where the initial QRS to the left is very unusual.

.. LVH Criterion  in Aortic Stenosis

This criterion, which involves the QRS vector turning posterior very rapidly (so that anterior myocardial infarction is in
the differential diagnosis) is common in significant aortic stenosis (> Fig. .).

.. LVH Criterion  in Aortic Stenosis

An increasedmagnitude of the Z posterior is an excellent parameter. Correlations of peak LV pressurewith themagnitude
of the Z posterior in the Frank system gives an estimated R value of . for prediction of the pressure. The confidence
interval is wide, however, so that it is beneficial using only the patient himself or herself as his or her own control. As
severity increases, the magnitude of Z posterior increases (> Fig. .).

.. LVH Criterion  in Aortic Stenosis

This is common in significant aortic stenosis, where the prominent terminal vector to the right and posterior occurs
without pulmonary hypertension or other evidence of a hypertrophied right ventricle (> Fig. .), and suggests
posterobasal LVH.
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StandardECGof a -year-oldmalewith severeaortic stenosis. There isminimal if anyST-segmentabnormality, and theT-wave

abnormality is minimal, with the maximumT vector being well anterior, but not to the left. The initial QRS is minimally to the

right. The posterior projection is of extremely large magnitude. Another sign of LVH in this ECG is that the magnitude of

the X left in V is at least as great as in V. (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD. Reproduced with

permission.)

.. LVH Criterion  in Aortic Stenosis

This measure, at one time, was considered to have a very strong correlation with LV pressure, but data indicates that its
usefulness is essentially the same as for the magnitude of the Z posterior (Frank system). However, as a parameter for
LVH per se, it is an excellent parameter.

.. LVH Criterion  in Aortic Stenosis

There may be a T-wave abnormality in significant valvular aortic stenosis without ST-segment abnormality. The T vec-
tor may be markedly anterior, although still to the left (> Fig. .), and on occasion the T vector magnitude may be
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increased. Neither abnormality is worrisome, but if the T vector is to the right as well as anterior, and if the T vector mag-
nitude is decreased, then there is great concern indicating the need for immediate intervention.This can be compared to
the presence of secondary T-wave abnormalities in LVH in the adult (see > Chap. ).

.. LVH Criterion  in Aortic Stenosis

Depressed ST segment in the left chest or X leads and/or aVF (Y leads) indicate that perfusion may not be adequate for
the great mass of left ventricular muscle. (ST-segment abnormalities, particularly with a low-magnitude T vector and/or
T vector to the right, usually indicates the need for immediate surgery or balloon valvuloplasty). This finding, it should
be made clear, is not because of severe pressure overload, but because of “severity” per se. It can occur in association with
a large PDA or severe aortic regurgitation, as an example.

. Aortic Stenosis (Fixed, Subvalvular)

Everything stated above for valvular aortic stenosis holds for fixed subvalvular aortic stenosis except for one difference,
for which no explanation is available.This relates to the initial QRS vector, which, in severe cases, is only rarely to the left.
In fact, it may be abnormally to the right, as in left septal hypertrophy (> Fig. .). As part of the same studies cited
above [, ], seven of eight patients with fixed subvalvular aortic stenosis, a systolic gradient greater than mm Hg
and needing surgery, had initial QRS vectors directed to the right and anterior of greater magnitude than normal.
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⊡ Figure .

Frank-system orthogonal ECG of a -year-old male with subvalvular aortic stenosis. Note the typical large magnitude initial

QRS to the right and anterior.
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. Cardiomyopathy

Primary cardiomyopathies (congestive or restrictive) are part of this discussion, whereas hypertrophic cardiomyopathies
(with or without obstruction) are not. Cardiomyopathies per se are usually not considered congenital. However, an
increasing number of infants are being recognized, often with primary cardiomyopathy, without systemic disease.Many
are familial. Of the familial cardiomyopathies (including what used to be termed endocardial fibroelastosis), an increasing
number of affected infants are being documented as having specific abnormalities of mitochondrial energy metabolism.
It is not the purview of this section to delineate these diseases; just two things will be pointed out. First, the majority,
when severe, have LVH with ST and T abnormalities as previously described, although LBBB may be present. Second
(a critical piece of information) is, that the patient and the electrocardiogram are almost invariably categorized as normal
in the newborn period. One reported family where all five children had severe cardiomyopathy [] provides information
of particular interest. The electrocardiogram, followed from the newborn period in three of the five, became abnormal
at  months of age, before the patients’ disease became clinically evident shortly thereafter. Another sibling had been
evaluated on many occasions, with normal electrocardiograms, only to become ill as a teenager, with severe LVH and
ST-segment and T-wave abnormality along with severe congestive heart failure.

. Coarctation of the Aorta After Infancy

Isolated coarctation of the aorta is almost always located in the same place, near the origin of the original ductus arteri-
ous, and near the left subclavian artery. Although some patients with this anatomy can be very ill in early infancy, with
heart failure and pulmonary hypertension, the majority of patients with simple coarctation after infancy are not associ-
ated with congestive heart failure.There will also usually not be very much elevation of left ventricular end-diastolic, and
thus pulmonary venous, pressure. Therefore, pulmonary hypertension is not expected. Consequently, the ECG demon-
strates pure LVH. In addition, because there is high aortic pressure (> Fig. .), coronary flow and perfusion are
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⊡ Figure .

Box diagram of a patient with simple coarction of the aorta, of moderate severity, with mm systolic gradient and mod-

erate increase in left ventricular end-diastolic pressure. Unlike the situation in valvular of subvalvular aortic stenosis (see

> Fig. .), the driving force for coronary blood flow is high, so thatmyocardial perfusion is usually adequate.



The Electrocardiogram in Congenital Heart Disease  

adequate. Therefore, ST-segment and T-wave abnormalities are usually not present. Although the type of LVH is usu-
ally not distinctive, it is very common to have posterobasal LVH. As part of the posterobasal LVH the terminal vector to
the right may be so great that there is often a terminal r or R in VR and V. Such standard ECG’s have often erroneously
been diagnosed as “incomplete right bundle branch block.” In many teenagers and young adults, many years after suc-
cessful coarctation surgery, rsr’ is often recognized. This has been shown using BSPM to reflect RVH, as described above
[]. The mechanism is believed to be hypertrophy of more cells (hyperplasia) shortly after birth.

. Anomalous Origin of the Left Coronary Artery in the Older Child

When the left coronary artery originates from the pulmonary artery and the right coronary artery originates from the
aorta normally, the coronary flow depends upon the development of adequate intercoronary collaterals and the extent of
lowering of pulmonary vascular resistance. There are children with this anomaly who progress through infancy without
transmural myocardial infarction [], presumably because intercoronary collaterals are adequate, resulting in consid-
erable flow from the right coronary system into the left coronary artery system. Since pulmonary vascular resistance is
normal, flow is through the left coronary artery into the pulmonary artery, resulting in left-to-right shunt.The latter per
se results in volumework in the left ventricle so that theremay be LVH. In addition, there is some “steal” from the left ven-
tricle into the pulmonary artery causing some left ventricular disease, though usually not enough to result in ST-segment
and T-wave abnormality. Finally, because of the steal from the myocardium there may be papillary muscle dysfunction
and significant mitral regurgitation. The result is even more severe LVH, with no special aspects that specifically point to
the diagnosis of anomalous left coronary artery from the pulmonary artery. (On the other hand, if there are not enough
intercoronary collaterals and/or the left coronary artery is very small, there is little flow into the left coronary artery sys-
tem. The result is very poor perfusion of the left ventricular myocardium so that there is LVH with ST-T abnormality.
However, this latter ECG is not pure, since there will usually also be anterolateral wall myocardial infarction asmanifested
by a deep broad Q in lead aVL.)

. Congenital Mitral Regurgitation

There are many causes of isolated congenital mitral regurgitation, with no other cardiac abnormalities, although it is
always necessary to rule out an anomalous left coronary artery. Among these, the diagnosis of endocardial cushion defect
with pure mitral regurgitation is not common. Therefore, the frontal plane vector is inferior and the severity of the LVH
(due to a pure volume overload) (> Figs. . and > .), depends upon the magnitude of the regurgitation.

Of particular interest for discussion is the magnitude of the regurgitation of the abiotrophy of the mitral valve associ-
ated with Marfan’s syndrome, whichmay result in extremely severemitral regurgitation in infancy. The LVH is extremely
severe, often with ST-T abnormalities, even though the hypertrophy is caused by a pure volume overload. After infancy,
the mitral regurgitation in Marfan’s syndrome is usually mild and is associated with prolapsed mitral valve.

A second lesion for discussion is the pure mitral regurgitation associated with prolapsed mitral valve []
(> Fig. .). This is also a congenital lesion, often familial (mother and daughter), even though the diagnosis is rarely
made before the immediate preschool period. In childhood, the mitral regurgitation is rarely enough to cause LVH on the
ECG. Nonetheless, T-wave abnormality is very common, the T vector beingmarkedly anterior and sometimes superior as
well [] (> Fig. .). Strikingly, an electrocardiogram taken a few hours later may be normal, the variation with time
being remarkable. Prominent U waves are often present.There are hypotheses for the etiology of the T-wave abnormality,
but there is no knowledge. LVH is not responsible.

. Congenital Aortic Regurgitation

Congenital aortic regurgitation is a lesion which varies in severity from the trivial to the moderately severe.The LVH on
the ECG depends upon the severity of the leak. The most severe cases are often not caused by valve problems per se but
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Box diagram of a patient with moderate mitral valve regurgitation so that for each unit of blood ejected into the aorta, two

units regurgitate into the left atrium. The result is three times normal volume of the left atrium (so that there is left atrial

dilatation) and three times normal volume work of the left ventricle. LAH and LVH are expected.

by a “tunnel” – a fistula between the root of the aorta and the left ventricular outflow tract. The sinuses of valsalva are
not involved, with aneurysm caused by ruptured sinus of valsalva being mainly a disease of adulthood. One type of T-
wave abnormality, common in congenital aortic regurgitation, is a large magnitude T vector in the normal direction.This
T-wave abnormality is of little concern. On occasion, in severe cases, there may be the more common ST-T abnormality
of great concern, similar to that seen in severe aortic stenosis, even though aortic regurgitation causes volume overload
(> Fig. .). Commonly present in aortic regurgitation is a large initial QRS vector to the right and anterior, providing
evidence of left septal hypertrophy.

. Systemic Arterial Fistula

Cerebral arterial fistula is included in this discussion. The hemodynamics are similar to that of patent ductus arterious
without pulmonary hypertension. There is pure volume overload of the left ventricle, although there may be enough
increased systemic venous flow to the superior venacava to cause additional RVH.

. Coronary Arterial Fistula

Coronary arterial fistula is a special type of systemic arterial fistula. Pure LVH occurs only when the fistula is into the left
ventricle or left atrium, and such cases are rare []. In addition to the LVH, there may be ST-T abnormality, which is not
related to hypertrophy per se, but to inadequate perfusion. When the fistula is into the right side of the heart there may
be RVH owing to the right heart volume overload.
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Standard ECG of a -year-old female with severe congenital mitral regurgitation. Angiography demonstrated considerable

dilatation of the left atrium and left ventricle. The left atrial enlargement is diagnosed because of the very prolonged second

part of the P wave (see > Fig . for enlargement). There is a left septal hypertrophy (increased magnitude of initial QRS

forces to the right and anterior) while the QRS loop is wide open and inscribed counterclockwise with increased magnitude

posteriorly to left. (QRS loop is not shown here.)
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Box diagram of a patient with prolapsed mitral valve (almost always the posterior leaflet). This diagram depicts no significant

regurgitation. The actual leak may be nonexistent and, in children, rarely more than minimal. An important exception is the

rare infant with severe mitral regurgitation associated with Marfan’s syndrome.
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⊡ Figure .

Standard ECG of an -year-old female with prolapsed mitral valve and trivial mitral regurgitation. The T vector is abnor-

mally anterior and superior. There is no LVH. (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD. Reproduced

with permission.)
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Frank-system orthogonal ECG in a -year-old male who had been operated upon at age  years for severe aortic regur-

gitation. The operation was a plication and aortic stenosis was created. The left ventricle was not entered. The T direc-

tion, opposite to the direction of the QRS vector, was present before surgery and is part of the severe LVH. The QRS

vector turns posteriorly so quickly that anterior myocardial infarction had to be considered. The reason for the mainly

superior QRS vector is not known. (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD. Reproduced with

permission.)

. Hypoplastic Right Ventricle with Pulmonary Atresia

The box diagram in > Fig. . describes the hemodynamics of hypoplastic RV with pulmonary atresia. Note that a
ventricular septal defect is not part of the lesion. Since no blood can leave the right ventricle, the entire systemic cardiac
output goes right to left through an atrial opening. Babies with this lesion are “patent ductus dependent,” with the only
pulmonary artery blood flowcoming from the aorta via the ductus.Theflow thendrains from the lungs, via the pulmonary
veins, to the left atrium. Therefore, if as in > Fig. ., the pulmonary artery blood flow is half of the normal systemic
blood flow, then the left atrium and left ventricle handle / times the normal volume. The volume overload of the left
ventricle, as well as the hypoplastic right ventricle, results in an ECG that demonstrates considerable LVH (> Fig. .).
Since, prior to surgery, the patients are newborns, the LVH is often diagnosed mainly on the basis of the direction of
inscription of the vector loop, which is wide open as seen in the frontal plane and counterclockwise inscribed in the
transverse view. Specific magnitude increases may also be present, but conduction abnormalities and ST-T abnormalities
are usually not. As a result of the hypoplastic right ventricle, the septum and left ventricle are differently positioned from
normal, which must be considered in making ECG interpretations.
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Box diagram of a patient with hypoplastic right ventricle and pulmonary atresia. This is a ductal-dependent lesion, the entire

pulmonary blood flow coming via the ductus arteriosus. Presuming half normal pulmonary blood flow, the left atrium and

left ventricle each handle / units of volume. Therefore, there is marked LVH on account of the increased volumework of the

left ventricle, plus the hypoplastic right ventricle.

Surgery is absolutely necessary for the patient’s survival, including relief of right ventricular outflow obstruction and,
more important, a systemic pulmonary artery connection. The latter causes even more volume load on the left ventri-
cle. Should the surgery result in an increased volume of the right ventricle, the ECG only rarely reflects it. The surgical
systemic-pulmonary connection accentuates the LVH.

. Hypoplastic Right Ventricle with Tricuspid Atresia

The box diagram in > Fig. . describes the hemodynamics of hypoplastic RV with tricuspid atresia. In this case,
a ventricular septal defect is present (although spontaneous closure is common). Since no blood can enter the right
ventricle through the atretic tricuspid valve, the entire systemic cardiac output goes through an atrial opening into the
left atrium and left ventricle. Flow then goes left to right through the VSD to enter the right ventricle and pulmonary
artery. As in the hypoplastic right ventricle with pulmonary atresia, if there is one-half normal pulmonary blood flow, left
ventricular volume work is / times normal. Consequently, with the hypoplastic right ventricle and the left ventricular
volume overload, there is considerable LVH on the ECG. LVH in the newborn period is often diagnosed on the basis
of the direction of inscription of the vector loop – wide open with counterclockwise inscription in the transverse plane.
With aging, specific magnitude increases becomemore important, and with the need for a systemic to pulmonary artery
shunt procedure, the LVH becomes more severe.

Two aspects of the ECG are of great interest. The first is that usually the frontal plane will demonstrate an abnor-
mally superior QRS vector typical of that in endocardial cushion defects (> Figs. . and > .). Studies have shown
that the ventricular septal defect is almost always posterior [] and is believed to be an endocardial cushion defect.
(On the other hand, in the presence of tricuspid atresia with transposition, the frontal plane QRS vector is inferiorly
directed and associated with an anterior VSD [].) The second aspect of the ECG of great interest is the occasional
unusual ECG suggesting left lateral well fibrosis with initial QRS to the right and extending posterior before going left []
(> Fig. .). The latter has not been seen in newborns in the author’s experience, so it is presumed that it is acquired,
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⊡ Figure .

Frank-system orthogonal ECG of a -day-oldmale baby with hypoplastic right ventricle and pulmonary atresia. Note thewide

open counterclockwise direction of inscription in the horizontal plane, indicative of LVH in a newborn. Note also the large

magnitude of the first portion of the P wave (lead Y , inferior; lead Z, anterior) indicative of RAH. (After Liebman et al. [].

©Williams andWilkins, Baltimore, MD. Reproduced with permission.)

in association with the longstanding volume overload. Left ventricular cardiomyopathy is relatively common, part of the
same etiology.

As with the hypoplastic right ventricle with pulmonary atresia, the proper ECG interpretation may be impeded by
the different position of the septum and left ventricle, although the LVH per se is easily diagnosed in both.

. Biventricular (Combined Ventricular) Hypertrophy

For further information see Liebman et al. [].

.. Left Ventricular Disease with Pulmonary Venous Hypertension

Any of the lesions described above with pure LVHmay be associated with elevated pulmonary venous pressure, and thus
pulmonary hypertension (> Fig. .). Therefore, RVH can be present in addition to LVH. When the left ventricular
dysfunction occurs in the newborn period, at which time the pulmonary arterioles are still thick walled, pulmonary
venous hypertension causes pulmonary artery hypertension more quickly and more severely. Should the left ventricular
disease be treated, medically or surgically, so that dysfunction becomes less, then the RVHmay resolve even though there
is enough left ventricular abnormality to continue to cause LVH.
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Box diagram of a patient with hypoplastic right ventricle and tricuspid atresia. The pulmonary blood is dependent upon the

left-to-right shunt through the VSD. Presuming half normal pulmonary blood flow, the left atrium and left ventricle each

handle / units of volume. Therefore there is LVH for two reasons. (The VSD is almost always posterior in the endocardial

cushion position).

.. Two Separate Lesions with Dynamics for LVH and RVH

There are numerous cardiac lesions, which predispose to the presence of biventricular (combined ventricular) hypertro-
phy. These are now discussed.

... Ventricular Septal Defect

The prototype of biventricular hypertrophy (BVH) is the ventricular septal defect. Before discussing the electrocar-
diogram in ventricular septal defect (VSD), some aspects of the physiology and pathophysiology must be discussed.
By definition, in the largest defects (nonrestrictive), the RV pressure is the same as that of the left ventricle. Therefore,
in the absence of pulmonary stenosis, systemic level pulmonary hypertension is present. The determination of shunting
depends, in such cases, on the difference in vascular resistance in the pulmonary and systemic circulations. As a result
of transmission of systemic pressure into the pulmonary resistance vessels, the newborn’s arterioles mature slowly. It is
usually only after someweeks that a left-to-right shunt becomes significant. A baby of six weeksmay have a nonrestrictive
VSD with a pulmonary to systemic flow ratio of /.The left ventricle and left atrium have three times normal blood flow,
so that there is LAE and LVH.The right ventricle shares in some of the volume overload, although much of the increased
pulmonary artery blood flow reaches the pulmonary artery via a left ventricular thrust almost directly into the pulmonary
artery. RVH is certainly present, however, because of the high pressure. With increasingly smaller sized defects, the right
ventricular and pulmonary artery pressures are, perhaps, /, /, or even /, systemic level, irrespective of the amount
of left-right shunt. In fact, despite the restrictive nature of the defects, the pulmonary to systemic flow ratio can still be
large, for example, / or more, because of low pulmonary vascular resistance. When the defects are so restrictive that
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Standard ECG of a -month-old male with hypoplastic right ventricle and tricuspid atresia, who had had a systemic to

pulmonary artery shunt because theVSDhad spontaneously closed. Thehorizontal plane iswideopenwith counterclockwise

inscription in the transverse plane and the voltages to the left and posterior are of very great magnitude. LVH is considerable

although there is no ST-T abnormality. There is also an abnormally superior maximum QRS vector, since the VSD had been

in the endocardial cushion defect position. (After Liebman et al. []. © Williams andWilkins, Baltimore, MD. Reproduced with

permission.)

the pressure is less than half systemic, including normal, it is unusual after infancy for the pulmonary to systemic flow
ratio to be more than /. This is because the small size of the defect itself provides too much resistance to blood flow to
allow a large left-to-right shunt. Finally, to add to the complexity of the ECG interpretation, there is the problem of the
lesion being dynamic. First, the defect tends to become smaller with age, and second, in large defects, where surgery is
not undertaken till after early infancy, pulmonary vascular disease may occasionally develop.

In summary, VSD is a lesion which is expected to cause BVH.The volume overload ismainly left ventricular, although
the right ventricle shares in it, albeit less so (> Figs. . and > .). There is also right ventricular pressure overload,
dependent upon the size of the defect, since the larger the defect the greater themagnitude of the right ventricular and pul-
monary artery hypertension. Therefore, prediction of the amount of left-to-right shunt through the VSD is based mainly
on the amount of LVH, whereas prediction of the size of the defect and thus the amount of pulmonary hypertension is
basedmainly on the amount of RVH.This predictability is reasonable in the first year of life, but because of the problem of
the dynamic nature of the lesion, becomes less reliable after that. In general, when only LVH is present, the defect is quite
restrictive, so that there is little or no pulmonary hypertension present.When there is only RVH, there should be concern
that the defect is large, perhaps with an increased pulmonary vascular resistance, so that there is little left-to-right shunt.
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Frank-system orthogonal ECG of a -year-old female with hypoplastic right ventricle and tricuspid atresia, who had had no

surgery. The frontal plane QRS vector loop is typical, beginning inferior, and rotating counterclockwise, mainly superior. The

transverse plane demonstrates considerable conduction abnormality. The initial QRS portion is to the right and anterior, then

swingsposteriorwhile still well to the right, so that theQRS is inscribed clockwise. A left lateralwallmyocardial infarctionmust

beconsidered (but autopsyyears later, death following theFontanprocedure, demonstratedno infarction). The left ventricle

was myopathic, however, with considerable hypertrophy and replacement fibrosis. (After Liebman et al. []. © Williams and

Wilkins, Baltimore, MD. Reproduced with permission.)

The degree of BVH should reflect the amount of left-to-right shunt and the size of the defect, but accuracy can only be
approximate.

A VSDmay also cause combined atrial enlargement.The larger the left-to-right shunt, the larger the volume overload
of the left atrium. Meanwhile, the higher the RV pressure, the less is the compliance of the right ventricle, so that RAE
may be present.The most commonly recognized, however, is pure LAE because the volume overload of the left atrium is
dominant.

.. Biatrial Enlargement

For further discussion see Liebman et al. [] and Ishikawa et al. []. Simultaneous registration of various leads is
particularly useful in diagnosing biatrial enlargement (BAE) (> Fig. .), particularly when the magnitude is increased
(e.g., four times normal standard) and the speed of the paper is mm s − .The author has usually utilized simultaneous



The Electrocardiogram in Congenital Heart Disease  

70/12

70/40

130/24

130/ 70

m = 12

m = 12

m = 60 m = 110

m = 24

m = 24

⊡ Figure .

Box diagram of a patient with left ventricular cardiomyopathy and secondary pulmonary hypertension. The left ventricular

end-diastolic pressure is mm Hg, so that there is elevated pulmonary venous pressure (m = mean pressure in mm Hg).

Reflex pulmonary hypertension may result.

leads V, V, V, I, II and III, but other combinations can be useful. It is important to be able to delineate the first portion
of the P wave (especially along its inferior and anterior lead axes) from the terminal portion (to the left). If only three
simultaneous leads are available, leads II, V and V or V would usually be most useful.

The most useful criteria for BAE are the following.

(a) Standard ECG:
(I) Increased P magnitude inferior and/or anterior (first part) plus an increased duration of P (the latter owing to

increased duration of second part of P)
(II) Increased P magnitude inferior and/or anterior (first part) plus increased magnitude posterior (second part)
(III) Increased P magnitude inferior and/or anterior (first part) plus increased P terminal force
(IV) Increased P magnitude inferior and/or anterior (first part) plus increased time between first and second peaks

(the latter in normal infants is usually not more than . s apart, and in adolescents, rarely exceeds . s [])
(b) Orthogonal ECG:

(I) Increased P magnitude inferior and/or anterior (first part) plus increased duration of P (owing to increased
duration second part)

(II) Increased spatial vector magnitude of P anterior (SVA) plus increased duration of P
(III) Increased P magnitude inferior and/or anterior (first part) and/or SVA plus increased magnitude posterior

(second part)
(IV) Increased P magnitude inferior and/or anterior (first part) and/or SVA plus increased magnitude of P spatial

vector posterior
(V) Increased P magnitude inferior and/or anterior (first part) and/or SVA plus increased time between peaks
(VI) Increased P magnitude inferior and/or anterior (first part) and/or SVA plus increased P terminal force
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Box diagram of a child with a VSDwith left-to-right shunt so that the P/S flow ratio is / (P, pulmonary flow:S, systemic flow).

The systemic cardiac output is normal. There is an increase in oxygen saturation in the right ventricle.
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⊡ Figure .

Box diagram of same child as in> Fig. ., with a / P/S flow ratio. The left atrium and left ventricle each has twice normal

volume, while the left ventriclemust eject blood into the right ventricle, although some is ejected directly into the pulmonary

artery. There is LVH and there may be some additional mild RVH based on the passive volume work of the right ventricle.

However, the larger the VSD, the higher the RV pressure, so that RVH is expected.
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Four representative ECGs for P-wave analysis. The simultaneous tracings of leads V, V, V, I, II and III are recorded at

mm s− and at four times standard calibration. The first ECG (a) is normal, (b) shows LAH, (c) shows RAH and (d) shows

BAH. (After Liebman et al. []. © Williams andWilkins, Baltimore, MD. Reproduced with permission.)

The fact that there is a dynamic reason to have BVH does not necessarily mean that there should be combined atrial
hypertrophy (BAH). Neither or only one atrium may be enlarged or hypertrophied. Volume overload, of course, causes
atrial enlargement, whereas decreased ventricular compliance, as with ventricular pressure overload or cardiomyopathy,
causesmainly atrial hypertrophy. In general, RAH is much better recognized with the ECG than is LAH. Obviously, also,
RAH or LAHmay be present without hypertrophy of the ventricle on the same side.The prime examples are the expected
RAH in the presence of the hypoplastic right ventricle syndrome and the expected LAH in the presence of the hypoplastic
left ventricle syndrome.

.. Criteria for Biventricular Hypertrophy

Biventricular hypertrophy and relevant criteria are discussed further in Liebman et al. [].
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Frank-system orthogonal ECG of a /-week-old baby boy with TOF. There are twomain vectors, the first being to the left and

anterior, the second to the right and posterior. From the activation sequence, RVH is clear. There is no additional LVH, since

the first main vector is not abnormally to the left. (After Liebman et al. []. ©Williams andWilkins, Baltimore, MD. Reproduced

with permission.)

... BVH Criterion  – Direction of Inscription of QRS Vector Loops

(a) There are many variations of BVH where the direction of inscription is particularly useful. The presence of two
main vectors in the transverse plane often provides excellent evidence. The most common situation is that of the
first vector being abnormally to the left as well as anterior and the second vector being abnormally to the right
as well as posterior. After  month of life, RVH is definite (> Fig. .), and LVH is additionally diagnosed if
the leftward vector is of increased magnitude. (An increased magnitude posterior QRS vector in this situation is
not enough.) Most commonly, the first limb of the QRS vector loop is inscribed counterclockwise and the second
limb clockwise.

(b) The activation sequence may be exactly as normal, with a wholly counterclockwise transverse QRS loop and large
magnitude leftward and/or posterior projections. (In the newborn period, such a loop indicates LVHwithout abnor-
mal magnitudes.) However, if the anterior projection is also very large and prolonged, then additional RVH is
diagnosed. In the same situation, if the terminal right QRS magnitude is increased, RVH should also be suggested;
but if the corresponding vector is abnormally posterior, then the large rightward vector may indicate posterobasal
LVH rather than additional RVH (> Fig. .).
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Frank-system orthogonal ECG of a three-week-old baby boy with a large VSD and large left-to-right shunt at an unusually

early age. Both the posterior and inferior projections are of increased magnitude. LVH is clear, and the terminal projection to

the right is also of increasedmagnitude, so that additional RVH is likely. It is possible, however, that the terminal projection to

the right may be due to posterobasal LVH. (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD. Reproduced with

permission.)

(c) If the transverse plane is inscribed wholly clockwise, pure RVH is the usual diagnosis; but if it is also abnor-
mally to the left, additional LVH should be considered (> Fig. .). However, this latter diagnosis can be an
error, since a large dilated right ventricle can cause considerable proximity effect upon the lead projections on the
left chest. A definite error is to diagnose additional LVH if, with the presence of a wholly clockwise transverse
plane loop, there is a large terminal rightward posterior projection. This terminal posterior projection is prob-
ably derived from the right ventricle after the left ventricle has completed activation, and is a manifestation of
severe RVH.

... BVH Criterion  – Decreased QRSMagnitude Posteriorly and/or to the Left,

with a Large Terminal QRS Vector to the Right

These provide excellent criteriawith the caution that a terminal right posteriorQRSvectormaybe a possiblemanifestation
of posterobasal LVH instead of additional RVH. In the standard ECG, the BVH may be missed, even though it is clearly
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Frank-system orthogonal ECG in a -month-old baby boy with a large VSD and large left-to-right shunt. There are two main

vectors in the transverse plane, although the inscription is wholly clockwise, indicative of RVH. The magnitude to the left

is increased indicative of additional LVH. It is unlikely that the latter is caused by the proximity effect, although the very

large heart in the small chest of a baby makes it possible. (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD.

Reproduced with permission.)

present in the Frank- or McFee-system orthogonal VCG.The abnormally posterior QRS vector may cause the projection
of the large terminal rightward vector not to cross the perpendiculars to leads VR and V. If, on the standard ECG,
there is a deep S wave in V or V, then the lack of a terminal r or R in VR or V is not missed, except that, for reasons
unknown, the large terminal QRS vector to the right may be present in the VCG, without a deep S in V or V in the
standard ECG.

... BVH Criterion  – IncreasedMagnitude Anterior Along with Definite Evidence for LVH

The anterior portion provides only a soft sign for additional RVH.The initial anterior limb should be broad and of at least
. s duration (after infancy). A large initial rightward anterior QRS vector could be caused by left septal hypertrophy,
whereas a tall spiking initial anterior vector reflected in the right chest leads is commonly caused by proximity effect –
particularly in preschool children.
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Standard ECG of a -month-old baby boy with a large VSD and large left-to-right shunt. The voltages are exceptionally high.

In leadV, thecombinedQRSmagnitude isgreater than . mV. TheQRSappearances inV, V demonstrate theKaltz-Wachtel

phenomenon.

... BVH Criterion  – IncreasedMagnitude Inferior Vector (Increased Y Inferior, Tall R

in aVF) in the Presence of RVH as Diagnosed in the Transverse Plane

In the presence of good left ventricular potential and the absence of very severe RVH, additional LVH can be considered.
However, if the RVH is severe, the increasedmagnitude inferior is part of the RVH. Such an ECG is common, for example,
in tetralogy of Fallot.

... BVH Criterion  – Katz-Wachtel phenomenon

This is a “pattern” and is not generally useful, although it is commonly discussed, particularly in relation to ventricular
septal defect. It was originally described as “tall R and S waves in the mid-chest leads, together with tall R and S waves
in two of the three ‘bipolar’ standard limb leads [].” The biphasic nature of the QRS was believed to be caused by the
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Frank-system orthogonal ECG of a -year-old with a small VSD (once significantly larger). LVH is present on the basis of the

increased magnitude inferior vector. The activation sequence, where the QRS vector moves to the right without going pos-

terior, indicates RVH. There is also some terminal right conduction delay. The mild BVH reflects previous dynamics. (After

Liebman et al. []. ©Williams andWilkins, Baltimore, MD. Reproduced with permission.)

opening in the septum, but of course that is not true. The manifestation of BVH is that of a wide-open counterclockwise
transverse plane vector loop with the first limb markedly anterior and the second decidedly posterior (> Fig. .).

... BVH Criterion  – Definite ECG Evidence of Hypertrophy of One Ventricle,

with Suggested ECG Evidence of Hypertrophy for the Other

This is a nonspecific but valid criterion, and an overlap of much that has been said above.

... BVH Criterion  – ST and T Abnormality

With the present level of knowledge, ST and T abnormality in the presence of hypertrophy indicates severity, but cannot
be used to diagnose hypertrophy per se.
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⊡ Figure .

Box diagram of a patient with complete AV canal. Note the communication among all four chambers. Left and right atrial

pressures are equal, and LV and RV pressures are equal. There must be systemic level pulmonary hypertension. In this case,

there is a large left-to-right shunt at the atrial level, although severe mitral and/or tricuspid regurgitation is possible.

... Addendum

As a result of the dynamic nature of the lesion, BVH may be recognized although the lesion has become very small. The
ECG thus reflects previous dynamics (> Fig. .).

.. False-Positive Criteria for BVH

... BVH Criterion  – Mean QRS Vector to the Right in the Frontal Plane of Standard ECG

in the Presence of Definite LVH

The LVH is best diagnosed in the chest leads, the transverse plane, but the mean QRS vector to the right may help in
diagnosing additional RVH. However, it is often an artifact of the poor lead I, so it is not reliable. However, if present in
Frank or McFee vectorcardiograms, the horizontal plane would show the large terminal vector to the right, as well, and
BVH would be the correct diagnosis.

... BVH Criterion  – Clockwise Inscription of the Frontal Plane in the Presence of

Definite LVH

This is similar to criterion  and is not an indicator of BVH since the clockwise frontal plane in the standard ECG is
normal in most children.
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Frank-system orthogonal ECG of a -month-old female with a partial AV canal. There is a large left-to-right shunt at both the

atrial and ventricular levels with the RV pressure at / systemic level. There is a typical “abnormally superior vector”andBVH.

The RVH is diagnosed on the basis of the mainly clockwise-inscribed anterior loop, as seen in the transverse plane, with the

increased QRSmagnitude projection to the left.

... BVH Criterion  –Mean QRS Vector to the Left in the Frontal Plane in the Presence

of Definite RVH

Frequently, the inscription in the frontal plane will be counterclockwise. This is only a fair sign unless there is increased
magnitude to the left (R in lead I or aVL). But this, too, is unreliable since a leftward frontal vector causes the projection
on lead aVL to increase in magnitude.

... BVH Criterion  – Abnormally Superior MaximumQRS Vector in the Presence

of Definite RVH

This is not a sign of BVH, for the abnormally superior vector indicates a conduction defect involving the left anterior
branch of the left bundle.The abnormally superior vectormay also cause the Rwave in lead I and/or aVL to be of increased
magnitude.
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Frank-system orthogonal ECG of a -year-old male with complete AV canal and increased pulmonary vascular resistance.

There is a small left-to-right and right-to-left shunt plus significant mitral regurgitation. There is a typical “abnormally supe-

rior QRS vector.” Although RVH is marked, with the very large terminal QRS vector to the right, additional LVH is suggested

because the transverse plane loop is inscribed counterclockwise. (After Liebman et al. []. © Williams andWilkins, Baltimore,

MD. Reproduced with permission.)

. Atrioventricular Canal

Nomatter how extensive the endocardial cushion defect, whether a simple ostium primum defect without mitral regurgi-
tation, or a simple VSD in the endocardial cushion position, a complete atrioventricular (AV) canal, or any intermediate
form, an abnormally superior maximumQRS vector is expected. Only very occasionally is such a vector not present (the
uncommon exception being especially seen in Down syndrome).

In the Complete AV canal, the shunting is complex and may be in diastole as well as systole. Diastolic flow can be
right to left, from right atrium to left ventricle, or left to right, from left atrium to right ventricle. Systolic flow is from left
atrium to right atrium as well as left ventricle to right ventricle. Left-to-right atrial flow may also occur in diastole. Since
a nonrestrictive ventricular septal communication is usually part of the lesion, by definition, there is left-to-right shunt at
the ventricular level as long as pulmonary vascular resistance is less than systemic vascular resistance.Mitral regurgitation
and, less often, tricuspid regurgitation may also be part of the lesion.The left-to-right shunt at the ventricular level as well
as mitral regurgitation cause left ventricular volume overload, whereas left ventricle to right atrial communication and
left-to-right shunting at the atrial level cause right ventricular volume overload. Tricuspid regurgitation also causes right
ventricular volume overload. Since there is systemic pressure in the right ventricle and pulmonary artery, there is also



  The Electrocardiogram in Congenital Heart Disease

1mV

Frontal plane

Y  I = 2.2 mV

X

Y

Z

Transverse

⊡ Figure .

Frank-system VCG of a -week-old baby girl with a true truncus arteriosus and elevated pulmonary vascular resistance. The

left-to-right shunt was small. The VCG loop exhibits counterclockwise inscription in the transverse plane. There is also a large

inferior vector as well as prominent anterior and posterior forces. BVH is present, although the LVH is dominant. The hemo-

dynamics have not been well predicted. (After Liebman et al. []. © Williams and Wilkins, Baltimore, MD. Reproduced with

permission.)

RV pressure overload (> Fig. .). It should be evident that it would be very difficult on the basis of the ECG per se to
predict the hemodynamics (> Figs. . and > .). The information must be complementary to other aspects of the
clinical picture. Even patients with little or no left-to-right shunt because of pulmonary vascular diseasemay have LVH in
addition to the marked RVH if there is mitral regurgitation, or if the left ventricle is reflecting previous hemodynamics.
BVH can, of course, occur in a variety of lesions besides the above.

. Large PDA (and the Common A-PWindow)

The PDA with left-to-right shunt, as described previously, is associated with LVH. However, in the presence of larger
PDA (and the connection is shorter), the resistance to flow through it decreases and the pressure in the pulmonary artery
increases.The nonrestrictive PDA is quite uncommon and is associated, by definition, with systemic pressure pulmonary
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Boxdiagramof a patientwith double outlet right ventricle (DORV) where the VSD is subaortic. As a result of the double conus,

there is usually considerablemuscle separating the origin of the aorta and pulmonary artery. Therefore, very little of the right

ventricle blood goes into the aorta and the patient is usually quite pink, acting like one with a simple large VSD.
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⊡ Figure .

Box diagram of a patient with DORV where the VSD is subpulmonic (Taussig-Bing complex). As a result of the double conus,

there is considerable muscle separating the origin of the aorta and pulmonary artery. Therefore, very little of the right ven-

tricle blood goes out through the pulmonary artery. The physiology is that of transposition of the great arteries with RV and

pulmonary artery pressures at systemic level.
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Standard ECG recorded postoperatively from a /-year-old male with DORV. There is RBBB. The abnormally superior

maximum QRS vector was present preoperatively as well, as in some patients with DORV where the VSD is subaortic and

in the endocardial cushion position.

hypertension.The higher the pulmonary artery pressure, the more likely it is that there will be additional RVH.The same
principles, of course, hold for the A-P window, which is usually nonrestrictive.

. Left Ventricle to Right Atrial Shunt

This is an unusual form of VSD where the defect is above the tricuspid valve ring. Consequently, left ventricular flow
through the defect is into the right atrium. There are important differences from that of the more common VSD (from
left ventricle to right ventricle), for no matter how large the defect, there is no transmission of systemic pressure into
the right ventricle. Therefore, on that basis, there is less likely to be RVH. On the other hand, since all the left-to-right
flow is into the right atrium, then all of the left-to-right flow must passively flow from the right atrium into the right
ventricle.Therefore, on this latter basis, RVH ismore likely.There is none of the aspect encountered in the more common
VSD where some of the left-to-right shunt flows directly from the left ventricle to the pulmonary artery. Obviously, the
presence or absence of RVH in this lesion is not very helpful in estimating pulmonary hypertension. RAE, on the other
hand, is definitely more likely than in the common VSD.

. Ostium PrimumASDwithMitral Regurgitation

The hemodynamics of this lesion are quite straightforward. With a larger left-to-right shunt, the RVH with terminal
right conduction delay is greater, as in the secundum ASD. With considerable mitral regurgitation, the LVH is great.
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Frank-system orthogonal ECG in a -week-old male with simple severe coarction of the aorta, and who is not in con-

gestive heart failure. There is considerable LVH with large magnitude inferior and leftward vectors in the presence of a

counterclockwise-inscribed transverse plain “loop.” However, there is also considerable RVH since the terminal QRS vector

to the right (.mV) is abnormally large.

However, if the ostium primum opening is large, the regurgitant flow acts as though it is going directly into the right
atrium, and some actually does. Therefore, unlike pure mitral regurgitation, LAH is not present. It is present only when
the ostium primum opening is small, while the mitral regurgitation is considerable.

. True Truncus Arteriosus

Since the VSD is very large, RV pressure is at systemic level and since, in infancy, in the most common type I trun-
cus, pulmonary vascular resistance is low, the left ventricle provides most of the work of the increase in pulmonary
blood flow. BVH is, therefore, part of the lesion. In general, just as in large VSD, with low pulmonary vascular resis-
tance, the left ventricle dominates, and if pulmonary vascular resistance is increased, the right ventricle dominates.
Pulmonary vascular disease frequently develops very rapidly, so that the progression to pure RVHon the ECG is ominous.
However, particularly because of varying streaming patterns from left ventricle to right ventricle and left ventricle to aorta
or pulmonary artery, predictability is not reliable (> Fig. .).
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Box diagram of a patient with ventricular inversion and no other abnormality. The right atrium drains into the right-sided left

ventricle and then the pulmonary artery (which is posterior). The left atriumdrains into the left-sided right ventricle and then

the aorta (which is anterior). Note that themitral valve stays with the left ventricle and the tricuspid valve stays with the right

ventricle.

. Double Outlet Right Ventricle

Thedynamics of this lesion are of great interest and very variable, because of variable anatomy.TheVSDmay be subaortic
(> Fig. .) so that the patient acts like that of a simple nonrestrictive VSD, with LVH dominant on the ECG. There
may be severe pulmonic stenosis in addition to the non-restrictive VSD so that the patient may be cyanotic, acting like
that of TOF. Pure RVH may be present, but if so, usually with much more left chest potential than in TOF. There may
even be BVH despite the severe PS.The VSDmay be subpulmonic so that the pathophysiology is like that of transposition
with large VSD (> Fig. .). (Additional pulmonic stenosis in the presence of the subpulmonic VSD is not common.)
The VSD can also be not preferentially committed to either great artery, in which case, LVH is likely to be dominant; the
VSD can be restrictive so that in addition to RVH, the additional LVH may be very severe, even with ST-T abnormality.
Finally, particularly when in the subaortic position, the VSD is commonly an endocardial cushion type, resulting in an
abnormally superior maximumQRS vector on the ECG (> Fig. .).

. Coarctation of the Aorta Late in Infancy

The electrocardiogram in simple severe coarctation of the aorta in infancy is of great interest. It is known that in early
infancy pure RVH is common because of the dynamics in utero plus, in those with congestive heart failures, there is pul-
monary hypertension secondary to pulmonary venous hypertension. However, even after increased pulmonary venous
pressure is no longer present and after the expected LVH has finally developed, additional RVH may persist for a long
time. The explanation is again, presumed to be related to, the dynamics in utero and attendant cellular hyperplasia []
(> Fig. .).
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⊡ Figure .

Standard ECG of an /-year-old male with ventricular inversion (L transposition) and, as the only other abnormality, left

AV valve (tricuspid) regurgitation. The initial QRS activation is straight to the left and only slightly anterior. There is a very

large magnitude initial superior vector. There is a wide open counterclockwise direction of inscription, with the magnitude

posterior very large. LVH is diagnosed, although this is a right ventricle on the left side. (After Liebman et al. []. © Williams

andWilkins, Baltimore, MD. Reproduced with permission.)

. Special Lesions

There are a number of lesions where the ECG is of particular interest.

.. Ventricular Inversion

In this lesion, the right atrial blood goes into the right-sided left ventricle, from which the pulmonary artery arises.
The left atrial blood enters the left-sided right ventricle from which the aorta arises (> Fig. .). Although ventricular
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Box diagram of a patient with ventricular inversion and a single ventricle. Although seeimingly complex, it is really quite

similar to that of > Fig. .. There is aplasia of the body of the right ventricle, however, so that only the right ventricular

infundibulum (RVI) remains.
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⊡ Figure .

Frank-system orthogonal ECG of a -year-old malewith single ventricle (SV), who had pulmonary artery banding procedure

at the age of  years. The SV is of the most common type with ventricular inversion and L transposition. There is no AV valve

regurgitation. Note that the initial superior vector is very large and that the initial QRS forces are to the left and very slightly

posterior. There is marked “RVH”associated with the pulmonary artery band.
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Standard ECG of same patient as in > Fig. .  years previously (there was no significant difference). Although the initial

QRS is to the left and slightly posterior, the large magnitude initial QRS superior force seen in the VCG is not reflected in the

ECG. Note that the patient has complete AV block, a finding which is very common in ventricular inversion.

inversion can be associated with no other anomalies, usually something else is present, such as ventricular septal defect,
left-sided atrioventricular valve insufficiency or pulmonic stenosis. However, the most common abnormality is actually
a variety of single ventricle (see > Sect. ..). Obviously, the ECG must reflect the hemodynamics of the particular
abnormalities, but of special interest is initial QRS activation. The left bundle branches are on the right side, since the left
ventricle is on the right side, and, of course, the right bundle branch is on the left side.Therefore, the vector of initial QRS
activation may be from right to left depending upon other aspects of initial activation. The anatomy of the ventricles is
such that the septum is almost vertical rather than at an angle. Therefore, the expected right-to-left activation is usually
not to the left and posterior, although this can occur. It is usually straight left. This usually produces q waves in VR
and V, but not V (although this can occur), but, of course, no small q wave in V and V. Meanwhile, because of the
vertical septum, initial activation is straight up the septum, so that in the superior inferior leads (for example, aVF) there
is often a large initial Q wave (> Fig. .). This may even be the larger magnitude wave in lead aVF; or be entirely
superior. This is of course not an abnormally superior vector for, to make that diagnosis, the initial QRS vector must
be inferior.
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Frank-system orthogonal ECG of a /-year-old male with single ventricle, no ventricular inversion and D loop transposition

of the great arteries. The initial QRS loop is normal and the standard ECG, as well as the Frank-system ECG, gave no clue

to single ventricle. There was a large left-to-right shunt. The ECG shows enough terminal right conduction delay to suggest

partial RBBB.Complete repair (septation)hadbeensuccessfully accomplished. (After Liebmanet al. []. ©WilliamsandWilkins,

Baltimore, MD. Reproduced with permission.)

.. Single Ventricle

By definition, in single ventricle, both AV valves enter one ventricle even if one of the AV valves is atretic. By far the most
common single ventricle is, in actual fact, a form of ventricular inversion with an unusual abnormality; that of hypoplasia
of the body of the right ventricle. As a result of the ventricular inversion, the single left ventricle is on the right and a
right ventricular infundibulum (connected by the bulboventricular foramen) is on the left. The pulmonary artery arises
on the right from the single left ventricle, whereas the aorta arises on the left from the right ventricular infundibulum
(> Fig. .). The classical initial QRS of ventricular inversion may be present (> Figs. . and > .), but other
than that there are no other reliable electrocardiographic clues to single ventricle. The conduction system is, however,
very specifically known [].

There used to be a dictum that single ventricle is associated electrocardiographically with deep S waves in all the
precordial leads.This presupposed that single ventricle was caused by an absent septum, with all else normal.That type of
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Standard ECG of an -month-old femalewith Ebstein’s anomaly. There ismarked RAH (note tall P in leads II andVR). TheQRS

complex demonstrates a prominent terminal vector to the right and anterior which is inscribed very slowly (advanced RBBB).

single ventricle is quite rare, and evenwhen present, such an ECG is not usually found (> Fig. .). In general, however,
for most varieties of single ventricle, severe PS is associated with pure RVH, and BVH is likely to indicate that severe PS
is not present.

.. Ebstein’s Anomaly

Ebstein’s anomaly is very variable in its anatomy and severity. The tricuspid valve is very abnormal and there is dis-
placement of the valve into the right ventricle. The result is a small ineffective functioning right ventricle. Intracavitary
electrocardiography reveals a right ventricular electrocardiogram at a varying distance on the right atrial side of the valve.
The degree of tricuspid regurgitation varies from none to considerable, and the amount of right-to-left shunt at the atrial
level varies from none to considerable.

The electrocardiogram usually demonstrates right atrial hypertrophy, which is often marked. In addition, there is
advanced RBBB because of the abnormal development and position of the bundle (Lev, M., personal communication)
(> Fig. .), with the generalized voltage often less than usual for advanced RBBB. (There may be great variation in the
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Boxdiagram of a patientwith TOFwho has had a systemic-pulmonary shunt surgically placed. In the unoperated patientwith

TOF (> Fig. .)where the pulmonary blood flow is one-half normal, the left ventricle handles betweenone-half normal and

normal volume, depending upon how much right ventricular blood flows into the aorta directly. For a shunt where one unit

of cardiac output flows from aorta to pulmonary artery, the entire volume must be handled by the left ventricle. Therefore,

the left ventricle handles between / and  times normal volume, depending upon how much right ventricular blood flows

into the aorta directly.

degree and variety of RBBB in Ebstein’s anomaly.) Finally, in a large number of cases, there is evidence for an accessory
connection usually entering the anterior high lateral portion of the right ventricle.The resulting electrocardiogram is that
of the classical pre excitation and simulation of LBBB. Even without theWolff-Parkinson-White (WPW) syndrome, atrial
arrhythmias are very common.

.. Dextrocardia

Interpretation of the electrocardiogram is very difficult, not so much because the heart is in the right chest, but because
of the complex anatomic relationship of the chambers often present. In the presence of abdominal situs inversus, there is
atrial situs inversus and usually there is no pathology. In that situation, when there is a cardiac abnormality, interpretation
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Boxdiagram of a patientwith transposition of the great arteries (TGA) with a nonrestrictive VSD. The right and left ventricular

and, of course, aorta and pulmonary artery systolic pressures are equal. (Should pulmonary stenosis be present, the ventricu-

lar pressureswouldbeunaffected, but pulmonary arterypressureswouldbe less. Should theVSDbe smaller, then LVpressure

would be less). The flow patterns through the atrial and ventricular openings are complex. The amount of left-to-right and

right-to-left shunt theoretically should be equal, but the difficult calculations rarely come out that way. With low pulmonary

vascular resistance, the expected is a larger left atrial to right atrial shunt at the atrial level, and a larger right-to-left shunt at

the ventricular level. In the above box diagram, there is a small right-to-left shunt and trivial left-to-right shunt at the atrial

level, plus a small right-to-left shunt and a large left-to-right shunt at the ventricular level. In this case pulmonary vascular

resistance is high.

of the electrocardiogram is not difficult. On the other hand, normal abdominal situs together with normal atrial situs are
usually associated with complex disease. A particular use of the electrocardiogram has been to determine the relation-
ship of the atria to each other. However, there may be many errors for many reasons, including the frequent left atrial
pacemaker. Since the left atrium is on the same side as that of the stomach bubble, the chest x-ray provides a far more
reliable method than does the ECG. If there is a transverse liver, however, the ECG is extremely helpful.

On the other hand, by utilizing the initial QRS forces, ventricular relationships are often readily determined with
the electrocardiogram []. For example, in situs inversus, if the initial QRS vector is directed to the left, anterior
and superior, then it is surmised that the morphologic left ventricle is to the right of the morphologic right ventricle,
and that this morphologic ventricle is also posterior to the morphologic right ventricle. Thus, this information can be
utilized in deciding which ventricle is hypertrophied and can also be used in a complementary way in interpreting
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McFee–Parungao (axial) system orthogonal ECG in a /-month-old baby girl with TGA and a large VSD. There are two main

vectors, the first to the left and anterior (with theQRSmagnitude left above normal) and the second to the right andposterior.

BVH is clear. (After Liebman et al. []. © Williams andWilkins, Baltimore, MD. Reproduced with permission.)

echocardiographic, cardiac catheterization, and angiographic data. Although the above type of analysis can be very useful,
it must be remembered that unpredictable rotations as well as hypertrophy may cause many errors.

.. Tetralogy of Fallot with Systemic-Pulmonary Shunt

As described in > Sect. ., TOF is a lesion associated with pure RVH. The addition of a systemic-pulmonary shunt
provides left ventricular volume work and increased left-sided potential (> Fig. .). The ECG is very sensitive in this
regard. If a child is born with an embryologic TOF but less severe pulmonic stenosis, there may be left-to-right shunt.
Such a patient may show BVH. It is then common as the child grows older for the pulmonic stenosis to become more
severe, the child to become cyanotic from the right-to-left shunt, the left-to-right shunt to disappear and the ECG to
show pure RVH. Then such a patient may need a systemic-pulmonary shunt, and once again develop BVH. In terms of
themajor parameter of the LVH in this situation, an increased posteriorQRS projection is not useful for reasons described
previously. An increased magnitude to the left, particularly as part of a vector loop with twomain vectors, is very reliable.
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Frank-systemorthogonal ECG in a -year-old asymptomatic female referred to a heartmurmur (caused by considerablemitral

regurgitation). Therewasa significant left-to-right atrial shunt at thepulmonaryartery levelowing to retrogradeflowfromthe

large right coronary artery into the left coronary artery by way of intercoronary collaterals. The left coronary artery drained

into the left pulmonary artery. An area of the left lateral left ventricular wall did not contract. The initial QRS is to the right,

anterior, superior, but thenextends to the right andposterior before extending left. (Itwouldappear that theposterobasal left

ventricle is depolarizingbefore any left lateralwall). In theX lead, the initialQRS right is prolonged. Left lateral andmyocardial

infarction is the diagnosis, owing to anomalous left coronary artery (ALCA). (ALCAwithmanifest infarction in the older child is

not common.Usually, the infarctions occur in infantswith fewer intercoronary collaterals). (After Liebman et al. []. ©Williams

andWilkins, Baltimore, MD. Reproduced with permission.)

.. Transposition of the Great Arteries with Large VSD

Since the right ventricle is the systemic ventricle, it is at systemic pressure; RVH is, therefore, expected. If a VSD is present
and is nonrestrictive, the left ventricle is also at systemic pressure. Should pulmonary vascular resistance be low, then there
will be considerably increased pulmonary blood flow and increased volume work of the left ventricle (> Fig. .) so
that BVH may be present on the ECG (> Fig. .). Should there be a high pulmonary vascular resistance, there is less
pulmonary blood flow and pure RVH is more likely. It is said that significant pulmonic stenosis lends itself to additional
LVH, presumably because of high LV pressure as well as continued increased volume. Experience shows, however, that
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McFee–Parungao system orthogonal ECG of a -year-old male who had had complete repair for TOF  year previously. There

is a large terminal vector loop to the right and anterior, which is very slowly inscribed. There is advanced RBBB. In the frontal

plane, the initialQRS force is inferior, andmostof thevector loop is superior, so that there is an “abnormally superiormaximum

QRS vector.”Since this patient, prior to surgery, had a normal inferior maximumQRS vector with initial superior QRS forces, it

is preferable to term this left anterior division block (left anterior hemiblock).

the finding is unreliable because with the increasing pulmonic stenosis, left ventricular volume decreases, resulting in less
LVH. On the other hand, in the presence of an intact ventricular septum, PS results in increased LV pressure, so there is
hemodynamic reason for more LVH.

.. Anomalous Left Coronary Artery in the Infant

Babies born with anomalous left coronary artery are recognized almost invariably by months of age.The hearts are large,
congestive heart failure is considerable and the ECG documents a left lateral wall myocardial infarction (> Fig. .).
As a result of lack of opposition from lateral wall potentials, the initial QRS stays to the right for a long time as the QRS
vector turns posterior.The ECGdifferential is that of left septal hypertrophy, but in the latter, the duration is not great and
the QRS vector turns to the left before traversing posterior. The latter is readily recognized with the vector loop display
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Standard ECG of a -year-old female with TGA, a large VSD in the endocardial cushion area and pulmonic stenosis (the typi-

cal abnormally superior maximumQRS vector had been present prior to surgery). A Mustard procedure had been done, and

attempts had been made to relieve some of the pulmonic stenosis via the pulmonary artery, so that some of the left ven-

tricular outlow area was excised. The ECG result included partial LBBB. The initial QRS is to the left and anterior and there is

midventricular slowing. There is no T-wave abnormality (A VCG would be needed, however, for better delineation).

but is difficult to be sure of with a standard ECG. The lesion where a similar ECG may be seen is that of the hypoplastic
right ventricle with tricuspid atresia, but the abnormally superior maximum QRS vector in the latter is distinctive (see
> Fig. .).

.. Postoperative RBBB, Left Anterior Hemiblock and LBBB

Postoperative RBBB is very common, is usually advanced, but can be partial. Only infrequently is the advanced RBBB
caused by damage to the proximal right bundle.Most often it is because of damage to the right bundle after ventriculotomy
with incision into themoderatorband.Although traditional definitions would allow the ECG interpretation of “complete”
RBBB for all such patients, we have recently documented, utilizing body-surface potential mapping, that there is a great
spectrumof “complete” RBBB [].Therefore, the term advancedRBBB appears to bemore appropriate. Occasionally, the
advanced RBBB is associated with an abnormally superior maximum QRS vector not present prior to surgery, in which
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case it is presumed that the left anterior branch of the left bundle has been damaged (> Fig. .). Postoperative partial
RBBB is also often recognized.

Postoperative advanced LBBB is becoming increasingly common, particularly as more complex lesions are being
surgically corrected and as the need to enter the left ventricle in order to facilitate such surgery increases (> Fig. .).
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. Introduction

Adult congenital heart disease (ACHD) is a growing subspecialty of cardiology with a rapidly expanding patient popu-
lation [–]. In an earlier era, more than half of all children born with congenital defects died before reaching adulthood
[]. With current care, nearly % of such infants are expected to thrive into their adult years [, , ]. In North America,
outpatient visits in ACHD tertiary care centers increased by % in  and continue to rise [].

Despite these successes, it is now appreciated that early surgical interventions were “reparative” and not “curative.”
Symptoms and complications may surface many years after quiescent courses in childhood. As such, meticulous clinical
assessment and follow-up is warranted. As the growing population of survivors with ACHD ages and health needs rise,
an increasing number of caregivers will be exposed to such patients at some point in their careers.The -lead electrocar-
diogram (ECG) remains an invaluable cornerstone in the clinical appraisal of adults with congenital heart disease that,
in certain circumstances, provides diagnostic and/or prognostic information. It is, therefore, timely and appropriate that
a chapter be dedicated to this topic.

In > Chap. , detailed ECG criteria associated with congenital heart defects in children and their hemodynamic
consequences were extensively reviewed. Isolated lesions of the left and right ventricular outflow tracts have also been
addressed elsewhere.This chapter provides a clinical perspective to ECG interpretation in ACHD, emphasizing practical
and pathognomonic ECGfindings in themore frequent congenital defects encountered in adults, stressing the particular-
ities associated with adults as opposed to children. As a result of hemodynamic or hypoxic stress imposed by the original
cardiac malformation and/or postoperative sequelae from reparative surgery [], arrhythmias figure prominently among
the issues encountered in ACHD [].Thus, when discussing ECG findings for the varied pathologies, examples of associ-
ated common arrhythmias will be presented. First, an overview of the conduction system and its variations in congenital
heart disease will be provided to facilitate an understanding of ECG patterns in ACHD.

. Anatomy of the Conduction System in Congenital Heart Disease

.. Sinus Node

In the morphologically normal heart, a spindle-shaped sinus node is usually located epicardially in the sulcus termi-
nalis, at the junction between the venous portion of the right atrium and the base of the right atrial appendage. Normal
sinus activation, therefore, results in a typical P-wave axis between ○ and ○. Most patients with congenitally mal-
formed hearts have normally positioned atrial chambers, or “atrial situs solitus.” This arrangement is usually associated
with normal sinus node location. The position of the sinus node may, however, vary with the atrial chambers and their
appendages.

.. Juxtaposition of the Atrial Appendages

Juxtaposition of the atrial appendages refers to a condition whereby both atrial appendages are located on the same
side of the arterial pedicle rather than each being ipsilateral to its respective atrium. Right juxtaposition, with the left
atrial appendage on the right side, adjacent to the right atrial appendage, is exceedingly rare and not associated with a
malpositioned sinus node. However, left juxtaposition is more common and is accompanied by a displaced sinus node.
While the sulcus terminalis remains an important landmark, the sinus node is more anteriorly positioned and may be
located inferior to the crista terminalis []. Left juxtaposition may herald an abnormal ventriculoarterial connection,
such as discordant or double outlet right ventricle, and is frequently found in tricuspid atresia [].

.. Situs Inversus and Heterotaxy Syndromes

In “atrial situs inversus,” the atria are positioned in mirror-image fashion, with the right atrium and its sinus node on the
individual’s left side. Consequently, the P-wave axis shifts to between ○ and ○, with a P-wave that is often negative
in lead I and most positive in lead III.



Electrocardiography in Adult Congenital Heart Disease  

Heterotaxy syndromes refer to disorders of lateralization whereby the arrangement of abdominal and thoracic vis-
cera differ from situs solitus and situs inversus. These syndromes are often associated with severe congenital cardiac
malformations, and although there is much variability, are generally characterized as either right atrial isomerism
(asplenia syndrome) or left atrial isomerism (polysplenia syndrome). Patients with right atrial isomerism often have
two separate sinus nodes, at the junctions of right- and left-sided superior vena cavae with atrial chambers [, ].
On the ECG, this is often reflected by a P-wave axis that fluctuates as the prevailing pacemaker shifts from one
sinus node to the other (> Fig. .) []. In contrast, the majority of hearts with left atrial isomerism do not have
a histologically recognizable sinus node. When present, it is hypoplastic and located posteroinferiorly, far from the
orifice of the superior vena cava [, ]. As a result, slow atrial rates and junctional escape rhythms are common
(> Fig. .) [].

⊡ Figure .

-lead electrocardiogram (ECGs) of a -year-old man with heterotaxy syndrome of the asplenia type. Note the difference in

P-wave axis and morphology between panels a and b, indicating a shift in the governing pacemaker. In panel a, the P-wave

axis is ○ and is positive in lead I, monophasic in the inferior leads, and predominantly negative in lead V. In panel b, the

P-wave axis is ○, notched in the inferior leads, and predominantly positive in lead V.
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⊡ Figure .

A -lead ECG of a -year-old woman with heterotaxy syndrome of the polysplenia type. Note the absence of clearly iden-

tifiable P-waves. The irregular rate suggests underlying atrial fibrillation. However, multiple cardioversion attempts failed to

interrupt this rhythm, even briefly. A junctional rhythm was present at birth and sinus node function was never confirmed.

.. AV Node and His-Purkinje System

In normal hearts, the atrioventricular (AV) node is located at the apex of Koch’s triangle, delimited on one side by the
septal leaflet of the tricuspid valve and on another side by the tendon of Todaro that extends from the Eustachian valve
(guarding the opening of the inferior vena cava) to the central fibrous body. The mouth of the coronary sinus forms
the base of this triangle. The common bundle, or bundle of His, extends from the AV node and is the only pathway
of myocardial continuity between the atria and the ventricles. In simple septal defects and/or valvar stenosis, the AV
conduction system generally assumes its normal pattern. However, displacement of the AV conduction system occurs
in congenital defects associated with malaligned atrial and ventricular septae, discordant AV arrangements, and single
ventricles.

.. AV Canal Defect

Atrioventricular canal defects (AVCD) are associated with a displaced AV conduction system, as the compact AV node
occupies an inferior position outside of Koch’s triangle, anterior to the mouth of the coronary sinus and adjacent to
where posterior rims of atrial and ventricular septae unite [–]. The common bundle extends along the lower rim of
the ventricular septum. This inferior course and the relative hypoplasia of the left anterior hemifascicle gives rise to the
superior QRS axis typical of AVCD [, ].

.. Congenitally Corrected Transposition of the Great Arteries

In “congenitally corrected” transposition of the great arteries, or L-TGA, atrioventricular and ventriculo-arterial discor-
dance coexist such that the atrial situs is normal but the right ventricle is sub-aortic and leftward and the left ventricle
is sub-pulmonary and rightward. L-TGA is associated with marked displacement of the AV conduction system.The AV
node is located outside of Koch’s triangle, displaced anteriorly and slightly more laterally [, ]. An elongated com-
mon bundle of His runs medially toward the septum to the site of fibrous continuity between the right-sided mitral valve
and the pulmonary artery. The common bundle then courses along the anterior rim of the pulmonary valve and, if a
ventricular septal defect (VSD) is present, continues along its upper rim [, ].
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.. Tricuspid Atresia

Patients with tricuspid atresia have an imperforated fibrous AV connection. The septal leaflet of the tricuspid valve that
normally forms one border of Koch’s triangle is absent.Therefore, the usual anatomic landmarks demarcating the location
of the AV node cannot be applied. Pathologic studies in tricuspid atresia have suggested that the compact AV node is
typically situated on the floor of the right atrium, adjacent to an abnormally formed central fibrous body [, ]. A small
“dimple” lined with endocardium is found just anterior to the mouth of the coronary sinus and has been considered to
indicate the theoretical site of the absent tricuspid valve []. The AV node is found within the confines of the coronary
sinus, tendon of Todaro, and right atrial “dimple.” It pierces the central fibrous body to become the penetrating bundle of
His, along the left side of the septum. The remaining course of the His-Purkinje system is related to some extent on the
presence and location of associated VSDs. In general, the His-bundle is further leftward and away from more anterior
septal defects [].

.. Other Forms of Single Ventricle Physiology

In considering the course of the conduction system andpotential forAVblock in other types of single ventricle physiology,
it is important to note the type of ventricular looping and whether the dominant ventricle is right or left. The most
conspicuous abnormalities in the location of the AV conduction system occur in single ventricles with AV discordance
and AVCD. In the case of an L-looped single left ventricle, two AV nodes may be present, with a posterior node that
does not usually make contact with the ventricular septum []. The elongated course of the common bundle renders
it susceptible to fibrous degeneration and complete AV block []. With ventricular D-looping and a dominant right
ventricle, the AV node is positioned within its usual landmarks and the common bundle enters the ventricular septum
directly [].

. Electrocardiography in Adult Congenital Heart Disease (ACHD)

.. Ostium Secundum Atrial Septal Defect

Defects of the atrial septum constitute at least % of all congenital heart disease seen in adults and ostium secundum
atrial septal defect (ASD) is twicemore prevalent in females thanmales (). Adults with a secundum-typeASDmost com-
monly have underlying sinus rhythm. However, the incidence of atrial fibrillation and/or flutter with unrepaired ASDs is
approximately % and increases with age [, ]. Surgical closure may decrease the occurrence of atrial arrhythmias,
but appears less effective in older individuals [–]. Gatzoulis et al. [] retrospectively reviewed  adults with sur-
gical closure of an isolated ASD. Over a mean postoperative follow-up of . years, % of patients with preoperative
atrial flutter or fibrillation continued to have arrhythmias and .% developed new-onset arrhythmias. All patients with
persistent and new arrhythmias were over  years of age at surgery. Attie et al. [] randomized  adults  years and
older to surgical ASD closure versus medical therapy. Over a median of . years, new-onset atrial flutter or fibrillation
occurred in .% and .% of patients with surgical and medical therapy, a nonsignificant difference.

The impact of transcatheter ASD device closure remains to be determined. One retrospective study of  patients
found that all persistent arrhythmias remained after closure []. Of those with prior paroxysmal atrial tachyarrhyth-
mias, two-thirds were free of symptomatic recurrence at a mean of  months.The incidence of symptomatic paroxysmal
and persistent atrial fibrillation or flutter was  and %/year, respectively. Age �  years was a risk factor for atrial
tachyarrhythmias after transcatheter device closure.

A typical ECG in the adult with anASD has aQRS complex with an rSr′ or rsR′ configuration over the right precordial
leads [–]. This is likely a manifestation of right ventricular overload rather than a true conduction delay in the right
bundle branch []. In contrast to a sharp and narrow r′ not exceeding mm in the rSr′ pattern found in .% of normal
hearts, the r′ associated with an ASD is broader and somewhat slurred [, ]. As a result of prolonged terminal forces,
QRS duration is lengthened but often remains within the upper limit of normal. However, a complete right bundle branch



  Electrocardiography in Adult Congenital Heart Disease

block pattern is not infrequent with increasing age. Also, q-waves in the inferior leads are occasionally observed although
poorly defined.

While PR prolongation is seen in –% of patients, progression toward higher degree AV block is uncommon [,
, ], with complete AV block rarely reported []. The QRS axis is usually between ○ and ○ and is often vertical.
Right axis deviation is commonly seen in adults with associated pulmonary vascular disease [, ]. In contrast, left
axis deviation is rare but has been described in some hereditary forms such as Holt–Oram syndrome [, ]. In older
individuals, it may represent an acquired left anterior fascicular block. ECG criteria for right atrial enlargement are met
in approximately % of patients [, –, –].

A notch near the apex of the R-wave in the inferior leads, termed “crochetage,” has been correlated with ASD []. In
a study of , adults and adolescents including  normal subjects and , patients with various forms of congeni-
tal heart disease, this pattern was identified in .% of those with ASDs []. Among patients with ASDs, its incidence
increased with larger anatomic defects or greater left-to-right shunts, even in the presence of pulmonary hypertension.
The specificity of this sign in diagnosing ASD was % when present in all three inferior limb leads. Early disappearance
of this pattern was observed in .% of surgically repaired patients, although the right bundle branch block pattern per-
sisted. In a second study, the “crochetage” pattern was observed in at least one inferior limb lead in .% of preoperative
patients with a secundumASD [].The specificity of the “crochetage pattern” for detecting a secundumASD was .%
and > %when present in at least one and in all three inferior limb leads, respectively. Typical ECG features are depicted
in > Figs. . and > ..

.. Ventricular Septal Defect

Ventricular septal defects (VSD) are the most common congenital heart malformation in the pediatric population, but
often close spontaneously or cause symptoms of congestive heart failure that prompt surgical intervention prior to adult-
hood []. Although a VSD can occur anywhere along the interventricular septum, effects on the conduction system
and arrhythmias in unoperated patients are most likely related to hemodynamic consequences, not specific location [].
Adults most commonly present with small restrictive VSDs or large unrestrictive VSDs with Eisenmenger’s complex.
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⊡ Figure .

-lead ECG in a -year-old woman with a secundum atrial septal defect (ASD). Note the rSr′ QRS pattern over the right pre-

cordial leads,with abroadand slurred r′ . TheQRS axis is vertical and thePR intervalmeasures ms. Encircled andmagnified

in the insert is the “crochetage”pattern over the inferior leads, characterized by a notch near the R-wave apex.
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⊡ Figure .

-lead ECG in a -year-old man with a secundum ASD. Intra-atrial reentrant tachycardia developed  years after surgical

repair. Note the classic “saw tooth”pattern of flutter waveswith a cycle length of ms and variable AV conduction, compat-

ible with typical counterclockwise atrial flutter. The patient underwent successful transcatheter ablation of the cavotricuspid

isthmus.

Either way, defects of the membranous septum, or “perimembranous” VSDs, are located in the left ventricular outflow
beneath the aortic valve and account for the majority of VSDs [].

In a review comparing  patients with unoperated VSDs to a control population, a higher prevalence of isolated
premature ventricular contractions (PVC), couplets, and multiform PVCs was noted []. Non-sustained or sustained
ventricular tachycardia occurred in .% of patients. The most powerful independent predictor for high-grade ectopy
was higher mean pulmonary artery pressure. Despite these ventricular arrhythmias, sudden cardiac death is reportedly
uncommonbut has been described in patients with cardiac hypertrophy and progressive fibrosis of the conduction system
[–]. In patients with surgically repaired VSDs, late sudden death occurs in about % [, ]. Risk factors for mor-
tality include age greater than  years at time of surgery, pulmonary vascular resistance greater than  Woods units, and
complete heart block []. TranscatheterVSD closure is an alternative to surgery in selected patients. Although long-term
follow-up is not yet available, complete heart block is a recognized complication [–].

Electrocardiographic findings in isolated VSDs are highly dependent on the hemodynamic effects of the left-to-
right shunt, i.e., degree of left ventricular volume overload and right ventricular pressure overload. Small defects often
produce normal tracings, with the exception of increased ventricular ectopy and the occasional rsr′ pattern over the
right precordial leads [, ]. Large VSDs are associated with right and sometimes left atrial enlargement, with broad
notched P-waves in leads I and II and negative terminal forces in lead V. The PR interval is normal or mildly pro-
longed [, ]. The QRS axis usually shifts moderately rightward and evidence for biventricular hypertrophy is found
in –% of cases []. As shown in > Fig. ., the Katz–Wachtel phenomenon may be seen, with large equiphasic RS
complexes over the midprecordial leads []. The R-wave amplitude in V may meet right ventricular hypertrophy cri-
teria and deep Q-waves may be present over the lateral precordial leads. A right bundle branch block has been reported
in –% of patients and appears independent of whether the VSD was repaired through an atrial or ventricular inci-
sion [, , ]. Right bundle branch block with left-axis deviation is seen in –% of patients [, ]. First-degree
AV block occurs in about % of patients and the incidence of complete heart block on long-term follow-up is –%
[, ].

Eisenmenger’s complex refers to flow reversal across a VSD when pulmonary vascular resistance exceeds systemic
levels. Evidence for biventricular hypertrophy is often lacking, as right ventricular hypertrophy and pulmonary hyper-
tension predominate. In adults, rightward QRS axis deviation is often present, as are peaked P-waves in lead II and tall
monophasic R-waves in V [, ].
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⊡ Figure .

-lead ECG in a -year-old woman with a moderate ventricular septal (VSD). Note the broad notched P-wave in lead II,

normal PR interval, and right axis deviation. The R-wave amplitude in V meets right ventricular hypertrophy criteria. “Katz–

Wachtel”phenomenon is present, with large equiphasic RS complexes over themid-precordial leads that reflect biventricular

hypertrophy.

.. Atrioventricular Canal Defect

Themost common presentations of AVCD in adulthood are either a partial defect, consisting of a primum ASD and cleft
mitral valve, or surgically repaired complete AVCD. Less commonly, an unoperated patient with a complete AVCD that
includes a large primum ASD, inlet VSD, and cleft mitral valve presents with Eisenmenger’s physiology or with sponta-
neous closure of the inlet VSD by way of aneurysm formation. In addition to ECG findings associated with the displaced
AV conduction system, electrocardiographic findings reflect the dominant physiology of the defect, e.g., large left-to-
right atrial shunt and mitral regurgitation in partial AVCD and Eisenmenger’s physiology in an unrepaired complete
AVCD [].

Following surgical repair of AVCD, atrial fibrillation or flutter may develop in % of patients [, ]. Persistent
complete AV block occurs in –% in the immediate postoperative period and approximately % thereafter [–].
Prolonged infra-Hisian conduction time may be a marker for increased risk of late AV block, even in the presence of a
normal PR interval []. Although increased ventricular ectopy has been described in up to % of patients, complex
ventricular arrhythmias occur most commonly in the setting of left ventricular dysfunction [].

Distinctive ECG features in the adult with AVCD, displayed in > Fig. ., involve the PR interval, right ventricular
activation pattern, and QRS axis. First-degree AV block is present in over % of patients and is most commonly due to
intraatrial conduction delay, although acquired postoperative AV block may occur [–]. In  patients with AVCD,
electrophysiologic studies revealed supra-Hisian first-degreeAV block in five patients, and intraatrial conduction delay in
the majority []. The QRS pattern in right precordial leads may be similar to ostium secundumASD, with delay in right
ventricular activation. Interestingly, this is thought to result from conduction along a longer than normal right bundle
branch that emanates from the inferiorly displaced common bundle; not from delayed parietal conduction [].

As previously mentioned, a superior QRS axis is a hallmark of AVCD with left axis deviation that may be moderate
or extreme. Q-waves are present in leads I and aVL and S waves in II, III, and aVF that characteristically have a notched
upstroke [–]. Nonetheless, an intermediate QRS axis and right axis deviation have been described.One study assessed
theQRS axis in  patients with typical AVCDand  patients with atypical forms ofAVCDcharacterized by awell-formed
atrial septum, milder downward displacement of the AV valves, and shorter length of the ostium primum defect []. All
nine patients with atypical AVCDhad an unusualmean frontal QRS axis comparedwith  of  patients (%)with typical
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⊡ Figure .

-lead ECG in a -year-old man with a surgically repaired Atrioventricular canal defects (AVCD). Note the rSr′ QRS pattern

over the right precordial leads, similar to secundum ASD. The PR interval is prolonged and the typical superior QRS axis is

present. S-waves in leads II, III, and aVF have a characteristically notched upstroke.

AVCD. It was, therefore, speculated that this atypical morphology, supposedly related to the degree of posteroinferior
displacement of the conduction system, explained in part the observed differences in QRS axis.

.. Patent Ductus Arteriosus

Most patients with moderate or large patent ductus arteriosus (PDA) will have undergone ductal ligation in infancy.
The majority of adults with PDA fall into one of two categories: a fortuitously discovered PDA on echocardiography or
Eisenmenger’s physiology with irreversible pulmonary vascular obstructive disease []. In the former case, the ECG is
expected to be normal, whereas in the latter case, ECG findings are dominated by Eisenmenger’s physiology. In patients
with a moderate size PDA, sinus rhythm is usually present although atrial fibrillation may occur in older individuals
[, ]. Evidence for left atrial enlargement may be present and PR prolongation is found in –% []. The QRS axis
is generally normal. Left ventricular volume overload may be characterized by deep S-waves in V and tall R-waves in
leads V and V that are accompanied by nonspecific repolarization changes [, ].

.. Pulmonary Stenosis

The obstruction of the right ventricular outflow tract can occur at the level of the pulmonary valve, below, or above it,
either in themain pulmonary artery trunk or at one or both of its branches. As a group, these lesions represent a spectrum
of unoperated and postoperative anomalies that are among the most commonly encountered in the adult with congenital
disease. Isolated congenital valvar pulmonary stenosis is reported to occur in % of all patients with congenital heart
disease. In adults, pulmonary atresia, supravalvar, and branch pulmonary artery stenosis are commonly encountered in
the setting of tetralogy of Fallot (TOF). Congenital branch pulmonary artery stenosis can occur in isolation but is not
usually associated with substantial right ventricular pressure overload. ECG features of primary infundibular stenosis or
double-chambered right ventricle vary depending on the presence or absence of an associated VSD and/or concomitant
valvar pulmonary stenosis [].
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Criteria for right ventricular hypertrophy in the presence of valvar pulmonary stenosis were extensively reviewed in
a previous chapter. In general, the severity of pulmonary stenosis correlates with the R to S ratio in leads V and V, and
R-wave amplitude in lead V [, ]. The PR interval is typically normal but prolongation may reflect increased right
atrial size and pressure [, ]. High amplitude peaked P-waves in lead II are commonly found in severe pulmonary
stenosis, but not consistently so [].TheQRS axismaybe normal withmild pulmonary stenosis but is deviated rightward
with moderate or severe obstruction. The degree of right axis deviation is positively correlated with right ventricular
pressure [].

.. Aortic Coarctation

Complications of operated and unoperated adult patients with aortic coarctation include left ventricular hypertrophy,
systemic hypertension, heart failure, aortic dissection, premature coronary artery disease, and cerebrovascular events
[, ]. In a population-based study, only  of  survivors with aortic coarctation repair died suddenly during the first
 years of follow-up []. However, with longer-term follow-up, nine sudden deaths occurred, two of which resulted
from aortic rupture. All seven sudden presumably arrhythmic deaths transpired in patients with advanced ventricular
dysfunction [].

In adults with uncomplicated aortic coarctation, the ECG usually exhibits normal sinus rhythm. Unlike children with
concomitant left-to-right interatrial shunts, left but not right atrial enlargement is often seen [].ThePR interval is usually
normal and the QRS axis is normal or displaced leftward. Persistent right ventricular hypertrophy beyond infancy is rare.
Left ventricular hypertrophy commonly occurs, with the most sensitive ECG criterion being increased QRS voltage [],
as demonstrated in > Fig. ..

.. Ebstein’s Anomaly

In Ebstein’s anomaly, the tricuspid valve is displaced apically, creating an “atrialized” portion of the right ventricle that
is morphologically and electrically right ventricle but functionally right atrium []. Differences in clinical presentation
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⊡ Figure .

-lead ECG in a -year-old man with aortic coarctation surgically repaired at  years of age, with recoarctation repair at

 years.Note thevoltagecriteria for left ventricularhypertrophywithanR-wave in lead II > .mV,R-wave in leadV> .mV,

and sum of S-wave in lead V and R-wave in lead V or V > .mV. The QRS duration exceeds ms.
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result from awide spectrum of lesion severity as determined by degree of tricuspid leaflet tethering, relative proportion of
atrialized and true right ventricle, and presence or absence of right ventricular outflow tract obstruction. Apatent foramen
ovale or secundum ASD is a common associated feature. The presence of tricuspid regurgitation with an enlarged right
atrium, left-to-right shunting, and accessory pathways provide the substrate for most atrial arrhythmias. Mechanical
stimulation of the “atrialized” ventricle may provoke ventricular arrhythmias, but spontaneous ventricular tachycardia is
otherwise uncommon in the absence of associated malformations [].

The ECG is invaluable in the adult with Ebstein’s anomaly for clinical diagnosis, detection of accessory pathways,
and characterization of arrhythmias, as exemplified in > Figs. . and > .. Indeed, accessory AV and atriofascicular
pathways are found in % and are more often right-sided and multiple than accessory pathways in structurally normal
hearts [, , ] ventricular tachyarrhythmias including AV reciprocating tachycardia, ectopic atrial tachycardia, and
atrial fibrillation or flutter occur in –% of patients, constituting the most common presentation in adolescents and
adults [, ]. Tolerance to tachyarrhythmia is dependent on the severity of Ebstein’s malformation that can range from
mild and asymptomatic to severe, with associated tricuspid regurgitation, cyanosis, and hemodynamic compromise.The
role of arrhythmias in the etiology of sudden death, reported in –% of patients [], remains poorly defined. Sudden
death may occur from severe cyanosis or from rapid conduction of atrial fibrillation or flutter to the ventricles via high
risk or multiple pathways [].

In Ebstein’s anomaly, P-waves are characteristically tall and broad due to prolonged conduction in the enlarged right
atrium and have been coined “Himalayan” [, ]. First-degree AV block is often present as a result of intraatrial
conduction delay, with a PR interval than can be markedly prolonged []. Naturally, the PR interval may be short-
ened in the presence of an accessory AV or atriofascicular pathway. As the right ventricle is diminutive, low amplitude
QRS complexes are characteristically seen over the right precordial leads [, ]. Due to the “atrialized” portion of
the right ventricle, the QRS complex typically exhibits right ventricular conduction delay of the right bundle branch
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⊡ Figure .

-lead ECG ina -year-oldmanwith Ebstein’s anomaly andpalpitations. Note the short PR interval, deltawave, andwideQRS

complex consistent with ventricular preexcitation. The delta wave axis (i.e., negative in leads V, III, and aVF and positive in

leads I and aVL) suggests a right-sided posteroseptal accessory pathway. This pathway was deemed “high risk”as preexcited

atrial fibrillation up to  bpm occurred. It was successfully ablated.
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-leadECG ina-year-oldwomanwithEbstein’s anomaly. Encircledandmagnified in the insert, a low-amplitudemultiphasic

“bizarre”QRS complex is seen over the right precordial leadswith a right bundle branch block pattern. P-waves are broad and

somewhat tall. The QRS axis is normal and Q-waves are notable in leads V, II, III, and aVF.

type that is often atypical and multiphasic [–]. In unoperated patients with Ebstein’s anomaly, signal-averaged
ECGs almost universally identify late potentials that correspond to delayed conduction across the “atrialized” right
ventricle [].

In the absence of ventricular preexcitation, the QRS axis is generally normal but occasionally leftward [, ]. In
about % of patients, Q-waves are noted in lead V andmay extend as far as lead V [, ]. T-wave inversion in leads
V–V is also common [, ]. Q-waves may be present in leads II, III, and aVF [, ]. It has been hypothesized
that these Q-waves reflect right ventricular intracavitary potentials resulting from the inferior and leftward displacement
of the tricuspid valve [].

.. Surgically Corrected Tetralogy of Fallot

Tetralogy of Fallot is the most common cyanotic heart disease, accounting for approximately % of all congenital heart
malformations []. Corrective surgery has been performed for over  years with excellent results []. However,
atriotomies are commonly performed, predisposing to the late development of intraatrial reentrant tachycardia (IART)
[, ]. Patients with IART may have typical isthmus-dependent flutter and/or incision-relatedmacroreentrant circuits
[–]. Development of IART may herald worsening ventricular function and tricuspid regurgitation [, , ,
]. Moreover, sudden cardiac death is the single most common cause of mortality late after repair []. In a cohort
study of  patients with repaired TOF followed for  years, % developed atrial flutter, .% experienced sustained
ventricular tachycardia (> Fig. .), and .% died suddenly []. Very few arrhythmic events occurred the first –
years following corrective surgery.Thereafter, a slowbut steady decline in freedom fromatrial and ventricular arrhythmias
and sudden cardiac death was observed [, –].

In adults with surgically corrected TOF, baseline sinus rhythm is commonly seen, with P-waves of normal axis, dura-
tion, and amplitude, although somewhat peaked [–]. The QRS axis is typically normal or rightwardly displaced
with underlying right ventricular hypertrophy. In the presence of a right bundle branch block, criteria for right ventricu-
lar hypertrophy include an R′ in V � mm and right axis deviation of the initial vector that represents unblocked
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⊡ Figure .

ECG examples of clinical monomorphic ventricular tachycardia in adults with corrected tetralogy of Fallot. In Panel a,

a -year-old man with surgically repaired tetralogy of Fallot presented with a wide-complex tachycardia at  bpm. Left

bundle branch block morphology and inferior axis reflect the typical right ventricular outflow tract origin. Panel b depicts

ventricular tachycardia at  bpm in a -year-old man with surgically repaired tetralogy of Fallot. While the QRS complex is

of left bundle branchmorphology, consonant with a right ventricular source, the superior QRS axis suggests an origin remote

from the outflow tract.

forces [, ]. Left axis deviation should raise the suspicion of an associated AVCD, although left anterior hemi-
block may be present in –% of adults [, ]. Right bundle branch block is the rule following repair, even in the
absence of a ventriculotomy incision [–]. Early lengthening of the QRS interval post TOF repair results from sur-
gical injury to the right bundle branch andmyocardium [], whereas later broadening reflects right ventricular dilation
[, ].

Given the small but undeniable risk of ventricular arrhythmias and sudden cardiac death post TOF repair, consid-
erable efforts have been directed toward identifying predictors allowing stratification of patients into high- and low-risk
categories. In the largest cohort study to date [], a QRS interval � ms (RR .), as shown in > Fig. ., and an
annual increase in QRS duration (RR . for each ms increase/year) were independent risk factors for sustained ven-
tricular tachycardia. Patients with ventricular tachycardia or sudden cardiac death were more likely to have increased
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-lead ECG of a -year-old manwith surgically repaired tetralogy of Fallot. Note the characteristic right bundle branch block

morphology. The QRS duration of ms is associated with increased risk for ventricular arrhythmias and sudden death. The

tall R′ in V and deep S-waves in V and V suggest right ventricular hypertrophy in the context of mild residual pulmonary

stenosis. First-degree AV block and left axis deviation are also present.

cardiothoracic ratios, at least moderate pulmonary and tricuspid regurgitation, and peripheral pulmonary stenosis. A
greater degree of QT dispersion was also noted, believed to reflect increased heterogeneity in myocardial repolarization.
Other reported risk factors have included frequent ectopic beats [], increased right ventricular systolic pressures
[, , ], complete heart block [, ], and increased JT dispersion [, ]. The induction of sustained ventric-
ular tachycardia on electrophysiologic study is a powerful independent predictor of susceptibility to clinical ventricular
tachycardia or sudden death [].

.. Congenitally Corrected Transposition of the Great Arteries

Patients with isolated L-TGA may remain asymptomatic and undiagnosed well into their adult years. As depicted in
> Fig. ., the -lead ECG can provide critically important diagnostic information. The anatomy of the conduction
system in L-TGA was previously reviewed, explaining the vulnerable AV conduction system with its fragile common
bundle. In a study of  patients with L-TGA, complete AV block occurred in % []. Risk of AV block was estimated
to be % per year, irrespective of associated anomalies. On electrophysiologic testing, the site of AV block was found to
be above or within the area that generated His-like electrograms [–]. This finding is consistent with clinical and
pathological observations: a stable narrow QRS escape rhythm often accompanies complete AV block [] and fibrosis
of the common bundle is noted histologically [, , ]. As the AV node and elongated bundle appear particularly
susceptible to catheter or surgical trauma, caution should be exercised with manipulation to these areas. Complete AV
block follows surgical repair of an associated VSD in over % of patients [, –].

L-TGA has also been referred to as “ventricular inversion,” as the ventricles and associated bundle branches are
reversed.The sinus node is positioned in its usual location such that the P-wave axis andmorphology are typically normal.
However, the ventricular septum that is normally activated from left-to-right is depolarized in the opposite direction, pro-
ducing the ECG pattern characteristic of L-TGA [–].The usual “septal” q-waves over left precordial leads and small
initial R-waves over the right precordial leads are absent. Instead,Q-waves are present over the right precordial leads, con-
sonant with right-to-left septal activation. Moreover, as the septum is activated in a superior direction, Q-waves, which
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⊡ Figure .

-lead ECG of a -year-old man with L-TGA. Note the first-degree AV block, normal P-wave axis, left QRS axis deviation, and

absent septal q-waves. Broad Q-waves are seen over the right precordial leads. In inferior leads, Q-waves are deepest in lead

III. T-waves are positive in all precordial leads.

are not uncommonly broad, are seen in leads III and aVF, typically most pronounced in lead III. Thus, left axis devia-
tion is the rule. Interestingly, in > % of patients, positive T-waves are present over all precordial leads, attributed to the
side-by-side nature of the inverted ventricles [–]. In patients with associated Ebstein’smalformation of the tricuspid
valve, left-sided accessory pathways may be present [–].

.. Complete Transposition of the Great Arteries and Intraatrial Baffle

In “complete” transposition of the great arteries, or D-TGA, the atrioventricular relationship is preserved but ventriculo-
arterial discordance is present. D-TGA accounts for –% of all congenital cardiac malformations []. In the absence of
a shunt allowing for mixing between parallel systemic and pulmonary circulations, D-TGA is incompatible with life. In
, Senning introduced an intraatrial baffle repair redirecting systemic and pulmonary venous return without grafts or
prostheses []. In , Mustard described an alternate technique for intraatrial baffle repair using a pericardial patch
[]. Although arterial switch surgery [] has supplanted atrial correction as the procedure of choice, the majority of
adults with D-TGA have had intraatrial baffle repairs. Late arrhythmic complications include sinus node dysfunction,
atrial tachyarrhythmias, and sudden cardiac death [, –].

Of  patients with Mustard repairs, the actuarial rate of loss of sinus rhythmwas % at  years and % at  years
[]. By  years after repair, atrial flutter had occurred in %. Loss of coordinated atrial activity and rapid ventricular
rates can result in severe symptoms and hemodynamic compromise. Atrial arrhythmias are associated with impaired
ventricular function [, ] and increased risk of sudden death in some, but not all, studies []. In a retrospective
multicenter case-control study that identified  patients with D-TGA andMustard or Senning surgery who experienced
sudden death, risk factors included the presence of symptoms of arrhythmia or heart failure and history of documented
atrial fibrillation or flutter []. ECG criteria, chest X-ray, and Holter findings were not predictive of sudden death and
medical therapy and pacemakers were not found to be protective.

Characteristic ECGfindings, exemplified by> Figs. . and> ., are found in adults withD-TGA and intraatrial
baffle repair [, ]. As sinus node dysfunction is highly prevalent, atrial and junctional rhythmsmay be seen. In simple
D-TGA, AV node function is preserved. However, intraatrial conduction delay may result in a prolonged PR interval.
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-lead ECG of a -year-old woman with D-TGA and Mustard procedure. Note the normal PR interval, right axis deviation,

and right ventricular hypertrophy. Absent q-waves, small r-waves, and deep S-waves over leads V–V reflect the diminutive

left ventricle. A pacemaker was implanted for sinus node dysfunction; bipolar atrial pacing spikes precede the eighth and th

P-wave.

⊡ Figure .

-lead ECG ina -year-oldwomanwithD-TGAandMustardprocedure. Note the intraatrial reentrant tachycardia (IART) cycle

length of mswith : AV conduction. Right axis deviation, right ventricular hypertrophy, and a diminutive left ventricle are

also present.

AV block is more common in the presence of surgical repair of an associated VSD and/or tricuspid regurgitation [].
Despite corrected physiology, the right ventricle remains systemically positioned.Thus, ECG criteria for right ventricular
hypertrophy are usually present, with right axis deviation [, ]. Right atrial enlargement may likewise be present
[]. Conversely, the subpulmonary left ventricle is diminutive with decreased terminal forces reflected in the absence
of q-waves, small r-waves, and deep S-waves over the left precordial leads.
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.. Single Ventricle Physiologywith Fontan Surgery

Developed in  as surgical palliation for tricuspid atresia, the Fontan procedure has undergone multiple modifi-
cations to become the procedure of choice for various forms of single ventricle physiology []. Atrial arrhythmias
after the Fontan procedure are among the more challenging problems in the field of adult congenital electrophysi-
ology. These arrhythmias occur in the context of single functional ventricles and may be associated with substantial
morbidity and mortality. Rapid hemodynamic deterioration and heart failure can ensue. Depending on the par-
ticular type of repair, IART or atrial fibrillation may occur in up to % of patients []. Tachycardia circuits
can be complex and/or multiple [, , , ]. Patients with failing Fontans and refractory atrial arrhythmias
should be considered for surgical conversion to a lateral tunnel or extracardiac conduit with concomitant arrhythmia
surgery [–]. On short- to medium-term follow-up, advantages of the extracardiac in comparison to the intrac-
ardiac lateral tunnel Fontan include a decreased incidence of sinus node dysfunction [], although not consistently
so [].

Given the heterogeneity of the multiple morphologic types of single ventricles, the ECG appearance is highly vari-
able. At mid-term follow-up, sinus node dysfunction occurs in –% of patients with classic Fontans (i.e., right atrium
to pulmonary artery anastamosis) and increases with duration of follow-up [–]. In patients with tricuspid atre-
sia, the PR interval is usually normal with tall and broad P-waves. Left axis deviation is characteristic [–], as
shown in > Fig. .. In the absence of a functional right ventricle, left ventricular forces are unopposed, as man-
ifested by small r-waves and deep S-waves over the right precordial leads and tall R-waves over the left precordial
leads.

In the most common subtype of double-inlet left ventricle, i.e., with ventriculo-arterial discordance, AV conduction
is often abnormal, with PR prolongation and increased risk of complete heart block [, ]. As in L-TGA, Q-waves
are absent over the left precordial leads and may be present over the right precordial leads. Q-waves may also be seen in
leads II, III, and aVF [, ]. In a series of  patients with univentricular hearts of right ventricular morphology,  had
double inlet, four absent right, and two absent left AV connections []. ECG revealed right ventricular hypertrophy in
all and  had a superior frontal QRS axis. An example of an ECG in an adult with a hypoplastic left ventricle is provided
in > Fig. ..

⊡ Figure .

-lead ECG in a -year-old woman with tricuspid atresia, ASD, and VSD, status post old-style Fontan later revised to an

extracardiac conduit with a right atrial Maze procedure. An IART with a ventricular response rate of  bpm was electrically

cardioverted. Note the characteristic left axis deviation.
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-lead ECG in a -year-old manwith mitral atresia and hypoplastic left ventricle status post old-style Fontan. Note the IART

at a cycle length of ms with : AV conduction. Right ventricular hypertrophy criteria are met and the frontal QRS axis is

superior, typical of univentricular hearts of right ventricular morphology.

.. Cardiac Malpositions

In dextrocardia with situs inversus, also called mirror-image dextrocardia, the ventricles are inverted, as are the viscera
and the atria. The heart usually functions normally and the diagnosis is often fortuitous. In mesocardia, the heart is
centrally located in the chest with normal atrial and visceral anatomy.The apex is central or rightwardly displaced on chest
radiography. Typically, no associated cardiac malformations are present. When dextrocardia with situs solitus occurs, as
illustrated in> Fig. ., the ventricles are inverted, but not the viscera or atria. Associated severe cardiac malformations
are typical [].

The ECG is of considerable diagnostic importance in dextrocardia with situs inversus. As previously discussed, the
right atrium and sinus node are positioned on the patient’s left side, yielding a P-wave axis that remains inferiorly oriented
but rightwardly displaced. In the absence of an ectopic focus, P-waves are upright in aVR and inverted in I and aVL [–
]. Ventricular depolarization and repolarization occur in an inverse fashion. In lead I, the QRS is predominantly
negative with T-wave inversion. Right precordial leads resemble the left precordial leads of normal hearts, aVL resembles
aVR, and vice versa. Thus, left ventricular hypertrophy is manifested by tall R-waves in V and V. Right ventricular
hypertrophy is reflected by deeper Q-waves and small R-waves in lead I and taller R-waves over right lateral chest leads
(e.g., VR and VR) [, ].

.. Coronary Anomalies

Isolated ectopic or anomalous origins of the coronary arteries are seen in .–.% of patients undergoing coronary
angiography []. The prognosis is favorable if the anomalous coronary artery does not course between the pulmonary
artery and aorta. The most common anomalies are not associated with myocardial ischemia and include ectopic origin
of the left circumflex artery from the right sinus of Valsalva; anomalous origin of the right coronary artery from the left
sinus, and anomalous origin of the left main coronary artery from the right sinus. In coronary-cameral fistulas, the ECG
is typically normal until volume overload of the receiving chamber occurs with or without ischemic changes related to
coronary steal [–].
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⊡ Figure .

-lead ECG in a -year-old man with situs solitus, dextrocardia, anomalous pulmonary venous return, single atrium, and

pulmonary stenosis. The P-wave vector is directed leftward and somewhat inferiorly, with an axis of ○ that is consistent

with atrial situs solitus and normal position of the sinus node. Note the reverse R-wave progression pattern, with decreasing

amplitude from leads V to V. The pathologic Q-wave in lead I may reflect right ventricular hypertrophy in the setting of

pulmonary stenosis.

⊡ Figure .

-lead ECG in a -year-old woman with anomalous origin of the left coronary artery from the pulmonary artery. She pre-

sented with chest pain at  years of age and underwent a Takeuchi repair. Note the loss of R-wave amplitude with no R-wave

progression over precordial leads V–V, consistent with an old anteroseptal myocardial infarction.
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The ECG is useful in the diagnosis of anomalous origin of the left coronary artery from the pulmonary trunk. This is
themost common anomaly associatedwithmyocardial ischemia, with % of cases surviving to adolescence or adulthood
[]. As a result of decreased perfusion pressure and hypoxemic blood flow through the left coronary artery, anterolateral
myocardial infarction usually occurs prior to the clinical recognition of this entity. The -lead ECG, therefore, displays
pathologic Q-waves in leads I, aVL, and V–V that are typically deep [–]. In addition, the posterobasal portion of
the left ventricle appears to selectively hypertrophy []. This may result in left axis deviation, a pattern consistent with
left ventricular hypertrophy, and nonspecific repolarization changes [–, ]. Anteroseptal myocardial infarction
patterns have also been described, as depicted in > Fig. ..
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. Introduction

Cardiac arrhythmias result from abnormalities in the rate, regularity or site of origin of the cardiac impulse or distur-
bance in the conduction of that impulse such that the normal sequence of activation of atria and ventricles is altered [].
Thus, arrhythmias result from abnormalities in the initiation of impulses or in conduction of these impulses through
the heart [, ]. Such alterations in impulse initiation or conduction are readily apparent in recordings of extracellular
signals from the heart, in the form of either the electrocardiogram or more direct electrographic recordings from the
atria and ventricles. However, the recording of the transmembrane electrical events of the individual myocardial cells
with microelectrodes has provided the information necessary for understanding the mechanisms that are responsible for
the arrhythmias. The importance of this approach was recognized in the s by Hoffman and Cranefield []. Although
arrhythmias may have many different pathological causes, in the final analysis all arrhythmias are the consequence of
critical alterations in the cellular electrophysiology. How these changes in cellular electrophysiology occur, what they are,
and how they cause arrhythmias are the subject of this chapter.

Much of the discussion is focused on abnormalities in the membrane currents that flow across the sarcolemma and
that determine the transmembrane resting and action potential. The reader is therefore advised to consult > Chap. ,
which describes the normal properties of the membrane channels and currents, before reading this chapter.

. Arrhythmias Caused by Abnormal Impulse Initiation

The term “impulse initiation” is used to indicate that an electrical impulse can arise in a single cell or group of closely
coupled cells through depolarization of the cell membrane, and once initiated, spread through the rest of the heart
(impulse conduction). Impulse initiation occurs because of localized changes in the ionic currents, which flow across
the membranes of individual cells. There are two major causes for the impulse initiation that may result in arrhythmias:
automaticity and triggered activity. Each has its own unique cellular mechanisms resulting in membrane depolarization.
Automaticity is the result of spontaneous (diastolic) phase  depolarization (see > Fig. .) that can occur de novo,
whereas triggered activity is caused by afterdepolarizations, which require a preceding action potential for their induc-
tion. These different cellular mechanisms result in arrhythmias that have very different characteristics in their mode of
onset, their rate, and their response to interventions such as external pacemakers and drugs.

.. Automaticity

It is convenient to subdivide automaticity into two categories, normal and abnormal. Normal automaticity is found in the
primary pacemaker of the heart –the sinus node – as well as certain subsidiary or latent pacemakers which can become
the pacemaker if the function of the sinus node is compromised. Impulse initiation is a normal function of these latent
pacemakers. Abnormal automaticity, whether the result of experimental interventions or pathology, only occurs in cardiac
cells when major changes occur in their transmembrane potentials. This property is not confined to any specific latent
pacemaker but may occur anywhere in the heart. Arrhythmias characterized by abnormalities in the rate, regularity or
site of origin of the cardiac impulse can result from either normal or abnormal automaticity.

... Normal Automaticity

The cause of normal automaticity in the sinus node is a spontaneous decline in the transmembrane potential during dias-
tole, referred to as phase  or diastolic depolarization (> Fig. .). When the depolarization reaches threshold potential,
a spontaneous action potential (impulse) is initiated. The fall in membrane potential during phase  reflects a gradual
shift in the balance between inward and outward membrane currents in the direction of the net inward (depolarizing)
current.
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Panel A: Representation of sinoatrial node action potential (Control: solid lines) and some of the ion channels that contribute

to it. If is activated on hyperpolarization and provides inward current during phase . T- and L-type Ca currents are initiated

towards the end of phase : the latter also contributes themajor current to the upstroke of the action potential. Delayed rec-

tifier current (IK) is responsible for repolarization. The acceleratory effects of norepinephrine (NE) are shown as broken lines.

Note the prominent increase in phase , reflecting the actions of NE on If . Panel B: Cartoon of the pacemaker channel. There

are six transmembrane spanningdomains: when the channel in theopenposition, Na is themajor ion transmitted. Cyclic AMP

binding sites are present near the amino terminus. Also depicted areβ-adrenergic (B-AR) andM-muscarinic receptors, pro-

viding, respectively, norepinephrine and acetylcholine binding sites. Via G-protein coupling these regulate adenylyl cyclase

(AC) activity which in turn regulates intracellular cAMP levels, determining availability of the second messenger for binding

and for channel modulation (Reproduced with permission from Biel et al. ()).

The specific properties of the pacemaker current which causes phase  depolarization have been studied with voltage-
clamp techniques.These investigations have shown that diastolic depolarization results from the initiation on of an inward
current, If , that is activated after repolarization of the action potential is complete [, ]. As shown in > Fig. . several
currents contribute to phase  depolarization and to the sinus node action potential, but the process is initiated by the
pacemaker current If []. The channel carrying If , which is an inward sodium current, activates as the membrane hyper-
polarizes. For this reason, it was designated “funny current” or If [, ]. The cartoon in > Fig. . also depicts the α
subunit of the HCN (hyperpolarization-activated, cyclic nucleotide gated) channel that carries If []. HCN has four iso-
forms, designated as HCN–. The predominant isoform in sinus node is HCN and in ventricle, HCN. HCN is not
found in heart. A cyclic-AMP binding site on the HCN channel permits catecholamines to modulate activation. It is
largely this property that regulates the autonomic responsiveness of the cardiac pacemaker. > Figure . also demon-
strates that other channels contribute to the voltage-time course of the pacemaker potential, including inward calcium
current [] and outward potassium current.
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Transmembrane action potential recorded from a sinus node fiber showing themechanism responsible for impulse initiation

and its change in frequency. In the upper diagram, trace “a” shows phase  depolarization (normal automaticity) that car-

ries membrane potential to the threshold potential TP, after which action potential upstroke occurs. Trace “b” shows how a

decrease in the slope or rate of phase  depolarization increases the time required for the transmembrane potential to reach

threshold, and thereby slows the rate. The lower diagram shows how changes in maximum diastolic potential or threshold

potential affects rate when the slope of phase  depolarization remains unchanged. Changing threshold potential from TP-

to TP- increases the time required for phase  depolarization to bring membrane potential to the TP (trace “b” to “c”) and

slows the rate. Increasing maximum diastolic potential from “a” to “d”has a similar effect (Reproduced with permission after

Hoffman and Cranefield () ©McGraw Hill, New York).

The intrinsic rate at which sinus node pacemaker cells initiate impulses is determined by three factors:

(a) The maximum diastolic potential which is maintained by the outward potassium current, Ik and the Na/K pump:
(b) The threshold potential, at which the action potential upstroke is initiated; and
(c) The rate or slope of phase  depolarization (> Fig. .), which is determined by the properties of the pacemaker

current [].

A change in any one of these three factors will alter the time required for phase  depolarization to carry the membrane
potential from its maximum diastolic level to threshold, and thereby alter the rate of impulse initiation. For example,
if the maximum diastolic potential increases (becomes more negative), as may be induced by vagal nerve stimulation,
spontaneous depolarization to threshold potential will take longer and the rate of impulse initiation will fall. Con-
versely, a decrease in the maximum diastolic potential will tend to increase the rate of impulse initiation. Similarly,
changes in threshold potential or changes in the slope of phase  depolarization will alter the rate of impulse initia-
tion (> Fig. .) []. Such alterations in the rate of impulse initiation in the sinus node may lead to arrhythmias as
discussed below.

In addition to the sinus node, normal cardiac cells with pacemaking capability are located in parts of the atria (plateau
fibers along the crista terminalis and interatrial septum []), in the atrioventricular (AV) junctional region [–] and in
theHis-Purkinje system []. Yet, there is a hierarchy of a pacemaker activities in the heart such that the sinus nodes initiate
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impulses most rapidly and the distal Purkinje system most slowly [–]. The membrane currents causing spontaneous
diastolic depolarization at ectopic sites have been studied most thoroughly in Purkinje fibers also, using voltage-clamp
techniques [, ]. We can best understand the hierarchy of pacemaker function by contrasting pacemaker current (If)
and the sinus node and in the ventricles.We stress that If is present throughout the heart, although it activates at themost
positive potentials in sinus node while inmyocardium it activates at levels negative to the physiologic range of membrane
potentials(N-mL). These differences in activation are in part determined by HCN isoforms (HCN predominates in
sinus node, HCN in ventricle and in part by other properties. For example in the neonatal ventricle activation is more
positive than in adult, and a shift to more negative activation voltages occurs with growth and development [].

In the normal heart, the intrinsic rate of impulse initiation by the sinus node is higher than that of other potentially
automatic cells. Hence, latent pacemakers are excited by impulses propagated from the sinus node before they can depo-
larize spontaneously to threshold potential. Not only are latent pacemakers prevented from initiating an impulse because
they are depolarized before they have a chance to fire, but also the diastolic (phase ) depolarization of the latent pace-
maker cells is actually inhibited because they are repeatedly depolarized by the impulses from the sinus node [, ].This
inhibition can be demonstrated easily by suddenly stopping the sinus by, for example, vagal stimulation. Impulses then
usually arise from a subsidiary pacemaker, but that impulse initiation is generally preceded by a long period of quiescence
[]. Impulse initiation by subsidiary pacemakers begins at a low rate and only gradually speeds up to a final steady rate
which is, however, still slower than the rate of the original sinus rhythm.

The quiescent period following termination of the sinus rhythm reflects the inhibitory influence exerted on the sub-
sidiary pacemaker by the dominant sinus node pacemaker. This inhibition is called overdrive suppression. Overdrive
suppression has been best characterized in microelectrode studies on isolated Purkinje fiber bundles exhibiting pace-
maker activity (> Fig. .) []; it is the result of driving a pacemaker cell faster than its intrinsic spontaneous rate and
is mediated by enhanced activity of the Na+ K+ exchange pump. During normal sinus rhythm, the sinus node drives the
latent pacemakers at a faster rate than their normal automatic rate. As a result, the intracellular sodium concentration of
the latent pacemakers is increased to a higher steady-state level than would be the case were the pacemaker firing at its
own intrinsic rate. This is the result of sodium ions entering the cell during each action-potential upstroke. The rate of
activity of the sodium pump is largely determined by the intracellular sodium concentration [], so that pump activity
is enhanced during high rates of stimulation []. Since the sodium pump usually moves more Na+ outward than K+

⊡ Figure .

Overdrive suppression of normal automaticity in a Purkinje fiber. The first eight action potentials in (a) occur spontaneously

at the intrinsic firing rate of the Purkinje fiber. Note the phase  depolarization preceding the upstroke or the action potential.

A period of rapid stimulation is then imposed for  s at the end of which there is a short quiescent period followed by the

reappearance of the spontaneous rhythm with gradually increases to the control rate. In (b) a longer period of overdrive is

followed by prolonged quiescence and a far slower rate than the control rate. Stimulus pulses are shown in the bottom traces

and the time marks in the top traces occur at ms intervals (Reproduced with permission after Cranefield () © Futura,

Mount Kisco, New York).
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inward, it generates a net outward (hyperpolarizing) current across the cell membrane []. When subsidiary pacemaker
cells are driven faster than their intrinsic rate (such as by the sinus node), the enhanced outward pump current sup-
presses spontaneous impulse initiation in these cells, which, as described above is dependent on the net inward current
(> Fig. .). When the dominant (overdrive) pacemaker is stopped, this suppression is responsible for the period of
quiescence which lasts until the intracellular Na+ concentration, and hence the pump current becomes small enough to
allow subsidiary pacemaker cells to depolarize spontaneously to threshold. Intracellular sodium concentration decreases
during the quiescent period, because sodium is constantly being pumped out of the cell and little is entering []. Intra-
cellular Na+ and pump current continue to decline after the first spontaneous impulse, resulting in gradual increases in
the discharge rate of the subsidiary pacemaker. The higher the rate, or the longer the duration of overdrive, the greater is
the enhancement of pump activity, so that the period of quiescence following the cessation of overdrive is directly related
to the rate and duration of overdrive (> Fig. .) [].

The sinus node, itself, can also be overdrive-suppressed if it is driven at a ratemore rapid than its intrinsic rate [, ].
Thus, there may be a quiescent period after termination of a rapid ectopic tachycardia before the sinus rhythm resumes
[]. However, when overdrive suppression of the normal sinus node occurs, it is of lesser magnitude than that of sub-
sidiary pacemakers overdriven at comparable rates []. As described above, overdrive suppression of pacemaker fibers
depends on sodium entering the fibers during phase  of the action potential, stimulating sodium pump activity. In the
sinus node, the action-potential upstroke is largely dependant on slow inward current carried by calcium, and far less
sodium enters the fiber during the upstroke than occurs in latent pacemaker cells such as Purkinje fibers. As a result, the
activity of the sodium pump is probably not increased to the same extent in sinus node cells after a period of overdrive
and, therefore, there is less overdrive suppression. The relative resistance of the normal sinus node to overdrive suppres-
sionmay be important in enabling it to remain as the dominant pacemaker evenwhen its rhythm is transiently perturbed
by external influences (such as transient shifts of the pacemaker to an ectopic site). The diseased sinus node, however,
may be much more easily overdrive-suppressed [].

Another mechanism that may suppress subsidiary pacemakers, in addition to overdrive suppression, is the electronic
interaction among pacemaker cells and the nonpacemaker cells in the surrounding myocardium [] (> Fig. .). This
mechanismmay be particularly important in suppressing AV nodal automaticity []. AV nodal cells have intrinsic pace-
maker activity that may be nearly as rapid as that in the sinus node. This can be demonstrated in small pieces of the AV
node superfused in a tissue chamber []. Such pacemaker activity is not easily overdrive-suppressed, probably for the
same reasons discussed above for the sinus node. However, the pacemaker activity of the AV node may be suppressed
by axial current flowing through the connections between the node and the surrounding atrial cells (> Fig. .). The
atrial cells have resting potentials which are more negative that those of the nodal cells and are not latent pacemak-
ers. As a result of the more negative potentials of the atrial cells, current flow between them and the nodal cells should
be in a direction which prevents spontaneous phase  depolarization of the latter. This current flow is apparently suf-
ficient to prevent nodal automaticity despite the paucity of the intercellular junctions in the nodal region. The same
mechanisms might be operative in the other regions of the atria where latent pacemaker cells may be surrounded by
nonpacemaker cells, or in the distal Purkinje system where the Purkinje fibers are in contact with working ventricular
muscle [].

Arrhythmias caused by the normal automaticity of the cardiac fibers may occur for several different reasons. Such
arrhythmias might result simply from an alteration in the rate of impulse initiation by the normal sinus node pacemaker
without the shift of impulse origin to an ectopic site; sinus bradycardia and tachycardia are such arrhythmias.The cellular
mechanisms which can change the rate of impulse initiation have been described above.

A shift in the site of impulse initiation to one of the regions where subsidiary pacemakers are located is another factor
which results in arrhythmias caused by a normal automatic mechanism.This would be expected to happen when any of
the following occurs:

(a) The rate of the sinus node pacemaker falls considerably below the intrinsic rates of the subsidiary pacemakers;
(b) Inhibitory electrotonic influences between nonpacemaker and pacemaker cells are interrupted;
(c) Impulse initiation in subsidiary pacemaker cells is enhanced.

The rate at which the sinus node activates subsidiary pacemakers may be decreased in a number of situations. Impulse
initiation by the sinus nodemay be slowed or completely inhibited by heightened activity in the parasympathetic nervous



Cellular Electrophysiological and Genetic Mechanisms of Cardiac Arrhythmias  

0 mV

0 mV

1

1

2

a

b

2

1

2

21

– 60 mV

– 80 mV

0 mV

– 60 mV

– 80 mV

0 mV

⊡ Figure .

Part (a) is a diagrammatic representation of the effects of current flow from a cell with a high resting potential on the

spontaneous diastolic depolarization of a cell with a lower resting potential; , the transmembrane potential of a cell with

a maximum diastolic potential of −mV and spontaneous diastolic depolarization (∗); , the transmembrane potential of

an adjacent cell with a steady maximum diastolic potential −mV(∗). Below it is a schematic representation of the mem-

brane during the diastolic period. Since  has a lower potential across the membrane than , there is a flow of positive charge

from  to  in extracellular space and from  to  in intracellular space, tending to oppose the decrease inmembrane potential.

Part (b) shows the interaction between: , a cell with a steady low membrane potential of −mV and , a cell with a higher

membrane potential but spontaneous diastolic depolarization. Below is a schematic representation of themembrane during

the diastolic period. Current (positive charge) flows from the cell with the higher membrane potential  in extracellular space

and from  to  in intracellular space. This has a depolarizing effect on  and accelerates spontaneous diastolic depolarization

while having some hyperpolarizing effects on .

system [], or as a result of sinus node disease []. Alternatively, there may be block of impulse conduction from the
sinus node to the atria or block of conduction from the atria to the ventricles. Under any of the above conditions there
may be “escape” of a subsidiary pacemaker as a result of the removal of overdrive suppression by the sinus pacemaker. As
stated earlier, there is a natural hierarchy of intrinsic rates of subsidiary pacemakers, with atrial pacemakers having faster
intrinsic rates than ventricular pacemakers [–, ]. Once overdrive suppression is removed, the pacemaker with the
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faster rate becomes the site of impulse origin after sinus node inhibition []. As a result, there is a tendency for ectopic
rhythms to arise in the atria or the AV junction when the sinus node impulse initiation is impaired or when there is sinus
exit block. During AV block, the pacemaker will be in the AV junction or ventricular specialized conducting system,
depending on the site of the block. The His bundle has a faster intrinsic rate than the more distally located Purkinje
fibers []. Sometimes, however, pathologic processes that are responsible for the suppression of impulse initiation in
the sinus node also suppress pacemaking in the atria and AV junction, so ectopic impulses may occur in the ventricular
conducting system.Thismay occur during the sick sinus syndromewhere ectopic ventricular beats, rather than junctional
beats sometimes occur during the period of sinus bradycardia or arrest [].

Any event which decreases intercellular coupling among latent pacemaker cells and surrounding nonpacemaker cells
also removes inhibitory influences on the latent pacemakers []. Coupling might be reduced by fibrosis which can sep-
arate myocardial fibers. For example, fibrosis in the atrial aspect of the AV junctional region that results in heart block
might release nodal pacemakers from electrotonic suppression by surrounding atrial cells and permit them to become the
dominant pacemakers of the ventricle. Uncoupling might also be caused by factors which increase the intracellular Ca+

[] since intracellular calcium levels control coupling resistance among myocardial cells. This might result, for example,
from treatmentwith digitalis [], which inhibits the Na/K pump and sodiumextrusion, and thus increases calcium levels
in the cell [].

Subsidiary pacemaker activity also may be enhanced, causing impulse initiation to shift to ectopic sites, even when
sinus node function is normal. Norepinephrine released locally from sympathetic nerves steepens the slope of diastolic
depolarization of latent pacemaker cells [, ], and diminishes the inhibitory effects of overdrive []. Localized effects
may occur in the absence of sinus node stimulation []. Therefore, sympathetic stimulation may enable membrane
potential of ectopic pacemakers to reach threshold before they are activated by an impulse from the sinus node, resulting
in ectopic premature impulses or automatic rhythms. From studies of isolated tissues superfused with catecholamines
and from studies on sympathetic stimulation in dogs, it appears that the limit for automatic rates generated by subsidiary
pacemakers in the atria is close to min− [], and in the Purkinje fibers of the ventricles around min− [].
Normal automaticity enhanced by sympathetic stimulation, therefore, probably does not cause very rapid ventricular
rhythms although it might cause atrial tachycardia.

The flow of current between partially depolarized myocardium and normally polarized latent pacemaker cells, also
might enhance automaticity []. The mechanism has been proposed to be a cause of the ectopic beats that arise in the
ventricle []. Ischemia causes a reduction in membrane potential of the affected cells. Thus, at the border of an ischemic
area there is a transition,whichmight be quite abrupt, betweendepolarized andnormal tissue.As a result of the differences
in membrane potential, depolarizing current is expected to flow into the normal area and if cells in this area have some
spontaneous diastolic depolarization (Purkinje fibers adjacent to the infarct) it would be enhanced, possibly to an extent
sufficient to cause spontaneous impulse initiation (> Fig. .).

Inhibition of the electrogenic sodium-potassium pump results in a net increase in inward current during diastole
because of the decrease in outward current normally generated by the pump and, therefore, increases automaticity in
subsidiary pacemakers. This might occur after adenosine triphosphate (ATP) is depleted during prolonged hypoxia or
ischemia or in the presence of toxic concentrations of digitalis []. A decrease in the extracellular potassium level also
enhances normal automaticity [], as does acute stretch [].

Working atrial and ventricular myocardial cells do not normally show spontaneous diastolic depolarization. However,
if left unstimulated for long intervals atrialmyocardium can depolarized to lowermembrane potentials at which abnormal
automaticity (see below) is initiated []. This membrane depolarization is attributed to two causes: () in the absence
of frequent stimulation the hyperpolarizing effect of the Na/K pump is lost; () The inward rectifying current Ik which
is responsible for maintaining a high membrane potential is weak in atrium []. In contrast, ventricular myocardium
does not initiate spontaneous impulses even when it is not excited for long periods of time by propagated impulses.
Although, Na/K pump function is minimal in this setting, there is a prominent Ik in ventricle which maintains cells at a
high membrane potential.

Neither atrial nor ventricular myocardium expresses pacemaker currents at the normal range of membrane poten-
tials, although the pacemaker current, If , is present in myocardium, activating at membrane potentials around −mV,
far outside the physiologic range []. Interestingly, in settings of myocardial hypertrophy [] and failure [] the acti-
vation of If shifts to more positive voltages, within the physiologic range. This has led to the suggestion [] that some
arrhythmias occurring in clinical disease may in fact result from an If -based automatic mechanism.
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... Abnormal Automaticity

In some instances of cardiac disease, the resting potentials of the atrial or ventricular myocardial cells are reduced. The
same reduction can be achieved experimentally.Whenmembrane potential is less than about −mV, spontaneous dias-
tolic depolarization may occur and cause repetitive impulse initiation [–]. This is called “abnormal automaticity.”
Likewise, cells such as those in the Purkinje system which are normally automatic at high levels of membrane poten-
tial also show abnormal automaticity when the membrane potential is reduced (> Fig. .) [, ]. However, if a low
level of membrane potential is the only criterion used to identify abnormal automaticity, the automaticity of the sinus
node would have to be considered abnormal. Therefore, an important distinction for abnormal automaticity is that the
membrane potentials of fibers showing this type of activity are markedly reduced from their own normal level.

At the low level of membrane potential at which abnormal automaticity occurs, it is likely that at least some of the
ionic currents causing the automatic activity are not the same as those causing normal automatic activity. A likely cause of
automaticity at membrane potentials of around −mV is deactivation of K+ current Ik [].This current under normal
control conditions produces repolarization of the membrane after the upstroke of an action potential. In addition, the
spontaneously occurring action potentials usually have upstrokes dependant on slow inward Ca+ current [] because
the fast inward Na+ current is inactivated at the low levels of membrane potential.

The decrease in membrane potential of cardiac cells required for abnormal automaticity to occur may be induced by
a variety of factors related to cardiac disease. The causes of a low resting potential are best considered in terms of the
Goldman-Hodgkin-Katz equation [] which closely approximates the resting potential Vr of working myocardial cells
over a wide range of extra cellular K+ concentrations.

Vr = RT
F

In( [K]o + PNa/PK[Na]o[K]i + PNa/PK[Na]i )

⊡ Figure .

Normal and abnormal automaticity in a canine Purkinje fiber. Part (a) shows automatic firing of a Purkinje fiber with a max-

imum diastolic potential of −mV. Part (b) shows the abnormal automaticity that can occur when membrane potential is

decreased: in , the fiber is depolarized (at the arrow) to a membrane potential of −mV by injecting a long lasting current

pulse throughamicroelectrodeand threeautomatic actionpotentials occur, in , a larger amplitude current pulse at thearrow

reduces membrane potential to−mV, resulting inmore sustained automatic activity; in , a still larger current pulse at the

arrow reduces membrane potential to −mV and automatic activity occurs at a still faster rate. Automaticity in atrial and

ventricular muscle also occur when the membrane potential is decreased in a similar way (Reproduced with permission after

Wit and Friedman () © AmericanMedical Association, Chicago, Illinois).
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where R is the gas constant, F is the Faraday, T is the absolute temperature, [K]o and [K]i are the extracellular and intra-
cellular K+ concentrations, respectively; PNa/Pk is the ratio of the permeability coefficients for Na+ and K+, and [Na]o
and [Na]i are the extracellular and intracellular Na+ concentrations, respectively.

The several ways in which the resting potential can be less negative according to this equation are that [K]o might
be increased, [K]i might be decreased, or the ratio PNa/PK might be increased following either an increase in PNa

(sodium permeability of the sarcolemma) or a decrease in PK (potassium permeability of the sarcolemma). Any one
of these changes would by itself cause the resting potential to decline and more than one change might occur in diseased
cell [].

Although an increase in extracellular potassium concentration can reduce membrane potential, automatic firing in
working atrial, ventricular, and Purkinje fibers usually does not occur when [K]o is elevatedbecause of the increase in K+

conductance (and, hence, net outward current) that results from an increase in [K]o+ []. However, atrial fibers in the
mitral valve [] and fibers in theAVnodemayhave automatic activity evenwhen [K]o ismarkedly elevated.Adecrease in
[K]i has been shown to occur in the Purkinje fibers which survive on the endocardial surface of infarcts and this decreases
persists for at least  h after coronary occlusion [].The reduction in [K]i undoubtedly contributes to the lowmembrane
potential in these cells, although changes in membrane conductance are also responsible []. These Purkinje fibers have
abnormal automaticity [, ]. Preparations of diseased atrial and ventricular myocardium from human hearts show
phase  depolarization and abnormal automaticity at membrane potentials in the range − to −mV [–]. It has
been proposed that a decrease in membrane potassium conductance, PK, is an important cause of the low membrane
potentials in the atrial fibers [].

Myocardial fibers with low resting potentials will not fire automatically if the sinus node drives them faster than their
intrinsic abnormal, automatic rate. An abnormal automatic focus should manifest itself and cause an arrhythmia when
the sinus rate decreases below the intrinsic rate of the focus or when the rate of the focus increases above that of the sinus
node, as was discussed for latent pacemakers with normal automaticity. A similar interplay between maximum diastolic
potential, threshold potential and rate of phase  depolarization determines the rate of impulse initiation by the abnormal
pacemaker. However, there is an important distinction between the effects of the dominant sinus pacemaker on the two
kinds of foci, that is abnormal automaticity is not overdrive-suppressed to the same extent as the normal automaticity
that occurs at high levels of membrane potential [–]. Moreover, the extent of suppression of spontaneous diastolic
depolarization by overdrive is directly related to the level of membrane potential at which the automatic rhythms occur
[, ] (> Fig. .). For example, Purkinje fibers showing automaticity at membrane potentials of − to −mV
still manifest some overdrive suppression, although less than those fibers with automaticity at −mV. Automaticity in
Purkinje fibers with membrane potentials less than −mV is only slightly suppressed by short periods of overdrive.
These differences in the effects of overdrive may be related to the reduction in the amount of sodium entering the cell
membrane as potential decreases, and therefore, the degree to which the sodium- potassium pump is stimulated. (As the
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⊡ Figure .

Effects of overdrive stimulation on abnormal automaticity occurring at a membrane potential of −mV. Abnormal auto-

maticity was caused by adding .mmol BaCl to the Tyrode’s superfusate. The control cycle length is ms. Stimulation

cycle is ms and the period of stimulation is denoted by the stimulus artifacts. The stimulation was stopped at the arrow.

Note the absence of overdrive suppression (Reproduced with permission afterDangman andHoffman () © Futura,Mount

Kisco, New York).
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membrane potential is reduced and the Na+ channels inactivated there is a decrease in the fast inward sodium current
and hence a decrease in activation of the pump [].) For markedly depolarized tissue showing no suppression after brief
periods of overdrive, long periods of rapid overdrive can suppress automaticity either because Na+ can enter the cell
through the slow channel to stimulate the pump [] or because calcium entering during the upstroke of slow response
action potentials is exchanged for sodium, thereby elevating [Na]i [].

At normal sinus rates there may be little overdrive suppression of pacemakers with abnormal automaticity. As a result
of the lack of overdrive suppression, even transient sinus pauses or occasional long sinus cycle lengths may permit the
ectopic focus to capture the heart for one ormore beats.On the other hand, an ectopic pacemaker with normal automatic-
ity would probably be quiescent during relatively short, transient sinus pauses because they are overdrive- suppressed. It
is possible that the depolarized level of membrane potential at which abnormal automaticity occurs might cause entrance
block into focus and prevent it form being overdriven by the sinus node []. This would lead to parasystole, an example
of an arrhythmia caused by a combination of an abnormality of impulse conduction and initiation (discussed in more
detail later in this chapter).

The firing rate of an abnormally automatic focus might also be enhanced above that of the sinus node, leading
to arrhythmias in the absence of sinus node suppression or conduction block between the focus and surrounding
myocardium. The automatic rate is a direct function of the level of membrane potential– the greater the depolarization,
the faster the rate [–]. Experimental studies have shown firing rates in muscle and Purkinje fibers of –min−

at membrane potentials less that −mV and these rates appear to be sufficiently rapid to enable these pacemakers to
control the heart. Catecholamines also increase abnormal automaticity ll[].

... Some Clinical Characteristics of Arrhythmias Caused by Automaticity

Thus far, we have considered the influences of the sinus node pacemaker on subsidiary pacemakers with different auto-
maticmechanisms.The sinus node probably exerts an inhibitory effect on the normal automaticmechanism by overdrive
but has lesser inhibitory effects on the abnormal one.These known effects of overdrive on pacemaker mechanismsmight
sometimes be of use in distinguishing automatic arrhythmias caused by triggered activity or reentry (see > Sect. ..)
in the in situ heart, or in distinguishing arrhythmias caused by normal automaticity from those caused by abnormal auto-
maticity []. If a tachycardia is caused by normal automaticity it could be predicted that the rate of tachycardia should be
suppressed immediately after it is overdriven by electrical stimulation, even when the overdrive period is relatively short
(> Fig. .).The transient pause after overdrive should be followed by a gradual speeding up of the ectopic rhythm until
the original rate is resumed.The duration of the transient pause and the time required for resumption of the original ratel+
is directly related to the rate and duration of overdrive. It is important to stress, however, that the tachycardia is not ter-
minated but only suppressed transiently. This behavior is a result of the increased activity of the sodium-potassium pump
discussed previously. During overdrive of atrial or sinus tachycardias, acetylcholine may be released from electrically
stimulated nerve endings and contribute further to the overdrive suppression [].

The characteristic behavior of normally automatic pacemakers has been demonstrated in some clinical and experi-
mental electrophysiological studies on both atrial and ventricular tachycardias [, ]. On the other hand, tachycardias
caused by abnormal automaticity should not be suppressed by overdrive, unless the overdrive period is long and the rate
fast []. The difficulty in suppressing such tachycardias by overdrive stems from a lesser amount of Na+ entering the
cells, as previously mentioned. Short periods of overdrive can even result in a transient speeding of the tachycardia rate
(overdrive acceleration) []. Accelerated idioventricular rhythms or tachycardia in canine myocardial infarction are not
easily overdrive-suppressed and therefore may be caused by abnormal automaticity [].

In addition to overdrive, the response of the rhythm to programmed premature stimuli applied to the heart is some-
times useful in determining the mechanism of clinical arrhythmias []. Of major importance is the fact that automatic
rhythms caused by either normal or abnormal automaticity cannot be terminated by premature impulses (nor can they
be started by premature impulses–in contrast, see effects of stimuli on triggered activity and on reentry discussed in
> Sect. ..). Other than that, premature impulses induced at different times during diastole may transiently perturb
the rhythm during the subsequent few cycles. Detailed descriptions of the effects of premature impulses in automatic
impulse initiation have been published [–].
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⊡ Figure .

Effects of overdrive on ventricular tachycardia that may be caused by automaticity. Leads I, II, and III of the ECG are shown.

In (a), a burst of rapid stimuli St is followed by a short pause and then recurrence of tachycardia, In (b), a burst of five stimuli

is followed by a greater suppression of tachycardia, allowing the occurrence of two sinus beats. Tachycardia then reappears

(Reproduced with permission after Fontaine et al. () © Futura, Mount Kisco, New York).

.. Afterdepolarizations and Triggered Activity

Afterdepolarizations are oscillations in membrane potential that are induced by, and follow, an action potential. These
oscillations are divided into two categories: early afterdepolarizations, which precede full repolarization of themembrane;
and delayed afterdepolarizations, which follow full repolarization. Both of these types of afterdepolarizations are, in turn,
capable of initiating arrhythmias referred to as “triggered” []. Triggered arrhythmias must be initiated by a conducted
or stimulated action potential (the trigger) and cannot arise during a period of quiescence such as that caused by sinus
node inhibition []. This contrasts with normal or abnormal automaticity which have just been described.

... Early Afterdepolarizations

Early afterdepolarizations most frequently occur during repolarization of an action potential which has been initiated
from a high level of membrane potential (usually − to −mV). They may appear as an oscillation at the plateau level
of membrane potential or later during phase  of repolarization. Under certain conditions these oscillations can lead to
a second upstroke or action potential (see > Fig. .). When the oscillation is large enough, the decrease in membrane
potential leads to an increase in inward (depolarizing) current and a second action potential occurs prior to complete
repolarization of the first.

This second action potential occurring during repolarization is triggered in the sense that is evoked by an early after-
depolarization which, in turn is induced by the preceding action potential. Without the preceding action potential there
would be no second upstroke.The second action potential may also be followed by other action potentials, all occurring at
the low level of membrane potential characteristic of the plateau of phase  (> Fig. .).The sustained rhythmic activity
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Early afterdepolarizations in Purkinje fibers. Part (a) shows the transmembrane potential recorded from a Purkinje fiber

stimulated at a cycle length (CL) of  s. Repolarization appears to be normal. In (b), when CL is increased to  s, an early after-

depolarization appears during phase  of repolarization (arrow). At the right a second upstroke or triggered action potential

arises from the early afterdepolarization (arrow). In (c), at a CL of  s, a single triggered action potential (arrow) occurs during

phase  of each stimulated actionpotential. Anearly afterdepolarizationalso occursduring theplateauof the triggered action

potential (small arrow). In (d), at a CL of  s, a burst of triggered action potentials occurs during phase  of each stimulated

action potential (arrows point to stimulated action potentials) (Reproduced with permission after Damiano and Rosen ()

© American Heart Association, Dallas, Texas).

that ensues may continue for a variable number of impulses andmay terminatewhen the increase inmembrane potential
associated with repolarization of the initiating action potential returns membrane potential to a high level. Triggered
activity may occur again when the next action potential is initiated from the high level membrane potential. Sometimes
repolarization to this high levelmay not occur, andmembrane potential may remain at the plateau level or at a level inter-
mediate between the plateau and the resting potential. The sustained rhythmic activity may then continue at the reduced
level of membrane potential.

There are some conceptual difficulties associated with triggered activity caused by early afterdepolarizations [].
According to the definition of triggered activity, there is no problem in characterizing the second action potential that is
induced by an early afterdepolarization and occurs during repolarization as being triggered. However, if a series of action
potentials arises following this premature upstroke and before the cell repolarizes to a high resting potential, it might be
wondered whether these action potentials are triggered or whether they occur only because the membrane potential has
been shifted into a region where abnormal automatic activity occurs. The previous section pointed out how abnormal
automaticity occurs at reduced membrane potentials. Certainly, based on the response of the sustained rhythm to pacing
(see below), it is not readily differentiated from abnormal automaticity occurring at low membrane potentials. It is for
this reason the authors think it appropriate to suggest that only the first action potential is triggered and the remaining
are automatic. As a result, themajor differentiation between triggered and abnormally automatic rhythmsmay be that the
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former result from interruption of repolarization by an oscillation (which is triggered) and the latter from depolarization
of the membrane to the same range of potentials. Hence, the inciting events differ but the subsequent rhythm may be
the same.

The ionic mechanisms which cause early afterdepolarizations likely result from abnormalities in the repolarizing
membrane currents. During the plateau phase of the action potential, the rate of membrane repolarization is very slow
and the net repolarizing membrane current is very small.This net current is outward throughout the range of membrane
potentials between zero and the resting potential []. The net repolarizing current results from an imbalance between
inward and outward currents. The inward current component includes a background Na+ current, Na+ current flowing
through incompletely inactivated sodium channels [] and the slow inward Ca+ current []. The major outward cur-
rents are carried by potassium via rapidly activating (IKr) and slowly activating (IKs) delayed rectifier currents, which
are voltage gated []. Also contributing to outward membrane current in the plateau range is the electrogenic sodium-
potassiumpump []. Normally the net outwardmembrane current shiftsmembrane potential progressively in a negative
direction and the final rapid phase of action-potential repolarization takes place. An early afterdepolarizationmight occur
if there is a shift in the current-voltage relationship resulting in a region of net inward current during the plateau range
of membrane potentials. This would retard or prevent repolarization [] and might lead to a secondary depolarization
during the plateau phase or phase  if regenerative inward current is activated.The second upstroke and any subsequent
action potentials that arise from the low levels of membrane potential during the plateau are Ca+-dependant; that is, the
inward current responsible for the upstroke flows through the Ca+ channel because that fast channel is inactivated [].
Action potentials which arise during phase  might have upstrokes caused by current flowing through partially reacti-
vated fast sodium channels or a combination of slow and fast channels. More recent research has suggested that either
a Ca window current [] alterations in Ca loading and Na/Ca exchange current [] and/or calmodulin kinase activity
[] also may contribute to early afterdepolarizations.

Conditions that increase the inward current components or decrease the outward current components during repo-
larization are expected to induce the shift in the current- voltage relationship which causes early afterdepolarizations.
Experimental drugs such as aconitine [] and veratridine [] cause early afterdepolarizations probably by increasing
Na+ conductance during the plateau phase. Although these drugs are not clinically important, their effects demonstrate
that if similar increases in conductance were caused by cardiac pathology, triggered activity would occur. Early afterdepo-
larizations can also occasionally be seen in Purkinje fibers superfused with normal Tyrode’s solution soon after they have
been excised from the heart. These early afterdepolarizations might be caused by relatively nonspecific inward current
flowing via incompletely healed cutsmade at the ends of fibers, or through other regions injured by stretching or crushing
during the dissection []. This suggests the interesting possibility that mechanical injury or stretch of Purkinje fibers in
situ might cause triggering. Stretch of the cardiac fibers in the ventricles might occur in heart failure or in ventricular
aneurysms. Mechanical injury might also occur in the area of an infarct or aneurysm.

Early afterdepolarizations leading to triggered activity in isolated cardiac preparations may also be caused by factors
which are present in the heart in situ under some pathological conditions. Among these factors are hypoxia [], high
pCO [] and high concentrations of catecholamines []. Data are not yet available which elucidate how they exert their
effects. Since catecholamines, hypoxia, and elevated pCO may be present in an ischemic or infarct regions of the ven-
tricles, it is possible that early afterdepolarization may cause some of the arrhythmias which occur soon after myocardial
ischemia.

Some drugs that have been used clinically and that markedly prolong the time course for repolarization, such as the
β-receptor blocking drug sotalol [] and the antiarrhythmic N-acetyl procainamide [], also cause early afterdepo-
larizations and triggered activity. These drugs have been shown to cause cardiac arrhythmias that may be triggered in
experimental animals and in patients [] (see > Fig. .). Single triggered impulses occurring as a result of early after-
depolarizations should induce premature depolarizations having fixed coupling intervals to the preceding beat (since they
occur during repolarization of an action potential accompanying the preceding beat). Hence, a bigeminal rhythm would
occur if each action potential caused by propagation of the normal sinus impulse were followed by a second upstroke
caused by an early afterdepolarization. If a train of triggered action potentials occurs during repolarization, it would be
expected to cause a paroxysm of tachycardia with the first impulse of tachycardia having a fixed coupling interval to
the preceding eat. Tachycardias would terminate when repolarization of the triggering action potential occurs. Usually,
the rate of activity during the repolarization of the triggering action potentials slows gradually before termination. Thus
termination of the triggered tachycardias might be expected to be preceded by gradual slowing of the tachycardias.
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Ventricular arrhythmias thatmight be caused by early afterdepolarizations in the dog (a), the control electrocardiogram of a

dog with experimentally induced heart block; (b) and (c), traces after mg kg− N-acetyl procainamide (NAPA) was injected

intravenously; (d) and (e), traces taken after mg kg− NAPAwas administered. NAPA prolongs Purkinje fiber action poten-

tial duration, causing early afterdepolarization and triggered activity. In (c) coupled ventricular premature depolarizations

caused by the NAPA are evident. In (d) and (e), short runs of ventricular tachycardia can be seen. The first impulse of tachy-

cardia has a relatively fixed coupling to the QRS (Reproduced with permission after Dangman and Hoffman () ©Williams

andWilkins, Baltimore, Maryland).

Since the occurrence of early afterdepolarizations is facilitated by a decrease in the net repolarizing current, a slowing
of the rate at which the triggering action potentials are elicited might also favor the occurrence of the afterdepolariza-
tions (> Fig. .). As the drive rate slows, action potential duration is prolonged, reflecting a decrease in net outward
current. It, therefore, seems likely that some tachycardias which occur after a period of bradycardia might be caused
by early afterdepolarizations []. It is likely that tachycardias in patients with the congenital and acquired long QT
interval syndromes (in which there is prolonged repolarization) are triggered []. Certainly, experimental animal stud-
ies [, ] as well as the clinical literature [] point to early afterdepolarizations and triggered activity as a cause of
torsades de pointes, the characteristic and often lethal arrhythmia of congenital and acquired LQTS.The clinical applica-
bility of this mechanism wasmost dramatically brought home by the SWORD trial [], in which d- Sotalol, a drug that
blocks the HERG channel that carries IKr was found to cause excess deaths in a population of post-myocardial infarction
patients.

It is instructive to attempt to predict the effects of stimulation of the heart on triggered arrhythmias caused by early
afterdepolarizations, since various stimulation protocols are used in attempts to determine the mechanisms causing
clinical arrhythmias. Overdrive stimulation during sinus rhythm should prevent occurrence of paroxysmal triggered
tachycardias since rapid stimulation usually decreases the duration of the action potential; that is, an action poten-
tial of short duration does not favor the occurrence of early afterdepolarizations. However, once overdrive pacing is
stopped, the paroxysms of tachycardias might spontaneously reappear as action potential duration again lengthens. The
response of the triggered tachycardias to overdrive (during tachycardia) is similar to the response of abnormal auto-
maticity to overdrive []; these rhythms are not easily terminated or suppressed by brief periods of overdrive but are
suppressed transiently by periods of pacing in the range of –min. The tachyarrhythmias induced by early afterdepo-
larizations are not terminated readily by single interpolated stimulated impulses, but can be reset in much the same way
as automatic rhythms. The similar response to overdrive pacing of the tachyarrhythmias induced by early afterdepolar-
izations and of abnormal automaticity is further evidence that the two phenomena are caused by a similar mechanism as
mentioned above.
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... Delayed Afterdepolarizations

Delayed afterdepolarizations are oscillations in membrane potential that occur after repolarization of an action potential
and are induced by that action potential (> Fig. .). One or more oscillations may occur after each action potential.
Delayed afterepolarizations may be subthreshold, but when they are large enough to bring the membrane potential to
the threshold of a regenerative inward current, a nondriven (triggered) impulse arises which may also be followed by an
afterdepolarization. The impulse is said to be triggered since it would not have occurred without the preceding action
potential [, , ].

Delayed afterdepolarizations occur under a number of conditions in which there is either a large increase in the
intracellular calcium, or an abnormality in the sequestration or release of calcium by the sarcoplasmic reticulum, or a
combination of the two. One of the most widely recognized causes is toxic concentrations of cardiac glycosides [–].
Cardiac glycosides inhibit the Na+-K+ pump thereby leading to an increase in [Na]i. This in turn increases the intracel-
lular Ca+ through a Na+-Ca+ exchange mechanism []. Delayed afterdepolarizations caused by digitalis can occur
in Purkinje fibers and in working atrial and ventricular muscle fibers although Purkinje fibers seem to develop them at
lower drug concentrations []. Other experimental maneuvers which inhibit the Na+-K+ pump also increase the intra-
cellular calcium and cause delayed afterdepolarizations similar to those induced by digitalis. A prime example is exposure
of cardiac fibers to a K+-free extracellular environment [].

Catecholamines can cause delayed afterdepolarizations [, , ], and delayed afterdepolarizations and triggered
activity induced by catecholamine have been described in atrial fibers of the mitral valve [] and coronary sinus
[], as well as other regions of the atria []. Ventricular muscle fibers and Purkinje fibers also can develop delayed
afterdepolarizations in the presence of high concentrations of catecholamines [, ].

Delayed afterdepolarizations may also occur in the absence of drugs or catecholamines.They have been identified in
fibers in the upper pectinate muscles bordering the crista terminalis in the rabbit heart [], in hypertrophied ventric-
ular myocardium [], in human atrial myocardium [], in Purkinje fibers surviving on the subendocardial surface of
canine infarcts [], and in atrial fibers in sleeves of myocardium extending into the pulmonary veins (in which early
afterdepolarizations also have described) []. Triggered activity in the pulmonary veins has been hypothesized as a likely
cause of paroxysmal atrial fibrillation [, ]. The exact relationship of hypertrophy or ischemia to the occurrence of
delayed afterdepolarizations in not known yet in any detail, but in the former uptake and release of calcium by sarcoplas-
mic reticulum may be abnormal [] and in the latter there may be an increase in [Ca]i secondary to an increase in
[Na]i [].

Themechanisms by which elevated intracellular Ca+ causes delayed afterdepolarizations have been explored in stud-
ies utilizing voltage-clamp techniques to control the depolarization of the membrane and to measure ionic currents
[, –]. Delayed afterdepolarizations result from a transient inward current which is activated by repolarization
after a depolarizing voltage-clamp pulse (> Fig. .). The voltage clamp pulse is somewhat comparable to an action
potential. Increasing the magnitude of the depolarization in the plateau voltage range increases the magnitude of the
current and causes the peak to be reached more rapidly. The transient inward current also increases in amplitude with
increasing duration of the voltage clamp pulse or increasing pulse frequency (see below). All these changes in the char-
acteristics of the clamp pulse may lead to an increase in [Ca+]i , at least partly from an increase in the slow inward
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⊡ Figure .

Delayed afterdepolarizations caused by catecholamines recorded from an atrial fiber in an isolated, superfused preparation

of canine coronary sinus tissue. The afterdepolarization amplitude is increasing with each stimulated impulse until it reaches

threshold and causes triggered activity, as indicated by the black arrows at the right.
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Some characteristics of the transient inward current in calf Purkinje fibers. The preparation was exposed to μm strophan-

thidin, Traces a and b show the protocol. The membrane potential was clamped at a holding potential of −mV and

depolarizing voltage-clamp pulses were imposed for either  s (a) or  s (b). The depolarization ranged from − to +mV

as indicated on the left side of the figure. The membrane currents recorded during this clamp protocol are shown in each

column. The transient inward (TI) current responsible for delayed afterdepolarizations is indicated by the arrows. The TI cur-

rent is larger after longer duration voltage clamppulses and after pulses to around −mV (Reproduced with permission after

Lederer and Tsien () © Cambridge University Press, London).

current []. The amplitude of the transient inward current is maximal at membrane potentials of − to −mV and
decreases at both lower and highermembrane potentials,Thus, the transient inward current is significantly different from
the pacemaker currents which cause automatic rhythms.

From these characteristics of the transient inward current, it can be predicted that the followingwill lead to an increase
in delayed afterdepolarization amplitude and cause triggered activity:

(a) An increase in the amplitude and/or duration of the action-potential plateau [];
(b) An increase in the frequency at which action potentials are induced;
(c) A decrease in the resting membrane potential in muscle or Purkinje fibers from normal levels around −mV

to −mV to less than −mV [].

The link between the depolarization pulse (whether caused by voltage clamp or by an action potential) and the subse-
quent transient inward current may involve release and reuptake of calcium from the sarcoplasmic reticulum. Normally,
release is initiated by the depolarization phase of the action potential and reuptake is complete by the end of the action
potential. However, if the sarcoplasmic reticulum is overloaded with calcium, it may not be able to take up all the calcium
and/or there may be secondary release of calcium after repolarization []. Certainly, spontaneous Ca+ release from the
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sarcoplasmic reticulum has been demonstrated both in single cardiac myocytes and in isolated cardiac trabeculae. More-
over, the occurrence of propagating Ca+ waves in myocytes that induce delayed afterdepolarizations has been reported
and validated [].

The increased level of cytoplasmic calcium has been proposed to alter sarcolemmal permeability, causing activation
of a nonspecific membrane channel that allow an inward rush of positive charge carried mainly by sodium, such that the
delayed afterdepolarization occurs []. However, there are some dissenting opinions concerning the mechanism for
the inward current during the afterdepolarization. It has also been proposed that this current results from electrogenic
exchange of intracellular calcium for extracellular sodium that results in the net transfer into the cell of positive charge
in the form of sodium ions, to generate an inward current [, ].

Delayed afterdepolarizations may not be large enough to reach threshold, in which case triggered activity does not
occur. As indicated previously, triggering may result in fibers showing subthreshold afterdepolarization if the rate at
which the fiber is driven is increased (> Fig. .a). In cardiac fibers with a single afterdepolarization following each
action potential, the amplitude of the afterdepolarization increases as the drive rate increases (unlike early afterdepolar-
izations which have the opposite relationship). At a sufficiently rapid drive rate the afterdepolarization attains a sufficient
amplitude to reach threshold and triggering occurs (> Fig. .a). A decrease in the length of even a single drive cycle,
that is, a premature impulse, may increase the amplitude of the afterdepolarization of the action potential that follows
the short cycle. As the premature impulse occurs earlier and earlier after the previous impulse, the amplitudes of the
afterdepolarizations which follow the premature impulses increase and may reach threshold, initiating triggered activity
(> Fig. .b). The likelihood of a premature impulse initiating triggered activity increases at more rapid basic drive
rates. In cardiac Purkinje fibers made digitalis toxic, at least two afterdepolarizations are usually present at relatively slow
rates of drive. The first afterdepolarization is larger than the second. As the drive cycle length is decreased to around
ms, the amplitude of the first oscillation increases to its maximum and triggered activity may occur. If it does not
occur and the drive cycle length is decreased further, the amplitude of the second afterdepolarization increases while the
first declines, and triggered action potentials may arise from the second oscillation [].

The increase in amplitude of delayed afterdepolarizations with increasing drive rate is also probably responsible for
perpetuation of triggered activity once the nondriven action potential has occurred. Since the first nondriven action
potential arises from the peak of a delayed afterdepolarization, the coupling interval between the upstroke of this trig-
gered action potential and the upstroke of the triggering action potential is usually shorter than the drive cycle length
which caused the first triggered impulse; that is, the first triggered action potential is, itself, premature. Hence, the after-
depolarization following the first nondriven action potential will be larger and a second triggered action potential will,
therefore, occur at a short coupling interval.The process thus perpetuates itself.

There may be some differences in the characteristics of triggered activity caused by delayed afterdepolarizations,
depending upon the cause.The initial period of triggered activity caused by catecholamines in atrial fibers is often charac-
terized by a gradual decrease in the cycle length afterwhich a relatively constant cycle length occurs [, ].This decrease
in cycle length may be accompanied by a decrease in maximum diastolic potential, (at least partly caused by accumu-
lation of K+ outside the cell during rapid activity owing to restricted diffusion in the extracellular space [, ]). The
decrease in maximum diastolic potential contributes to the gradual acceleration in the rate of triggered activity since the
rate increases as membrane potential decreases in the same way as we described for normal automaticity. Similar charac-
teristics for triggered activity caused by factors other than catecholamines have also been described in atrial, ventricular,
and Purkinje fibers. On the other hand, during triggered activity in Purkinje fibers exposed to toxic amounts of digitalis,
there is not usually a gradual increase in rate, but rather, themaximum triggered rate is attained after a few impulses [].

Triggered activity often terminates spontaneously. When catecholamine-induced triggered activity in atrial fibers of
the coronary sinus terminates, the rate usually slows gradually before termination. This gradual slowing is accompanied
by a progressive increase in the maximum diastolic potential. A delayed afterdepolarization usually follows the last trig-
gered impulse [, ]. The spontaneous termination of triggered activity in canine coronary sinus fibers (and probably
also in other types of cardiac fibers) is caused, at least in part, by an increase in the rate of electrogenic sodium extrusion
[]. Sodiumpump activity is enhanced by the increase in intracellularNa+ concentrationwhich results from the increase
in Na+ influx during the rapid period of triggered activity. The increase in outward sodium pump current increases the
maximum diastolic potential and reduces the rate of triggered activity; a sufficient increase in sodium pump current
terminates the triggered activity []. Triggered activity caused by digitalis toxicity probably stops by another mecha-
nism. Termination of a triggered burst is usually not associated with gradual slowing and hyperpolarization but often
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⊡ Figure .

Part (a) shows the effects of stimulus rate on afterdepolarization amplitude. Part (b) shows the effects of premature stimu-

lation on afterdepolarization amplitude and triggering. The transmembrane potentials shown were recorded from an atrial

fiber in the canine coronary sinus superfused with Tyrode’s solution containing norepinephrine. In (a), the cycle length is indi-

cated beneath each group of impulses. The afterdepolarization following the last driven impulse has an amplitude of m in

the first case and mV in the second. In the third case, sustained rhythmic activity is triggered. The rate is too rapid for the

individual upstrokes to be apparent. Maximum diastolic potential decreases during the initial period of triggered activity.

In (b), the bottom trace in each panel shows the stimulus pulses. Each panel shows the last two impulses of a series of ten

impulses, driven at a cycle length of  s, that did not cause triggering. A premature impulse is then induced at progressively

shorter coupling intervals. The amplitude of the afterdepolarizations during the basic drive varied from  to mV. In , the

afterdepolarization following premature action potential induced  s after the last basic action potential has an amplitude

of mV. In , at a shorter premature coupling interval of . s, the amplitude of the afterdepolarization following premature

action potential is mV. In , at a shorter premature coupling of  s triggered activity occurs following the premature action

potential (Reproduced with permission afterWit and Cranefield () © American Heart Association, Dallas, Texas).

by speeding of the rate, a decrease in action potential amplitude and membrane depolarization. Termination is probably
not related to activity of the Na+ pump since the pump is inhibited by the digitalis, but may be caused by Na+ or Ca+

accumulation in the cell secondary to the rapid rate. A decreased transmembrane concentration gradient to either Na+

or Ca+ might diminish the afterdepolarization and finally lead to cessation of activity.
Since, asmentioned before, electrical stimulation of the heart is one way in whichmechanisms of clinical arrhythmias

have been studied, it is worth reviewing the effects of stimulation on triggered activity caused by delayed afterdepolariza-
tions. Triggered tachycardias may be initiated by either an increase in heart rate or by premature impulses as described
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⊡ Figure .

Termination of triggered activity by overdrive stimulation. At the left the transmembrane potential from an atrial fiber in the

canine coronary sinus is shown during a period of triggered activity. Rapid overdrive stimulation was accomplished during

the period that is underlined. Immediately following this overdrive, the rate of triggered activity is accelerated. Later there

is a gradual slowing of the rate and a simultaneous increase in maximum diastolic potential until triggered activity stops

(Reproduced with permission afterWit et al. () © American Heart Association, Dallas, Texas).

above, and therefore triggered arrhythmias might be started by stimulating the heart. Triggered activity can also be termi-
nated by either premature or overdrive stimulation. It is sometimes possible to terminate triggered activity with a single
premature stimulus []. Such a premature impulse is followed by an increased afterhyperpolarization which, in turn,
is followed by an afterdepolarization that does not reach threshold because it arises from the more negative membrane
potential of the preceding afterhyperpolarization. More frequently, premature impulses will simply reset the triggered
rhythm in much the same way as they reset automatic rhythms. The ability of premature impulses to terminate triggered
activity is increased if they are preceded by a period of rapid drive [].

Triggered activity can also be terminated by overdrive (> Fig. .). The effects of overdrive are dependant both on
its rate and duration. During a short period of overdrive at a rate only moderately faster than the triggered rate there is
often a decrease in the maximum diastolic potential; following the period of overdrive the rate of the triggered activity
maybe faster than it was before overdrive, perhaps because of the decrease inmaximumdiastolic potential.This postover-
drive acceleration is similar to the acceleration which can occur during abnormal automaticity.The accelerated rate then
slows, and maximum diastolic potential increases until preoverdrive values are attained. If either the rate or duration
of overdrive is increased to a critical degree, the decline in maximum diastolic potential during overdrive is greater as
is the postoverdrive acceleration. In cardiac fibers in which triggered activity is caused by factors other than digitalis,
such as catecholamines, the maximum diastolic potential then increases and the rate gradually slows until activity stops
(> Fig. .). The increase in maximum diastolic potential and the slowing and termination of triggered activity fol-
lowing a period of overdrive are caused by enhanced activity of the electrogenic sodium pump. This enhanced activity
results from a transient increase in intracellular Na+ caused by the increased number of action potentials during over-
drive.The increased outward pump current following overdrive increasesmaximumdiastolic potential and slows the rate
as discussed above for spontaneous termination of triggered activity [].

Although overdrive stimulation also terminates triggered activity caused by digitalis, the mechanism for the termina-
tion may not involve enhanced electrogenic Na+ pump activity, since the pump is inhibited by the presence of digitalis.
Termination caused by overdrive usually is associated with depolarization rather than hyperpolarization and generally
occurs within several beats after the overdrive []. Termination may be caused by an increase in intracellular Na+ or
Ca+ resulting from the increased number of action potentials during the overdrive.

. Abnormalities of Repolarization and Their Genetic Determinants

Aswas demonstrated in >Chap. , the past decade has seen a vast increment in our understanding of themolecular deter-
minants of ion channels.> Figure . demonstrates how either a decrease in outward current or an increase in inward
current may result in prolongation of repolarization and an arrhythmia. Note that the prolonged repolarization in itself is
not arrhythmogenic unless it initiates dispersion of repolarization sufficient to facilitate reentry and/or is associated with
an early afterdepolarization that, in turn, initiates triggered activity.

We now appreciate that ion channelopathies associated with genetic or acquired alterations in channel structure can
alter repolarization importantly and give rise to arrhythmias. A major impetus to this understanding came from the
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Potential mechanisms underlying the induction of torsades de pointes by drugs that prolong repolarization. Depicted here is

an increase in action potential duration (APD) induced by drugs. As a result there can be the generation of early afterdepolar-

izations (EAD) and/or increased dispersion of APD. EAD can induce triggered activity and excess APD dispersion can induce

reentry. Bothmechanisms can result in torsades de pointes (Reproduced with permission from Ebert et al. ()).

pioneering work of Schwartz and colleagues on the congenital long QT syndrome (LQTS) [, ]. Their work demon-
strated that syndromes resulting from autosomal dominant inheritance resulted in long QT intervals on ECG, syncope,
and death from an arrhythmia having the characteristic torsades de pointes morphology [, ]. We now understand
that rather than a single disease entity characterized by a long QT interval on the electrocardiogram, lesions occur that
are literally family-specific in potassium and sodium channels [–]. With regard to the potassium channels, two
potassium channel pore-forming or α-subunits, (KvLQT and HERG) have been implicated in the LQT and LQT syn-
dromes, respectively, while two beta subunits, minK andMiRP are involved in LQT and LQT respectively. In addition,
the sodium channel, SCNA has been found associated with the LQT syndrome. All these subunits contribute to the
genesis of the arrhythmias in LQTS, although via different mechanisms. The K channels involved normally carry repo-
larizing currents, but lose function in LQTS such that there is a decrease in outward current through the ion channel in
question, thereby prolonging the duration of repolarization. In contrast, the Na channel manifests an increase in inward
current during the plateau of the action potential, giving rise to prolongation of repolarization.

The initial gene identified as associatedwith LQTSwas the KvLQT gene [] in which intragenic deletions, missense
mutations, deletion mutations and insertion mutations all have been described (see [] for summary). This family of
abnormalities was incorporated in the LQT family of channelopathies. Based on the association of the beta-subunit,
minK to impart normal function to KvLQT, it was also hypothesized and later demonstrated [] that mutations in
minK can also contribute to LQTS (LQT).

The secondmajor potassium channel involved in LQTSwas theHERGchannel (LQT). Intragenic deletions,missense
mutations and duplications [] all have been implicated here.The potassium channel subunitMiRP – largely associated
with HERG – also has been shown to express missense mutations contributing to LQTS [] (LQT).

The remaining channelopathy noted has not been in a potassium channel, but in the sodiumchannel, SCNA (LQT).
Missense mutations and intragenic deletions [] have been shown to contribute to the persistence of inward current
during the plateau of the action potential here.
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⊡ Figure .

The predicted secondary structure of the cardiac sodium channel and locations of mutations causing idiopathic ventricular

fibrillation (IVF) and chromsosome--linked long−QT syndrome (LQT). The channels consist of four putative transmembrane

domains (DI-DIV), with each domain containing six transmembrane segments (S-S-). IVFmutations are shown in green and

LQT- associatedmutations in red (Reproduced with permission from Chen et al. ()).

It is interesting to note that lesions close in locus to those in the SCNA channel are not uniquely associatedwith LQTS
(> Fig. .). Rather, it has been demonstrated that in the Brugada syndrome, in which there is also familial inheritance,
mutations in SCNA are associated with a loss of function or rapid recovery from inactivation of the sodium channels.
The arrhythmia is expressed far more in young adult males than in females and has shown a particular predilection for
Asian populations [, ]. Hence subtle differences among loci in the SCNA channel in Brugada’s syndrome and LQTS
result in major differences in terms of age, gender, and phenotypic expression of the arrhythmia seen.

A final arrhythmia to be mentioned is familial atrial fibrillation. The familial inheritance is well-established here,
linkages to chromosomes  and  have been identified and abnormalities in at least one ion channel (Iks) and the KvLQT
andmink subunits have been noted []. It is probable however that this information represents only a subset of patients
with familial atrial fibrillation.

. Alterations in Refractory Period

After the upstroke of the action potential, the sodium channels are inactivated, and the fast sodium current ceases to
flow. Inactivation of the inward Ca+ current and activation of outwardly directed potassium currents bring about repo-
larization.The sodium channels remain inactivated throughout the action potential plateau until repolarization increases
membrane potential levels negative to about −mV. Inactivation is then gradually removed as repolarization contin-
ues. Complete removal of inactivation occurs when membrane potential returns to around −mV. During the plateau,
when Na+ channels are inactivated, the cell cannot be excited. The period during which the cell cannot respond to an
impulse by initiating a propagated action potential is referred to as the “effective refractory period.” During the latter
phase of repolarization, progressive removal of inactivation allows increasingly large sodium currents to flow through
the still partially inactivated sodium channels when the cells are excited. This is the “relative refractory period.” The rate
of rise of action potentials initiated during the relative refractory period is reduced because theNa+ channels are only par-
tially reactivated. Hence, the conduction velocity of these “premature” action potentials is low. In cells with slow response
action potentials (sinus and AV nodes or depolarized myocardial fibers), the effective refractory period and recovery of
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excitability persists until after complete repolarization. Removal of inactivation of slow channels is time dependent as
well as voltage-dependent, and as result the relative refractory period extends well into diastole.

Alterations of both the effective and relative refractory periods may contribute to the occurrence of reentry in several
different ways. First, as indicated previously, a decrease in the effective refractory period can decrease the size of reentrant
circuits enabling them to exist in many localized areas of the heart. In fact, if the effective refractory period is decreased
sufficiently, more than one reentrant circuit can exist at a time in some regions [, ].The effective refractory period of
atrial muscle, for example, is decreased by the acetylcholine released during vagal stimulation. As a result, reentry in atrial
muscle causing atrial fibrillation is more easily induced during vagal stimulation []. Many reentrant circuits probably
exist simultaneously during this arrhythmia []. Action potential duration and effective refractory are decreased in
the ventricle during the early minutes of acute ischemia [], or in some of the ventricular muscle cells in chronically
ischemic areas, probably contributing to the occurrence of reentry []. Action potential duration and the effective
refractory period of Purkinje fibers just distal to a site of conduction block may be decreased by the effects of electrotonic
interactions with muscle proximal to the site of block, enabling reentrant impulses to reexcite the Purkinje regions [].

Marked differences in refractory periods of closely adjacent regions may contribute to the initiation of reentry by
causing localized block of premature impulses – a mechanism for the transient or unidirectional block discussed earlier.
Inhomogeneities in the effective refractory periods in adjacent regions occur in the atria during vagal stimulation because
of the irregular distribution of nerve endings [], and in the ventricle and Purkinje system during acute or chronic
ischemia [, ].Moreover, recent data suggest thatwith healing ofmyocardial infarct there is a sprouting of sympathetic
nerves growing in areas that had been totally or partially demonstrated as a result of ischemia []. Depending in the
distribution of this neural growth, increased heterogeneity of sympathetic input may occur.

When the effective refractory period of adjacent regions are sufficiently different, conduction of an early premature
impulse may block in the region with the longest refractory periods but may proceed slowly through the relatively refrac-
tory myocardium in the region with the shorter refractory period (> Fig. .). The slowly conducting impulse may
return to excite tissue just distal to the region of block and then reexcite tissue proximal to the site of block. Sufficient
time must elapse during propagation to permit this region proximal to the site of block to recover excitability. Inhomo-
geneities in refractory periods are also a probable cause of reentry initiated by early premature impulses in the sinus and
AV nodes [, ].

. Abnormal Impulse Conduction and Reentry

The second major cause of arrhythmias is abnormal impulse conduction. One means whereby conduction abnormalities
can cause arrhythmias has already been discussed, namely, the escape of subsidiary pacemakers that occur when there is
sinoatrial, or atrioventricular block. Abnormal impulse conduction can also cause reentrant excitation, a mechanism for
arrhythmias that does not depend on pacemaker activity.

Before discussing abnormalities of impulse propagation it is important to review the normal propagation of the car-
diac impulse. As a general rule it is understood that propagation is more rapid in fibers and through fiber bundles of large
diameter than of small diameter []. However, given that the cell membrane is a good insulator, it is imperative that for
propagation to proceed intercellular sites be present that have low resistances, permitting the flow of electrical current
and of signaling molecules from cell to cell. These sites are the so-called gap junctions, regions at which the membranes
of adjacent cells are closely apposed []. Examination of such sites reveals the presence of intercellular channels, whose
anatomy is contributed to by one hemichannel provided by each cell (> Fig. .). Each hemichannel is referred to as
a connexon, each of which is formed by a rosette-like pattern of  transmembrane spanning proteins called connexins.
A number of connexins occur in the cells of the body: those most numerous in heart are connexins  (most prominent
in atrial and ventricular myocardium),  (most prominent in the sinoatrial node and the ventricular conducting sys-
tem), and  (most prominent in sinoatrial node and atrial myocardium and ventricular conducting system)[]. Gap
junctional density is greatest at the longitudinal ends of myocytes, thereby facilitating propagation along the long axes of
cardiac fibers. Gap junctions are also seen at the lateral margins of myocytes, but given their lower density, current flow
transversely is a fraction of that longitudinally [].

It is the combination of low resistance junctions and the upstroke velocity of an arriving action potential that con-
tributes most immediately to the propagation of the cardiac impulse. However, the relationship between number of
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⊡ Figure .

Schematic illustration of gap junction structure. (a) Part of a gap junction plaque showing several channels interconnecting

two cells and the composition of an individual channel from two half-channels (connexons) which are composed of con-

nexinproteins. (b) Secondary structureof a single connexin protein. (c) Schemeexplaining the compositionof homotypic and

heterotypic channels fromhomomeric and heteromeric connexons (Reproduced with permission from vanVeen et al. ()).

connexins present in any region of the heart and conduction velocity is complex, because there is a large margin of
safety within the system. Specifically in myocardium it appears that the preponderance of connexins must be lost before
conduction begins to slow []. Hence, extensive pathology must be present before a change is seen in the propagation
of the cardiac impulse.

During sinus rhythm, the cardiac impulse usually dies out after the sequential activation of the atria and ventricles,
because it is surrounded by tissue that it recently excited and which is therefore, refractory. A new impulse must arise in
the sinus node for subsequent activation. Under special conditions the propagating impulse may not die out after com-
plete activation of the heart but it may persist to reexcite (reenter) the atria or ventricles after the end of the refractory
period []. The underlying principles that enable this reentrant excitation to occur can be illustrated with a simple
experimental model consisting of a ring of excitable tissue.This model was first studied by physiologists during the early
twentieth century and the results of these studies providedmuchof the basic information which has led to an understand-
ing of reentrant mechanisms [, ]. In fact, more is being learned even today from studies on simple rings []. As
shown in > Fig. ., if a ring of excitable tissue is stimulated at one point, two waves of excitation progress in opposite
directions around the ring, but only one excitation of the ring occurs since the waves collide and die out. By temporarily
applying pressure near the site of stimulation, however, an excitation can be induced to progress in only one direction. If
the compression then is removed restoring conduction in this region, the impulse can then propagate around the ring,
reenter tissue it previously excited and continue to circulate. Circular conduction of this kind has also been called circus
movement.

Reentry does not occur normally in the heart. The pattern of conduction and the dying out of each impulse of sinus
origin might be represented by the diagram in> Fig. .a. It is apparent that for reentry to occur a region of blockmust
be present, at least, transiently. The block is necessary to provide the return pathway for the impulse to reenter the region
it is to reexcite. Transient block, causing reentry, can occur in the heart after premature excitation (see below). Reentry
also may occur when there is permanent block, but the block then must be unidirectional. In the ring experiment shown
in > Fig. ., identical circus movement would occur if, instead of transient compression, permanent unidirectional
conduction block were present.This means that conduction is blocked in one direction (from right to left in the diagram)
but can proceed in the other (from left to right). It is obvious that if permanent block occurred in both directions reentry
could not occur. Unidirectional block often occurs in cardiac fibers in which excitability and conduction are depressed.
The electrophysiological mechanisms are discussed later in this chapter.
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Schematic representation of reentry in a ring of cardiac tissue. The pattern of impulse propagation is indicated by the arrows

and the small dot indicates the area inwhich the ring is stimulated. In (a), impulses propagate away from the point of stimula-

tion inbothdirections and collide; no reentryoccurs. In (b), inwhich the shadedareawas compressed, the impulsepropagates

around in the ring in any one direction. Immediately, after stimulation the compression was relieved. Part (c) shows the cir-

culating impulse returning to its point of origin and then continuing around the loop. Identical reentry would occur if the

cross-hatched area were a region of permanent unidirectional conduction block, with the conduction block in the right-to-

left direction. Part (d) shows how reentry in a loop of the kind described in (a)–(c) can cause arrhythmias if located in the

heart. In this example, the loop is composed of ventricular muscle which is functionally separated from the rest of the ventri-

cles along most of its border (bold line), perhaps as a result of fibrosis, but in functional continuity with the ventricles at its

lower end. The arrows in (d) show how excitationwaves propagate into the ventricles from continuously circulating impulses

to cause ventricles tachycardia (Reproduced with permission after Wit () © Excerpta Medica, Amsterdam).

In addition, for reentry to occur, the impulse must always find excitable tissue in the direction in which it is propa-
gating. This requires the conduction time around the loop to be longer than the effective refractory period of the cardiac
fibers that compromise the loop. If it is not, conduction of the reentering impulse would block. Normal heart muscle
(excluding nodal fibers) has a refractory period which ranges from about –ms and a conduction velocity of at
least .–.ms−. Therefore, the impulse conducting at a normal velocity of at least .ms− in reentrant pathway must
conduct for at least ms before it can return and reexcite a region it previously excited. This means the conduction
pathway must be at least . cm long for reentry to occur in cardiac fibers with normal conduction and refractory prop-
erties. Such long reentrant pathways, functionally isolated from the rest of the heart, rarely exist. Clearly, the length of
the pathway necessary for reentry can be shortened if the conduction velocity is slowed and/or the refractory period
is reduced. For example, if conduction velocity is slowed to .ms−(as can occur in diseased cardiac fibers or in the
normal sinus or AV node) the reentrant circuit need be no more than .mm in length. Circuits of this size can readily
exist in the heart.Therefore, slowed conduction in combination with unidirectional block is a prerequisite which permits
reentry to occur.

The “loop” of tissue which enables reentry to occur is called the reentrant circuit. It can be located almost anywhere
in the heart and can assume a variety of sizes and shapes. The circuit may be an anatomical structure such as a ring of
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cardiac fibers in the peripheral Purkinje system. The circuit may also be functional and its existence, size, and shape be
determined by electrophysiological properties of cardiac cells rather than anatomy.The size and location of an anatomical
by defined reentrant circuit obviously remains fixed and results in what may be called “ordered reentry.” The size and
reentrant circuits dependent on functional properties rather than anatomymay also be fixed but they alsomay changewith
time leading to random reentry. Random reentry is probably most often associated with atrial or ventricular fibrillation,
whereas ordered reentry can cause most other types of arrhythmias [].

.. Mechanisms for Slow Conduction

There can be a number of causes for the slow conduction and block which predispose to the occurrence of reentry. The
speed at which impulses propagate in cardiac fibers is dependent on certain features of their transmembrane action poten-
tials and passive electrical properties []. Alterations in either (by cardiac pathology) can result in reentrant arrhythmias.
An important feature of the transmembrane potential of working (atrial and ventricular) myocardial and Purkinje fibers
which governs speed of propagation is the magnitude of the inward sodium current flowing through the fast sodium
channels in the sarcolemma during the active potential upstroke and the rapidity with which this current reaches max-
imum intensity. The magnitude of this current flow determines the amplitude of phase  of the action potential; the
speed of development of current flow is reflected in the rate at which the cell depolarizes (Vmax of phase ) []. The
depolarization phase or upstroke of the action potential may be considered as resulting from the opening of specialized
membrane channels (fast sodium channels) through which sodium ions rapidly pass form the extracellular fluid into
the cell (> Fig. .). The process of channel opening and closing has been described in a model devised by Hodgkin
and Huxley for the nerve action potential []. According to this model, two “gates” control the passage of sodium ions
through the channel. One gate m moves rapidly to open the channel; the other gate h moves slowly to close the chan-
nel. For an action potential to be initiated, a large enough area of membrane must be depolarized rapidly to threshold
potential so that enough sodium channels are opened to give rise to the regenerative inward sodium current (m gates
opened). After the upstroke of the action potential the sodium channels inactivate and the fast sodium current ceases to
flow (h gates closed)(> Fig. .).

The inward sodium current causes conduction of the cardiac impulse as follows: Impulse conduction occurs from one
cell exciting the next by means of local currents which flow ahead of the action potential. These local currents depolarize
the membrane potential to threshold potential to elicit the action potential. This process is illustrated in > Fig. ..
An action potential is elicited at site A and is accompanied by a rapid inward sodium current INa. Part of this inward
current flows along the fiber towards site B, which has not yet been excited. This intracellular flow is called the axial
current Ia . Site A is the current source and site B, the current sink. The current at site B exits through the membrane
either as capacitive current Ic which depolarizes the membrane potential or as membrane current flowing through ionic
channels Ii . If the depolarization caused by the capacitive current is large enough to bring the membrane to its threshold
potential an action potential will occur at site B. When the resting membrane resistance rm (determined by channels that
conduct ionic current near the resting potential) is high, a larger portion of the current passes out as capacitive current
and is, therefore, more effective in eliciting an action potential. Also, when the resting membrane resistance is high,
more axial current spreads for a longer distance along the fiber and excites more distant areas. There is also intracellular
resistance to the axial current flow ra which determines how far axial current spreads and its effectiveness in depolarizing
the membrane at a distance. The cytoplasm offers minimal resistance to the spread of axial current. A larger portion
of the resistance is located at the intercellular connections between myocardial fibers-gap junctions of the intercalated
disks. Although extracellular resistance to current flow has an influence, it is normally significantly less than intracellular
resistance.

The conduction velocity depends both on how much capacitive current flows out at unexcited sites ahead of the
propagating wavefront and the distance at which the capacitive current can bring membrane potential to threshold. One
important factor which influences the amount of axial and, therefore, capacitive current is the amount of fast inward
current generated by the propagating action potential. A reduction of this inward current, leading to a reduction in the
rate or amplitude of depolarization, may decrease axial current flow, slow conduction and lead to conduction block. Such
a reduction may result from inactivation of sodium channels (> Fig. .). The intensity of the inward Na+ current
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Schematic depiction of the Na+ channels in the sarcolemma at rest, in the activated state and in the inactivated state. The

“gates”, m and h control channels opening and closing, respectively. At the bottom of the figure are representative action

potentials. In (a) at a resting potential of −mV,most of the Na+ channels can be activated causing an action potential with

rapidupstroke. Activation is representedbyopenchannels and the arrowdepicting inwardNa+ current.When themembrane

depolarizes during the upstroke of the action potential, the channels inactivate; the diagram shows that they are closed.

In (b), resting potential is reduced to −mV and about % of the Na+ channels cannot be activated. A depressed fast-

response action potential with a slow upstroke occurs when the cell is excited because the inward Na+ current is decreased.

In (c), at a resting potential less than−mV; Na+ channels cannot be activated and an action potential might not be elicited

(Reproduced with permission after Wit and Rosen () © American Heart Association, Dallas, Texas).
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Schematic diagram of the propagation of an action potential along a cardiac muscle fiber: iNa, sodium current; Ia, axial cur-

rent ic, capacitive current: Ii, ionic current: gNa+, conductivity of the membrane to Na ions. The larger arrow indicates the

large inrush of Na ions (INa) throughmembrane channels during the upstroke (Reproduced with permission after Frame and

Hoffman () © Nijhoff, The Hague).
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depends on the fraction of Na+ channels which are open when the cell is excited and the size of the Na+ electrochemical
potential gradient (relative concentration of Na+ outside the cell, in the extracellular space, compared to Na+ concen-
tration inside the cell) [, ]. The fraction of Na+ channels available for opening is determined largely by the level of
membrane potential at which an action potential is initiated. Na+ channels are inactivated either after the upstroke of an
action potential or if the steady-state restingmembrane potential is reduced. Immediately after the upstroke cardiac fibers
are inexcitable because of Na+ channel inactivation at the positive level of membrane potential. During repolarization
progressive removal of inactivation allows increasingly large Na+ currents to flow through the still partially inactivated
Na+ channels when the cells are excited.The inward Na+ current and rate of rise of action potentials initiated during this
relative refractory period are reduced because the Na+ channels are only partly reactivated []. Hence the conduction
velocity of these premature action potentials is low. Premature activation of the heart can therefore induce reentry because
premature impulses conduct slowly in regions of the heart where the cardiac fibers are not completely repolarized (where
Na+ channels are to some extent inactivated) and their conduction may block in regions where cells have not repolarized
to about −mV. Hence the prerequisites for reentry – slow conduction and block – can be brought about by premature
activation.

Reentry might also occur in cardiac cells with persistently low levels of resting potential (which may be between −
and −mV) caused by disease. At these resting potentials, a significant fraction of the Na+ channels is inactivated,
and therefore unavailable for activation by a depolarizing stimulus. The magnitude of the net inward current during
phase  of the action potential is reduced and consequently both the speed and amplitude of the upstroke is diminished,
decreasing axial current flow and slowing conduction significantly. Such action potentials with upstrokes dependent on
inward current flowing via partially inactivated Na+ channels are sometimes referred to as “depressed fast responses”
(> Fig. .). Further depolarization and inactivated of the Na+ channel may decrease the excitability of cardiac fibers
to such an extent that they may become a site of unidirectional conduction block [].Thus in a diseased region there may
be some area of slow conduction and some area of conduction block, possibly depending on the level of resting potential.
The combination may cause reentry.

After the upstroke of the action potential, membrane potential begins to return to the resting level during phase 
repolarization because the sodium channels are inactivated and the fast (depolarizing) sodium current ceases to flow.
However, this return is slowed by a second inward current which is smaller and slower than the fast sodium current and
probably is carried by both sodium and calcium ions [] (> Fig. .). This secondary inward current flows through
so-called slow channels that are distinct from the fast sodium channels. The threshold for activation of the slow inward
current is in the range of − to −mV compared with − to −mV for the fast sodium current. This current inac-
tivates much more slowly than the fast sodium current and gradually diminishes as the cell repolarizes. Under special
conditions, it may also underlie the occurrence of the slow conduction that causes reentrant arrhythmias []. Although,
the fast sodium current may be largely inactivated at membrane potentials near −mV, the slow inward current is not
activated and is still available for activation [, , ]. Under certain conditions in cells with resting potentials less than−mV (such as whenmembrane conductance is very low or when catecholamines are present), this normally weak slow
inward current may give rise the regenerative depolarization characteristic of a propagated action potential. This prop-
agated action potential, dependent on slow inward current alone, is “the slow response” (> Fig. .) []. Since this
inward current is weak, conduction velocity is slow and both unidirectional and bidirectional conduction block may
occur []. Slow response action potentials can occur in diseased cardiac fibers with low resting potentials but they also
occur in some normal tissue of the heart, such as cells of the sinus and AV nodes where the maximumdiastolic potential
is normally less than about −mV [, ].

The slow conduction and block necessary for reentry can also be caused by factors other than the decrease in inward
current accompanying a decrease in membrane potential. These other factors tend to decrease the magnitude and spread
of axial current along the myocardial fiber. An increased resistance to axial current flow, which is expressed as “effec-
tive axial resistance” (resistance to current flow in the direction of propagation which is dependent on the intracellular
and extracellular resistivities) may decrease conduction velocity [, ]. Whether an increase in extracellular resis-
tance to current flow sufficient to impair conduction and cause arrhythmias occurs during pathological states is not
yet known. It is likely, however, that sufficient increases in intracellular resistance can occur. Although the intracellular
resistance depends on both the resistance of the cytoplasm and the resistance at the gap junctions which couple cells
together, the change in intracellular resistance causing arrhythmias probably results mainly from changes in junctional
resistance.
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Schematic depiction of the sarcolemma containing the fastNa’channels and the slowNa+/Ca+ channels. The “gates”mandh

control Na+ channel opening and closing, respectively. The “gates”d and f control Ca+ channel opening and closing, respec-

tively. Representative actionpotentials are shown at the bottomof the figure. In (a), the normal action potential, elicited from

a resting potential of−mV is shown. At rest, both fast and slow channels are inactivated (represented by closed channels).

After the fiber is stimulated the channels are activated (represented by open channels) and fast inward Na+ current (large

arrows) and slow inward Na+/Ca+ current (small arrows) cause the action potential upstroke and plateau. The fast channel

inactivates before the slow channel. In (b), in a cell with a resting potential of −mV, the fast Na+ channels are not acti-

vatedwhen the fiber is stimulated. The slow channels can still be activated and current can pass through them to cause slow

response action potentials (Reproduced with permission after Wit and Rosen () © American Heart Association, Dallas,

Texas).

During conduction of the impulse, axial current flows from one myocardial cell to the adjacent cell through the
gap junctions at the intercalated disks (which normally have a relatively low resistance) [] and, therefore, the resis-
tance, extent and distribution of these junctions have a profound influence on conduction. This influence can be seen
even in normal atrial or ventricular myocardium. In regions where cardiac muscle fibers are closely packed together
and arranged parallel to each other in a uniform manner, conduction in the direction parallel to the myocardial fiber
orientation (along the long axis of the myocardial fibers) is much more rapid than in the direction perpendicular to
the long axis (> Fig. .) [–]. This property is known as anisotropy. Conduction perpendicular to the long
axis of the fibers can be slow as .ms− even though resting and action potentials of the muscles fibers are normal.
The slow conduction is caused by an effective axial resistivity which is higher in the direction perpendicular to fiber
orientation than parallel to fiber orientation. This higher axial resistivity results in part from fewer and shorter intercal-
culated disks connecting myocardial fibers in a side-to-side direction than in the end-to-end direction. Conduction in
normal ventricular myocardium can, therefore, be slow enough to cause reentry as will be discussed in more detail later.

Pathological alterations in anatomymay also cause slow conduction by increasing axial resistance through effects on
coupling between cells. Fibrosis in the heart separates myocardial fibers, reducing the number of disk connections and
decreasing the extent or area of connections that remain (see> Fig. .a). An example is the effect of fibrosis, resulting
from infarction, on the myocardial fibers in the infracted region. The broad, wide disks which occur at the longitudinal
ends of normal cells no longer are present because of the deformation of the cells by the connective tissue. Only short
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Influence of anisotropic structure of cardiac muscle on conduction velocity. In the uniformly anisotropic cardiac muscle

[, ] shown, the myocardial fibers are arranged parallel to each other and are packed closely together. Intercalated disks

join cardiac cells both at their ends and in a side-to-side direction. The disks joining the fibers in the end-to-end direction

are usually broad and numerous resulting in a low axial resistivity in this direction, whereas the disks connecting cells in a

side-to-side direction are short and sometimes sparse, resulting in a higher axial resistivity in this direction. The high safety

factor for premature impulses in the transverse axis means that, in this direction, premature impulses are not easily blocked

(Reproduced with permission after Gardner et al. () © Lea & Febiger, Philadelphia, Pennsylvania).

segments of intercalculated disks remain in some regions. Conduction is very slow despite the presence of normal resting
potentials, probably because there is a high resistance to current flow through the shortened disks [].

A combination of reduction in gap junctions plus microfibrosis occurring between myocytes is responsible for the
slow conduction and reentry seen in, for example, healing myocardial infarction [, ]. In addition, the formation of
gap junctions along the lateral margins of cells that had been uncoupled during the acute phase of ischemia can favor
current flow from cell to cell along the lateral margins [, ]. Resultant very slow transverse conduction to the point
of discontinuous propagation is a mechanism whereby reentry has been shown to occur (summarized in []). In addi-
tion to structural changes, a rise in intracellular calcium can slow conduction by increasing resistance to current flow
through gap junctions in the disks, since calcium levels profoundly affect the resistance of the gap junction []. This
may occur during prolonged periods of ischemia []. Cardiac glycosides also increase resistance at the disk by increasing
intracellular calcium [].

The effective axial resistivity is also dependent on the size and shape of the myocardial cells (> Fig. .). Resistance
to current flow may increase markedly and conduction may be slowed in regions where cells branch or where there are
abrupt increases in cell size or number. A detailed description of the mechanisms is given by Spach et al. [, ], and
Joyner et al. [, ]. Some discussion of these factors can also be found in > Sect. ...

.. Unidirectional Block of Impulse Conduction

According to the model illustrated in> Fig. ., unidirectional conduction block (block of conduction in one direction
along a bundle of cardiac fibers, while conduction in the other direction is maintained) is necessary for the occurrence
of many kinds of reentry. Unidirectional block in part of the circuit leaves a return pathway through which impulse
conducts to reenter previously excited areas. There are a number of mechanisms that might cause unidirectional block,
some of which have been demonstrated directly and others of which are the products of theoretical considerations. The
mechanisms involve changes in both active and passive properties of the cardiac cells.

The unidirectional block needed for the initiation of the reentrant tachycardia may be transient, as exemplified by
block of a premature impulse that initiates a reentrant tachycardia. The conduction of an impulse, which is sufficiently
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Influences of myocardial structure on impulse conduction. Part (a) shows the separation ofmyocardial fiber bundles that can

result from fibrosis. This may reduce the number of disk connections, thereby slowing impulse conduction. Part (b) shows

how branching of a fiber bundle can influence propagation. The lines within themain bundle and the branch indicate the ori-

entation of themyocardial fibers. Conduction occurs in the direction of the long axis of the fibers when the impulse conducts

along the main bundle into the branch as indicated by arrow . Conduction in this direction is not influenced by the presence

of the branch. When an impulse conducts from the main bundle into the branch as indicated by arrow , there is a sudden

change in fiber orientation in the direction of propagation so that the impulse must conduct transversely to the long axis of

the fibers as it enters the branch. The sudden increase in axial resistivity caused by the changemight cause block, particularly

when there is somedepression of the action-potential upstroke (Reproduced with permission fromGardner et al. () © Lea

& Febiger, Philadelphia, Pennsylvania).

premature, is blocked where it encounters cells that are not excitable because of incomplete repolarization but may con-
tinue to propagate in other regions of the reentrant pathway if the fibers aremore fully repolarized and, therefore, excitable
(see > Sect. ..). Functionally, the region where the premature impulse blocks is a region of unidirectional block if it
can be excited later, after it has recovered excitability, by an impulse propagated from another direction as shown in
> Fig. ..

Unidirectional conduction block in a reentrant circuit can also be persistent and independent of premature activation.
In a bundle of atrial, ventricular or Purkinje fibers with normal electrophysiological properties, an impulse can conduct
rapidly in either direction. However, there is usually some asymmetry in the conduction velocity and as a consequence,
conduction in one direction may take slightly longer than in the other direction [, , ]. This is of no physiological
significance. The asymmetry of conduction can be the result of several factors. Bundles of cardiac muscle are composed
of interconnectingmyocardial fibers (cells), packed in a connective tissuematrix.These calls have differing diameters and
branch frequently. An impulse conducting in one direction encounters a different sequence of changes in cell diameter,
branching and frequency and distribution of gap junctions than it does when traveling in the opposite direction.The “con-
figuration of the pathways” in each direction is not the same []. As mentioned above, these structural features influence
conduction by affecting the axial current.Theoretical analyses indicate that the conduction velocity of an impulse passing
abruptly from a fiber of small diameter to one of large diameter transiently slows at the junction because the larger cable
results in a larger sink in longitudinal axial current (there is more membrane for this current to depolarize to threshold if
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Mechanisms for unidirectional conduction block. Part (a) shows the effects on conduction of a small diameter fiber coupled to

a large diameter fiber.When the impulse is conducting (solidarrows) from left to right there is a sudden increase inmembrane

area which the current flow (shaded arrows) must depolarize to threshold for conduction to continue. If the membrane is not

depolarized to threshold, conduction blocks as indicated by action potential  (above). The change in membrane area in (a)

is symmetrical, that is, the large diameter cable is connected at its other end to another small diameter cable. Therefore,

an impulse conducting from right to left in the diagram would also block. Part (b) shows an asymmetrical nonuniformity

that might cause unidirectional block. Conduction from left to right blocks at the region where there is an abrupt increase

in the cable diameter as in (a) (see the action potentials). However the transition from large to small cable at the opposite

end is gradual. An impulse conducting from right to left can still depolarize the membrane to threshold despite a gradual

increase in membrane area (see text). Part (c) shows unidirectional block caused by asymmetrical depression of the action-

potential upstroke. The stippled region represents a poorly perfused part of the cable between two normal regions. During

conduction from left to right, the actionpotentials are progressively more depressed. Normal action potential  can excite , 

excites  and  excites , but the slowly rising low-amplitude upstroke of  does not generate sufficient axial current to bring

membrane potential of  to threshold and conduction blocks. In the opposite direction, the large amplitude action potential

at  generates sufficient current to excite . Impulse conduction continues through the depressed region to the opposite end

where the upstroke of action potential  is large enough to excite the normal adjacent area .
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Mechanism for functional unidirectional conduction block and initiation of reentry in the subendocardial Purkinje network

surviving over an area of extensive myocardial infarction []. Both (a) and (b) show the endocardial surface of the left ante-

rior papillary muscle (to the left) and the anterior interventricular septum (to the right). Subendocardial Purkinje fibers in

different regions have action potentials with different durations and refractory periods. Action potentials recorded at sites 

and  have shorter durations and refractory periods than at site . In (a), an early premature impulse PI arising at  conducts

into regions where action potentials have a longer duration (conduction pathways indicated by large arrows). The action

potential at  is longer than at . Consequently the premature impulse can excite cells at  but conduction blocks at . This

areabecomesa siteof unidirectional blockbecauseas shown in (b), thepremature impulse, after conducting througharrives

at  when these cells are excitable. It excites the cells at  in the retrograde direction and then returns to its site of origin () as

a reentrant impulse RI (Reproduced with permission after Wit et al. () ©Mosby, St Louis, Missouri).

conduction of the impulse is to continue) [, –]. A similar slowing occurs when an impulse conducts into a region
where there is an abrupt increase in branching of the myocardial syncytium; conduction transiently slows because of the
larger current sink provided by the increased membrane area that must be depolarized. In the opposite direction, it can
be predicted that conduction will speed transiently at the junction between larger and smaller cable because the smaller
sink for axial current results in more rapid depolarization of the membrane to threshold [, –]. Theoretically, if
there is a large enough difference in the diameter of the two cables, an impulse conducting in the small fiber will block at
the junction with the larger fiber while in the opposite direction, excitation will proceed from the large diameter fiber to
the small one []. For this model to explain unidirectional block, once the abrupt change in cell diameter or membrane
area has occurred it does not return to its original one. In the heart, however, it is more likely that the properties are
more or less the same on each side of the region through which the asymmetrical conduction has occurred []. If the
abnormalities of that region are symmetrical around its midpoint (an abrupt increase in fiber diameter followed later by
an abrupt decrease (> Fig. .a), block would occur irrespective of direction. An asymmetrical uniformity is necessary
for one-way conduction []. For example, there may be an abrupt increase in fiber diameter or effective axial resistance
Ri followed by a gradual return to the original diameter (> Fig. .b). In this model, block would occur in the direction
in which there is an abrupt increase in the sink for the reasons described above. However, in the opposite direction the
gradual increase in diameter would not cause block because the axial current would actually increase (there is a decrease
in Ri as the cable diameter is increased as well as an increase in transmembrane current because of the larger membrane
area) [] (> Fig. .).

It is doubtful, however, that abrupt changes of the magnitude required to cause block of the normal action potential
exist because the safety factor for conduction is large; that is, there is a large excess of activating current over that required
for propagation []. Dodge and Cranefield have pointed out that “only if an action potential is a relatively weak stimulus
and the unexcited area is not easily excited will plausible changes in membrane resistance, cell diameter, or intercellular
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coupling block”[]. There is the necessity for interaction of abnormal action potentials and decreased excitability with
the preexisting anatomical impediments. When the resting potential of muscle fiber or Purkinje bundle is decreased,
the reduced action potential upstroke results in a decreased axial current as described above and, therefore, the action
potential is a weak stimulus. The normal directional differences in conduction are then exaggerated. At a critical degree
of depression, conduction may fail in one direction while being maintained in the other (although it may be markedly
slowed). At this critical degree of depression the reduced axial current is not sufficient to depolarize the membrane to
threshold where the current sink is increased because of the structural changes described above, but the axial current is
still more than adequate during conduction in the opposite direction (> Fig. .c).

It also has been proposed that block may occur at branching points where there is an abrupt change in the orientation
of the myocardial fibers if there is a sudden increase of axial resistivity []. For example, an impulse conducting along a
muscle bundle in a direction parallel to the fiber orientation (low effective axial resistivity) may conduct into a branch of
that bundle; at the branching point the orientation of the myocardial fiber may be perpendicular to the original direction
of conduction and therefore, the effective axial resistivity suddenly becomes high (> Fig. .b).Therefore, it seems that
a sufficient decrease in axial current caused by depression of the action potential upstroke could result in conduction
block of the impulse entering the branch from the direction in which there is the marked change in the fiber orientation,
but no block from the opposite direction (> Fig. .).

Although the possible mechanisms for unidirectional conduction block discussed so far all involved important
influences on conduction of the structure of muscle bundles, unidirectional block is most likely to occur when action
potential upstrokes are depressed. Asymmetrical depression of the upstroke may also be an important factor that causes
unidirectional conduction block irrespective of anatomy []. Such asymmetrical depression of the action potentialmight
occur because of asymmetrical distribution of a pathological event. As a simple example, the action-potential upstrokes
in a bundle of fibers may be diminished as a result of a reduction of perfusion after coronary occlusion, but reduction
may be more severe towards one end of the bundle than the other (> Fig. .). A propagating impulse consisting of
an action potential with the normal upstroke velocity enters the poorly perfused region and propagates through this
region with decrement. That is, as it conducts from the less depressed to the more severely depressed end, the action-
potential upstroke velocity and amplitude progressively decrease, as does the axial current caused by the upstroke [].
When the impulse arrives at the opposite end of the depressed segment of the bundle with normal action potentials,
the weak axial current may not be sufficient to depolarize the membrane to threshold. Conduction, therefore, blocks
even though the normally perfused region is excitable. Conduction in the opposite direction, however, might still occur.
The large axial current generated by the normal action potential flows for a considerable distance through the depressed
region. These cells, in turn, may be able to excite adjacent fibers in the direction of propagation (> Fig. .c).

.. Reentrant Arrhythmias

It has been indicated above that reentry can occur in different regions of the heart, utilizing either anatomical or functional
pathways. It has also been shown that slow conduction and block may have a number of different cellular mecha-
nisms. Conceivably, any of thesemechanismsmay occur in either an anatomical or functional reentrant pathway. Several
examples of reentry caused by the different mechanisms will now be provided.

... Anatomical Pathways

Reentrant excitation caused by the slow conduction and block which accompany depression of the action potential
upstroke (either because of premature excitation or because of a persistent reduction in the resting membrane poten-
tial) may occur in gross anatomically distinct circuits (around an anatomical obstacle). Reentrant excitation involving an
anatomically distinct circuit and obstacle is exemplified by reentry in a loop of cardiac fiber bundles such as the loop of
Purkinje fiber bundles in the distal conduction system illustrated in > Fig. .a. In this model of an anatomic circuit,
slow conduction and unidirectional block are caused by reducing the steady-state level of the resting potential []. The
unidirectional block (shaded area) is located near the origin of branch B in the loop of Purkinje fiber bundles; an impulse
cannot conduct through this area in the anterograde direction but it can in the retrograde direction. Slow conduction



Cellular Electrophysiological and Genetic Mechanisms of Cardiac Arrhythmias  

MB

MB

A B

A

B

VM

I II

I
a b

II I II

I II

I
II

I

I

I

I

1 2 3

3

2

1

II

II

II

⊡ Figure .

A possible mechanism for reentry in an anatomical pathway comprised of Purkinje fiber bundles and ventricular muscle.

Part (a) shows a main bundle of Purkinje fibers (MB) which divides into two branches A and B before terminating on ventric-

ular muscle (VM). A severely depressed area in which unidirectional conductional block occurs in the anterograde direction

is located in branch B (shaded area). Conduction is slow throughout the rest of the loop because the Purkinje fibers have low

resting potentials, and consequently, their action potentials have slow upstrokes. The arrows indicate the sequence of acti-

vation of the loop by the conducting impulse: arrow I represents an impulse of sinus origin entering the loop; arrow II is the
reentering impulse leaving the loop (details of the mechanism by which reentry occurs are given in the text). Action poten-

tials recorded from MB and branches A and B are shown below, together with an example of how the ECG might appear.

Action potential I was recorded from the main bundle (MB) as impulse I entered the loop; the action potentials in A and B

were recorded fromPurkinje bundles A and B as the impulse conducted around the loop; and the action potential II in theMB

trace was recorded from the main bundle when the impulse reexcited it. Impulse I would cause ventricular depolarization I

on the ECG and impulse II would cause a ventricular extrasystole (ventricular depolarization II). Part (b) shows, at the top, how

reentry can occur even in a single bundle of muscle or Purkinje fibers by the mechanism of reflection. The diagram depicts

two adjacent fibers in a bundle. The entire shaded area is depressed and depression in the darker area of the upper fiber

is so severe that unidirectional conduction block occurs there. The arrows indicate the sequence of activation in the bundle.

Arrows labeled I show the impulse entering thebundle. Conductionof the impulse blocks in the fiber at the top in the severely

depressed region but continues in the fiber at the bottomwhich is not as depressed. The impulse conducts transversely from

thebottomfiber to the topfiber, oncepast the regionof severedepression. It thenconducts retrogradely through this severely

depressed region in the topbundle. Arrows labeled II show the reentrant impulse returning to reexcite the left end of thebun-
dle (see text). Action potentials recorded from sites ,  and  in the lower fiber are shown below: action potentials labeled I

were recorded as the impulse conducted from left to right; action potentials labeled II were recorded as the impulse returned

to its origin. The bottom trace shows how such events might appear on the ECG (Reproduced with permission after Wit and

Bigger () © American Heart Association, Dallas, Texas).
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occurs in the rest of the loop because of the low resting potentials. An impulse conducting into the loop via the main
Purkinje fiber bundle (arrow showing impulse I) blocks near the origin of branch B and can enter only branch A through
which it conducts slowly into the ventricular muscle (VM). The impulse then can invade branch B at its myocardial end.
This branch had not been excited initially because of the unidirectional block at its origin and so the impulse can still
conduct in a retrograde direction in branch B, through the region of unidirectional block, and then reexcite the main
bundle from which it entered the loop (arrows showing impulse II).

The reentering impulse (II) will, of course, block if it returns to the main bundle while the fibers in that region are still
effectively refractory. Hence, there is the necessity for slow conduction around the loop (slow conduction in only part of
the loop, such as in the area of unidirectional block, would also suffice).The region of unidirectional block is necessary to
prevent one part of the loop (branch B) from being invaded by the anterograde impulse and so provides a return excitable
pathway for the reentering impulse as mentioned before.

When the reentrant impulse returns to the main bundle it may travel throughout the conduction system to reactivate
the ventricles, causing a premature ventricular depolarization. It also may reinvade the bundle of Purkinje fibers through
which it originally excited the ventricular muscle (branch A) and once again propagate back through the reentrant
pathway. This may result in a continuous circling of the impulse around the loop and a tachycardia.

If conduction in this pathway – the loop of Purkinje fibers and ventricular muscle – is not sufficiently slow to permit
reentry or if there is no strategically located site of unidirectional block, reentry might still be induced by premature
activation. If the cardiac fibers are activated prematurely, before they have completely recovered excitability, the premature
impulse will conduct slowly and unidirectional block may result because of the low safety margin for conduction in
partially refractory tissue. Premature activation may, therefore, lead to reentry of kind illustrated in > Fig. ..

Anatomic circuits alsomight be formed by bundles of survivingmuscle fibers in healed infarcts or in fibrotic regions of
the atria or ventricles. The critical slow conduction and block may be caused by depressed transmembrane potentials
such as in the atria of hearts with cardiomyopathy [] or in increased effective axial resistivity such as in healed infarcts
[]. Gross anatomical circuits are also involved in reentry utilizing the bundle branch which may cause ventricular
tachycardia [], reentry utilizing an accessory AV connecting pathway which may cause supraventricular tachycardia
[], and reentry around the tricuspid ring which may cause atrial flutter []. The specific mechanisms involved are
discussed in the publications referenced.

... Functional Pathways

Gross anatomical loops and anatomical obstacles are not a prerequisite for the occurrence of reentry. Reentry caused by
slow conduction and unidirectional block can also occur in unbranched bundles or “sheets” of muscle fibers. A kind of
reentry called reflection occurs in unbranched bundles of Purkinje fibers in which conduction is slow because the resting
and action potentials are depressed (> Fig. .b) [, ]. During reflection, excitation occurring slowly in one direction
along a bundle of fibers and is followed by excitation occurring in the opposite direction.The returning (reflected) impulse
may be caused by reentry owing to functional longitudinal dissociation of the bundles [].

Antzelevitch, Jalife and Moe described another mechanism which may cause reflection [, ]. Slow conduction
does not occur along the entire bundle because of depressed transmembrane potentials, but rather there is a delayed acti-
vation of part of the bundle, resulting from electronic excitation of a region distal to an inexcitable segment (> Fig. .).
The segment,may be rendered inexcitable by a depressed resting potential and subsequent inactivation of the sodium cur-
rent channels. If a segment of a bundle of Purkinje fibers is inexcitable and will not generate action potentials, impulses
conducting along the bundle will block at that segment (> Fig. .a, A). The blocked action potential, however, can
generate axial current flow through the inexcitable segment of the fiber bundle which can act as a passive cable.The elec-
tronic manifestation of the blocked impulse decays along the cable in the inexcitable segment according to the length
constant which is dependant to a large extent on the intracellular and extracellular resistances to current flow. If the inex-
citable segment is sufficiently short relative to the length constant (less than mm in the experiments of Antzelevitch et al.
[] and Jalife andMoe []), the current flow across the gap can depolarize the excitable fibers distal to the inexcitable
region and can excite an action potential (> Fig. .a).Themagnitude of delay of the action potential is dependant to a
large extent on the time-course and amplitude of the electrotonic current flow.The action potential initiated distal to the
point of block not only will conduct distally along the fiber but can also itself cause retrograde axial current flow through
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Part (a) is a schematic representation of block and conduction across an inexcitable segment of a Purkinje fiber bundle.

The bundle is represented in C. The inexcitable segment of the cable with a low membrane potential shown here was pro-

duced experimentally by exposing this central segment to a superfusion solution that mimicked an ischemic environment.

An impulse initiated in the proximal segment P propagates to the border of the inexcitable region and conduction blocks

there (action potentials ,  and  in A and B). Axial current flows through the inexcitable cable, depolarizing electrotoni-

cally the membrane fibers distal (D) to the inexcitable region (action potentials , , ,  in A). Depolarization may be large

enough to bring the distal membrane to threshold, causing an action potential distal to the inexcitable region (potential , ,

 in B). When conduction across the inexcitable region is successful, axial current generated from the distal action potential

may also flow back towards the proximal region through the gap. This current flow has a depolarizing effect as evidenced in

action potential  in B; note the alteration in repolarization of this action potential that resembles an early afterdepolarization

(Reproduced with permission after Antzelevitch and Mae () © American Heart Association. Dallas, Texas). Part (b) shows

the case when this reaches threshold, the axial current being sufficiently large, and causes an action potential during repo-

larization. Two action potentials are shown, one recorded from the proximal (P) and the other from the distal (D) side of the

inexcitable region. Conduction delay between P and D increases with each stimulated impulse, from  to ms. Note the

delay in repolarization in the P trace after the second action potential. This reaches threshold after the third action potential

(with ms delay) resulting in an action potential arising during phase  of repolarization (labeled “reflection”) (Reproduced

with permission from Antzelevitch () © Saunders, Philadelphia, Pennsylvania).
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the inexcitable gap to depolarize the part of the fiber proximal to the gap at the site of the original block. If the sum of
excitation timed in both directions across the inexcitable gap exceeds the refractory period of the proximal segment, an
action potential will be elicited that propagates retrogradely along the fiber (> Fig. .b).This reflected action potential
reenters the part of the bundle that already was excited. Thus impulse transmission in both directions occurs over the
same pathway unlike the types of reentry discussed previously. Reflection resulting from delays in activation caused by
electrotonic transmission might be limited to areas where damage to the myocardial fiber is focal, as if the damage is too
extensive electrotonic transmission across the inexcitable area would fail.

Another mechanism that can cause reentry in functional pathways is the “leading circle” mechanism originally
described by Allessie et al. in experiments on atrial muscle [–]. Reentry is initiated by precisely timed premature
impulses in regions which are activated normally at regular rates of stimulation. Initiation of reentry is made possible by
the different refractory periods of atrial fibers in close proximity to one another [].The premature impulse that initiates
reentry blocks in fibers with long refractory periods and conducts in fibers with shorter refractory periods, eventually
returning to the initial region of block after excitability recovers there.The impulsemay then continue to circulate around
a central area which is kept refractory because it is constantly bombarded by impulses propagating toward it from all sides
of the circuit (> Fig. .). This central area provides a functional obstacle that prevents excitation from propagating
across the fulcrum of the circuit. The circumference of the smallest (leading) circle around the functional obstacle may
be as little as –mm and is a pathway in which the efficacy of stimulation of the circulating wavefront is just sufficient

⊡ Figure .

Reentry in isolated left atrial myocardium by the leading circle mechanism. At the right, above, is the map of the activation

pattern of the atrium during circus movement. The impulse rotates continuously in a clockwise direction; each number and

different shading indicates the time in milliseconds during which a given region is activated. Activation proceeds from  to

ms and one complete revolution takes ms. At the left, the membrane potentials of seven fibers (marked A, D and

–) located on a straight line through the center of the circus movement are shown (the locations from which these action

potentials were recorded are indicated on themap at the upper right). These records show that the fibers in the, central point

of the circuit ( and ) show double responses of subnormal amplitude during circusmovement. These responses result from

conduction of the impulse from the circulatingwave toward the center. At the lower right the activationpattern during circus

movement is given schematically. It shows the circuitwith the convergingwavelets in the center (Reproducedwithpermission

after Allessie et al. () © American Heart Association, Dallas, Texas).
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to excite the tissue ahead. This tissue is still in its relative refractory phase. Conduction through the functional reentrant
circuit is slowed, therefore, because impulses are propagating in partially refractory tissue. Single circuits of this kind
might cause atrial tachycardia or flutter []. Functional reentrant circuits of the leading circle type may change their
size and location and if they do, would fall under the general category of random reentry. Changes in size may result
from changes in refractory period, as would be expected to occur if autonomic (particularly parasympathetic) activity
increases. The existence of multiple circuits is made possible by conditions which shorten the refractory period and/or
depress conduction velocity and thereby decrease the minimal dimensions of the leading circuit. Multiple circuits of the
leading circle typemay be the cause of atrial fibrillation during which “reentry occurs over numerous loops of various size
and position wandering over the excitable surface” []. Functional reentrant circuits of the leading circle type might
also occur in the ventricles as a result of similar mechanisms, and might even cause fibrillation.

The anisotropic properties of atrial and ventricular myocardium also may predispose to functional reentrant circuits
[, ] as described previously how conduction velocity varies depending on the direction of impulse propagation
relative to the long axis of the myocardial fibers; slow conduction occurs perpendicular to the long axis while more
rapid conduction occurs parallel to this axis. In addition, although it may seem paradoxical, some experimental studies
on isolated tissue have shown that despite more rapid conduction, early premature impulses block more readily in the
direction of the long axis because the safety factor is lower in the direction of lower axial resistivity [].There is, however,
some controversy concerning this point []. More detailed discussion on this subject has been published [, , ].
As a result of this heterogeneity of conduction, early premature impulses may block in some regions but conduct slowly
through others. Conduction may be slow enough to allow the impulse eventually to excite areas of initial block and a
functional reentrant circuit is established (> Fig. .).

1

2

3

⊡ Figure .

Diagram of reentry caused by anisotropic properties of cardiac muscle. An atrial trabeculum is shown. The direction of the

long axis of the myocardial fibers is indicated by the lines. Conduction of an early stimulated premature impulse at the site

where the dot is located blocks in the direction of the long axis of the myocardial fibers. Block is indicated by arrow  and

horizontal lines. Conduction of the premature impulse in the direction perpendicular to the long axis does not block but

proceeds slowly (arrow ), returning to the site of block after this region has recovered excitability (arrow ).
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An additional factor to be considered here is spiral wave reentry. Initially described as a physical-chemical phe-
nomenon the principle behind spiral wave reentry is that for any rotating wave, the lip of the wave creates a spiral in
moving through a surrounding medium []. The importance of this phenomenon may be appreciated by referring to
leading circle reentry (> Fig. .) where the core around which reentry occurs is rendered permanently inexcitable by
centripetally conductingwavelets. In the leading circle setting, excitability is an essential determinant of reentry. However,
wavefront curvature is also a critical factor in maintaining functional reentry [] as even in the presence of excitable
tissue, once a critical curvature is reached a wavefront may cease to propagate. In spiral wave reentry, the core is excitable
(as opposed to the leading circle) but it is not excited: hence the fundamental difference between the two forms of reentry.
Contributing to the occurrence of spiral wave reentry are such factors as tissue anisotropy, fibrosis and blood vessels [].

... Clinical Characteristics of Reentrant Excitation

Although it once was thought that arrhythmias caused by reentrant excitation could be distinguished readily from
arrhythmias caused by other mechanisms either by their electrocardiographic characteristics or by the effects of clinical
interventions, it now appears that this is not the case. For example, spontaneously occurring premature depolarizations
occurring with fixed coupling to a preceding beat were thought to result mainly from reentrant excitation []. The
coupling interval represented the time elapsed while the impulse was conducted through the reentrant circuit before
reemerging to excite the heart. The coupling interval was fixed because the conduction pathway and conduction velocity
did not change. However, it is now understood that conduction velocity through reentrant circuits can vary from beat to
beat [] and that the circuits sometimesmay change in size, resulting in reentrant premature depolarizations with variable
degrees of coupling. Furthermore, premature depolarizations with fixed coupling also to result from mechanisms other
than reentry. One such example is triggered activity, described previously. Moreover, electrotonic interactions between
conducted impulses and parasystolic foci also can cause fixed coupling [, ]. This mechanism will be explained in
more detail in > Sect. . dealing with arrhythmias caused by a combination of abnormalities of impulse initiation and
impulse conduction.

Another distinguishing feature of reentrant tachycardias was believed to be their initiation by spontaneous or stimu-
lated premature impulses occurring at critical cycle lengths. Yet it is now recognized that triggered activity can be induced
in the sameway. Properly timed premature impulsesmay initiate reentry by causing the necessary slow conduction and/or
transient conduction block, if they are not present during the regular rhythm. Either or both may occur when the pre-
mature impulse encroaches on the relative refractory period of the tissue in the potential reentrant circuit. Overdrive
stimulation also may cause reentry by inducing slow conduction or block. Reentry may be induced in either anatomical
or functional circuits.

The influence of stimulated impulses on established tachycardias has also been considered to be a way in which reen-
trant excitation might be differentiated from other mechanisms causing arrhythmias. In general, it had been thought
that termination of tachycardias by single stimulated premature impulses or by a period of overdrive stimulation (again,
occurring at critical cycle lengths) identified reentry. However, it has been discussed how stimulation of the heart may
not always affect reentrant tachycardias in this predicted way.The influence of stimulated impulses on reentry depends to
a large extent on whether reentry is occurring in anatomical or functional circuits and whether or not an “excitable gap”
is present in the circuit. The term “excitable gap” is used to describe a region in the reentrant circuit which has had the
chance to recover full excitability before arrival of the reentering impulse []. During reentry caused by the leading cir-
cle mechanism in tissue with relatively uniform properties of conduction and refractoriness, no fully excitable gap exists
because the crest of the reentrant impulse is conducting in the relatively refractory tissue it previously excited [–].
It is, therefore, very difficult for premature impulses induced by stimuli outside the reentrant circuit to penetrate the cir-
cuit and influence the tachycardia (> Fig. .a). This may account for the failure of stimulated premature impulses to
terminate rapid atrial flutter [], or some sustained ventricular tachycardias which nevertheless for other reasons are
believed to be caused by reentry [].

On the other hand, there may often be an excitable gap in a circuit defined by anatomy in which the conduction
time around the circuit takes longer than the full recovery time of cardiac fibers comprising the circuit. A properly timed
premature impulse can then enter the circuit. The stimulated impulse might conduct around the circuit in the same way
as the reentering impulse, thereby resetting the tachycardia, or it may block conduction of the reentering impulse and
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Schematic representation of the effects of stimulated impulses on reentry in circuits with different properties. Black areas

represent refractory tissue, dotted areas partially refractory tissue and white areas an excitable gap. Part (a) shows leading

circle reentry over a functional pathway in which refractoriness is sufficiently uniform that there is no fully excitable gap.

Parts (b) and (b) show functional pathway with an area of long refractoriness and an area of short refractoriness. In (b), an

excitable gap is present in the area with the short refractory period at the time the reentering impulse shown by the arrow is

conducting in the region with the longer refractory period. The excitable gap is absent in (b) when the reentrant impulse is

conducting through the region with the shorter refractory period. Parts (c) and (c) show an anatomic pathwaywith a region

of long refractoriness and a region of short refractoriness. In (c), an excitable gap exists in the region with the short refractory

periodwhile the reentering impulse, shown by the arrow, is conducting in the region with the longer refractory period. In (c),

an excitable gap is absent when the reentering impulse conducts through the region with the shorter refractory period (c).

Part (d) shows an anatomically defined pathway that is long enough in relation to the duration of refractoriness so that all

parts of the pathway have a fully excitable gap (Reproduced with permission after Frame and Hoffman () © Nijhoff, The

Hague).

terminate the tachycardia. Termination of the tachycardia would be expected to occur when conduction of the stimulated
impulse blocks in the circuit in the anterograde direction and collides with the reentering impulse in the retrograde direc-
tion (> Fig. .d). These two examples of the possible lack of effect of stimulated impulses on leading circle reentry
and termination of reentry in an anatomical pathway represents opposite extremes. Excitable gaps alsomay exist in func-
tional circuits if there are large differences in the refractory periods or conduction velocities in different parts of the circuit
[]. A premature impulse then might be able to enter the circuit during the excitable gap in the region with the shorter
refractory period while the reentrant impulse is conducting in the region with the longer refractory period or slower
conduction velocity (> Fig. .b). Conversely, no excitable gap exists in the circuit while the reentering impulse is con-
ducting through the region with the shorter refractory period or more rapid conduction velocity. Some forms of atrial
flutter, supraventricular tachycardias and ventricular tachycardias which can be terminated by premature impulses may
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be caused by reentry in functional circuits with an excitable gap. Excitable gaps might also be absent in some anatomic
circuits if the impulse is conducting in relatively refractory tissue throughout the circuit because of a long refractory
period or a short path length (> Fig. .c) []. A means for considering the mechanism of an arrhythmia via its
response to specific form of programmed electrical stimulation has been described byWaldo and associates [, ] as
transient entrainment. By pacing at cycle lengths that permit capture of an arrhythmia and observing the characteristics
of the paced beats as well as the pattern of interruption and reinitiation of the arrhythmias, reentry can be diagnosed with
a high degree of certainty.

Overdrive stimulation can also terminate reentry when the stimulated impulses penetrate the reentrant circuit and
block conduction []. The presence or absence of a fully excitable gap may also influence the effects of overdrive for
the same reason discussed for single stimulated impulses.

. Simultaneous Abnormalities of Impulse Initiation and Conduction

Abnormalities of impulse initiation and conduction are expected to coexist under certain conditions. Action potentials
initiated by spontaneous diastolic depolarization or delayed afterdepolarizations may conduct very slowly or block if
they arise at sufficiently low membrane potentials caused by diastolic depolarization [, ] Threshold potential also
shifts to more positive values when the rate of diastolic depolarization is slow, ensuring that the action potentials arise
from low membrane potentials. These action potentials have slow upstrokes and reduced amplitudes resulting from par-
tial inactivation of the sodium channel. Slow conduction of the impulse arising from the abnormality in initiation may
cause reentry []. Impulses propagating into regions with spontaneous diastolic depolarization or delayed afterdepo-
larization may also conduct slowly (and reenter) if they enter these regions late in the diastolic cycle, at a time when
membrane potential has markedly deceased. If they invade these regions early in the cycle, prior to phase  depolariza-
tion, they will conduct more normally. The interrelationship between diastolic depolarization and conduction could be a
cause of rate-dependent changes in conduction such as the appearance of right bundle branch block at long cycle lengths
[]. Impulses arising during phase  depolarization might also conduct more rapidly than normal, even when there is
partial inactivation of the inward current if threshold potential is not shifted, since the amount of depolarizing current
necessary to initiate an action potential would be reduced. This enhancement of conduction might occur when diastolic
depolarization is relatively small.

The second major example of coexisting abnormalities of conduction and automaticity is the parasystolic focus. The
existence of such a focus depends on the presence of entry block.The likelihood that the spontaneous impulses generated
by the parasystolic focus will excite the heart depends on the ability of these impulses to propagate from the focus to
surrounding fibers. If, because ofmarked phase  depolarization, the focus generates small, slowly rising action potentials,
these may not be able to propagate or may propagate quite slowly. The degree of exit block thus might depend on the
magnitude of phase  depolarization in the focus [].

If a parasystolic focus with normal automaticity is coupled in an appropriate manner to the surrounding cardiac fiber,
propagating activity of those fibers may influence the firing of the focus even though there is entry block [, ]. This
may occur if there are electrotonic effects of the propagating impulses on phase  depolarization of the focus. Electrotonic
current spread from action potentials arriving in the vicinity of the focus tends to depolarize the fibers in the focus
during diastole (axial current flows toward the focus).The resulting subthreshold depolarization early in diastole inhibits
subsequent phase  depolarization (possibly by inactivating the voltage dependent If ), while late in diastole it shifts the
membrane potential enough to cause activation of the fast inward current and thus accelerates firing (> Fig. .).
During phase  depolarization membrane resistance increases []. For this reason, as the action potential arrives at
the site of entry block later and later during phase  depolarization of fibers in the parasystolic focus, it will cause a
progressively larger change in their membrane potential. As the synchrony between the focus and the dominant rhythm
changes and the propagating impulse arrives progressively later during phase , the cycle of the parasystolic focus will
increase to a maximum, abruptly decrease to a minimum and then progressively increase to the control value [].
This type of interaction between the dominant rhythm and the rhythm of the parasystolic focus means the parasystolic
rhythms may show fixed or variable coupling or other complex interactions with the sinus rhythm. These are discussed
in greater detail elsewhere []. Although electrotronic interactions are also expected to occur between the dominant
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Electrotonic interaction between propagated impulses and a parasystolic focus. In each part, transmembrane potentials

recorded at two different sites are shown. The top traces in each show stimulated action potentials that cannot propagate

into and excite a parasystolic focus; automatic firing in this focus is shown in the bottom traces. The focus also has a high

grade of exit block as indicated by the failure of an action potential to occur in the top trace following a spontaneous impulse

in the focus. The only action potentials seen in the top trace result frompropagation fromanother site. In (a), the propagating

impulse (top trace) occurs shortly after the impulse in the parasystolic focus and does not influence it. In (b), the propagating

impulse occurs early during phase  depolarization in the focus. Electrotonic current spread from this impulse causes a sub-

thresholddepolarizationearly indiastole and this slows the rateof subsequent phase  depolarization. In (c), thepropagating

impulse occurs late in diastole of the parasystolic focus. Electrotonic current spread from the impulse accelerates the terminal

portion of phase  depolarization and accelerates firing (Reproduced with permission after Jalife andMoe () © American

Research Association, Dallas, Texas).

rhythm and parasystolic focus with abnormal automaticity, the effects of the interactions cannot be predicted without an
understanding of the voltage-dependence of the conductance causing the abnormal phase  depolarization.

. Conclusion

The information we have discussed here on arrhythmogenic mechanisms has been derived mainly from experimental
laboratory studies on isolated cardiac tissues and to a lesser extent from studies of intact animals, of ion channels and of
the genetic determinants of specific arrhythmias. Approximately  years ago, in the first edition of this text, we wrote
“there is a good possibility that pharmacological agents can be developed to modify the operation of these channels and
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suppress or abolish the arrhythmogenic mechanism”[]. We stated this because we believed that “since the different
mechanisms [for arrhythmias] utilize different channels with different properties, drugs which act specifically on one
another of the mechanisms can be developed. Hence, rational therapy of arrhythmias in the future will consist in identi-
fying the mechanism for a clinical arrhythmia by a specific clinical test and then selecting an appropriate drug to suppress
that mechanism”[].

Simply stated, we were naïve. As the CAST [] and SWORD [] trials have effectively demonstrated, attempts to
use basic and clinical information available at the time to devise rational approaches to pharmacologic therapy resulted
in excess mortality. This is not to say that newer and more selective and safer molecules will not be developed: but it is to
admit that the goal is farmore daunting thanwe had expected. In themeantime, the use of interventional techniques such
as ablation [] has had a high degree of success in selected arrhythmias and the advent of cardioverter-defibrillators has
clearly improved the duration of life []. In otherwords, the device industry has provided interventions and expectations
that pharmacology has not yet been able to deliver.

The final ingredient in our therapeutic mix is provided by the nascent field of gene and cell therapy. Although
approaches here are very much in their infancy, early results hold out some promise that repair and replacement of,
and therapy for, arrhythmogenic tissuesmay be within reach [–]. And having stated this, we very much still believe
in our concluding statement of  years ago: “rational therapy of arrhythmias in the future will consist in identifying the
mechanism for a clinical arrhythmia by a specific clinical test and then selecting an appropriate [intervention] to suppress
that mechanism”[].
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  Clinical Cardiac Electrophysiology

. Introduction

Clinical cardiac electrophysiology (EP) techniques, involving intracardiac recording and electrical stimulation, have been
of major importance in elucidating the mechanisms of cardiac arrhythmias.They not only have led to improved interpre-
tation of the surface electrocardiogram (ECG) but have evolved to play a major role in the therapy of tachycardias. This
role has changed in recent years, with a decline in EP-guided therapy for ventricular tachyarrhythmias but an increase in
diagnostic use prior to curative catheter ablation.

. History of Clinical Electrophysiology

Direct recording of intracavitary electrograms was first reported in  by Lenègre and Maurice []. Developments in
recording techniques subsequently permitted the registration of these potentials from all the cardiac chambers [–].
Although the integration of the atrioventricular (AV) conducting system had been described in  by Tawara [], the
His-bundle electrogram was not recorded until  by Alanis, Gonzalez, and Lopez in the isolated canine heart []. His-
bundle recordings in man were obtained using an electrode catheter in  [], but the standard endocardial catheter
technique for recording a His-bundle potential was first described by Scherlag and coworkers in  []. Subsequently,
electrode catheter recordings of electrograms from the sinus node [] and from accessory AV pathways [] have been
obtained.

Initially, the major clinical application of “His-bundle electrocardiography” was as a descriptive method for the diag-
nosis of AV conduction disturbances [, ]. Subsequently electrophysiological techniques were used to assess sinoatrial
disease [], and the development of programmed electrical stimulation to initiate tachycardia allowed the study of the
mechanisms of arrhythmias.

The induction of ventricular fibrillation by electrical currents was demonstrated as early as  by Prevost and
Battelli [], but the electrical induction and termination of arrhythmias essentially started in the early s. Reen-
try as a mechanism for tachyarrhythmias was proposed initially by Mines [] and the presence of potential substrate
for reentry was identified by Moe and coworkers [] in . Subsequently, in , the initiation and termination
of supraventricular tachycardia was demonstrated in a canine model []. A seminal study by Durrer et al. [] in
 demonstrated that supraventricular tachycardia could be initiated and terminated by the introduction of pre-
mature beats in patients with the Wolff-Parkinson-White syndrome. Evidence for the reentrant basis for the majority
of paroxysmal supraventricular tachycardias was provided by Bigger and Goldreyer using a systematic approach with
programmed stimulation and His-bundle recording []. These techniques were translated to patients with ventricu-
lar tachycardia in  by Wellens et al. [] who suggested that the mechanism underlying this arrhythmia was also
reentry []. A macroreentrant mechanism was described by Akhtar and colleagues in  with the demonstration
of the “V phenomenon” or bundle branch reentrant beat [], although clinically occurring tachycardias of this type
are uncommon []. The microreentrant basis for the majority of ventricular tachycardias in patients with under-
lying coronary artery disease was demonstrated in a series of studies from Josephson and Horowitz and coworkers
[–].

The ability to reproducibly initiate ventricular arrhythmias by programmed electrical stimulation, using repeti-
tive extrastimuli with varying coupling intervals, led to EP-guided drug therapy. The arrhythmia would be induced
in the drug-free state, and then the effect of drug therapy on subsequent inducibility was used to select long-term
treatment. Non-randomized studies appeared to support this practice [, ] but more recent randomized studies
have not confirmed benefit from this approach [–], leading to the virtual demise of the electrophysiology study
as the determinant of therapy for life-threatening arrhythmias. At the same time, the development of catheter abla-
tion techniques has increased the use of clinical electrophysiology testing to identify the targets for this curative
therapy [].



Clinical Cardiac Electrophysiology  

. Methodology

.. Electrophysiological Equipment

At its most basic, a clinical EP study requires equipment to allow recording of cardiac activity and delivery of electrical
stimulation to the heart. A standard ECG recorder, a temporary external pacing unit, and a transvenous pacing catheter
would suffice for a simple EP study, such as the measurement of the sinus node recovery time in the evaluation of the
sick sinus syndrome. However, such simple procedures are now rarely performed, andmodern clinical electrophysiology
equipment is designed to undertakemore complex studies, with recordings frommultiple intracardiac electrode catheters,
and programmed electrical stimulation for the induction and investigation of tachyarrhythmias.

In amodern EP system, dedicated computer systems have replacedmulti-channel analogue chart- and tape-recorders.
Surface electrodes and intracardiac catheters are connected to the computer system via an electrically isolated patient-
interface unit. Multiple ECG leads and intracardiac electrograms can be displayed on-screen, stored to hard disk, or
printed out. The simultaneous display of the signals with several surface ECGs permits the evaluation of the timing and
morphology of the surface signals relative to the intracardiac electrograms. Usually, at least three approximately orthog-
onal surface leads are displayed, with additional limb and precordial ECG leads if required for tachycardia morphology
analysis. For routine studies, bipolar intracardiac signals are amplified and band-pass filtered in the frequency range
–Hz, which allows optimum definition of the intracardiac electrograms. Additional information can be obtained
from unipolar electrograms, using eitherWilson’s central terminal or an electrode catheter placed distant from the heart,
e.g., in the inferior vena cava, as the reference potential. By using different filtering of the unipolar potential, essentially
the same as a standard ECG (.– Hz), valuable information can be obtained from the electrogram morphology, not
only the timing [].

For studies involving the assessment of refractory periods and tachycardia induction, simple temporary pacing units
are not sufficient, and a more sophisticated programmable stimulator is required. This should provide isolated outputs
to prevent leakage currents that might cause arrhythmias, with the capability of delivering at least three extrastimuli at
independently variable intervals during spontaneous or paced rhythms, and with provision for a wide range of paced
cycle lengths.

The studies should be performed in a dedicated EP laboratory, cardiac catheterization laboratory, or procedure room
with fluoroscopy. In addition, it should be emphasized that the personnel should have the necessary specialist training
and that full resuscitative equipment should be available. Recommendations have been published for training and clinical
competence in invasive electrophysiology studies [, ].

.. The Electrophysiology Study

Patients are studied in the post-absorptive state with no, or only mild, sedation (e.g., with benzodiazepines). If patients
have been on antiarrhythmic drugs, these should be withdrawn prior to study for a period of at least five half-lives, if
arrhythmia induction is planned. Other cardioactive drugs that are not used as antiarrhythmics may be continued.

Electrode catheters are inserted percutaneously using standard catheterization techniques under local anesthesia, and
are positioned in selected areas of the heart under fluoroscopic guidance (>Fig. .). Depending on the type of study and
the intracardiac recordings required, two to five catheters are usually inserted.The conventional EP catheter is quadripo-
lar, which allows the distal pair of electrodes to deliver the stimuli for pacing and the proximal pair of electrodes to obtain
bipolar electrogram recordings. Pre-shaped curves aid the placement of catheters in different positions in the heart.There
are large varieties of specialized electrode catheters in routine use. For example, a multipolar tricuspid annulus catheter
may aid ablation of atrial flutter (> Fig. .c), and a circular multipolar catheter may be used to guide pulmonary vein
isolation (> Fig. .d). Ablation catheters are deflectable to aid their placement, and have a larger electrode at their tip,
usually mm. Larger mm tip, or irrigated tip, catheters are also used, to create larger and deeper lesions.

The number of catheters, and the site of placement, varies depending on the clinical requirements. If the only clinical
question is whether or not a ventricular arrhythmia is inducible then a single quadripolar catheter to the right ventricular
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⊡ Figure .

Radiographs of EP catheters. (a) Right Anterior Oblique (RAO) and (b) Left Anterior Oblique (LAO) views of catheters placed

for a diagnostic and RF ablation procedure. Catheters have been positioned to high right atrium (HRA), tricuspid annulus to

record a His-bundle potential (His), coronary sinus (CS), right ventricular apex (RVA), and for ablation of AV nodal slow path-

way (Abl). (c) Multipolar catheters placed at tricuspid valve annulus (TVA), coronary sinus (CS), and an ablation catheter (Abl)

placed across the cavo-tricuspid isthmus for ablation of atrial flutter (LAO view). (d) Pulmonary vein (PV) catheter placed via a

transseptal sheath at the right upper pulmonary vein to guide the ablation catheter (Abl) during a pulmonary vein isolation

procedure. Catheters also positioned at coronary sinus (CS) and His bundle (His), seen in LAO view.

(RV) apexmay suffice, but if further assessment of cardiac electrophysiology or diagnosis is required then more catheters
are used. Many EP laboratories have routinely placed three catheters (high right atrial, His bundle, and RV apex) for
an initial study, with a fourth catheter placed in the coronary sinus to provide recordings from left atrium and ventricle
when investigating supraventricular tachycardia (> Fig. .a, b).With the expanding indications for electrophysiological
procedures, catheter choice and placement have become more specific, to maximize the diagnostic information required
to proceed to ablation and to avoid unnecessary catheter use, in order to reduce complications and cost []. Much time
was previously spent on assessments of the electrophysiological properties of the heart, which now may be omitted to
concentrate on the identification and ablation of the arrhythmia substrate. For example, a single catheter approach has
been described for left-sided accessory pathway ablation, omitting all EP assessment prior to ablation [].

... His-Bundle Recording

The cornerstone of EP testing has been a stable, accurate His-bundle recording. To achieve this, a multipolar catheter is
inserted via the femoral vein and is manipulated across the tricuspid valve into the right ventricle. While maintaining
clockwise torque to hold the catheter against the tricuspid ring, the catheter is slowly withdrawn until the His-bundle
signal between the atrial and ventricular electrograms is recorded (> Fig. .). With a proximal His-bundle recording,
the atrial and ventricular components of the electrogram should be of nearly equal amplitude. The normal His-bundle
deflection is – ms in duration and, in the absence of a bypass pathway, the HV interval should be at least ms.
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⊡ Figure .

Recordings in sinus rhythm. Three ECG leads (I, aVF, and V) and intracardiac bipolar electrograms from high right atrium

(HRA), proximal and distal electrodes of the His-bundle catheter (His -, -), pairs of electrodes of a decapolar catheter in

the coronary sinus (CS -), and right ventricular apex (RVA) are shown. Atrial activation begins in the high right atrium,

followed by septal activation at the His and then spreading across the left atrium.

If this interval is less than ms, the deflection may be a right bundle branch potential. Validation may be obtained by
selective His-bundle pacing – the interval between stimulus and ventricular component should be identical to the basal
HV interval [].

... Intracardiac Chamber Recording

A right atrial catheter may be positioned at the superior posterolateral region near the sinus node (> Fig. .a, b). The
left atrium can be entered directly from the right atrium through a patent foramen ovale or by means of a trans-septal
procedure, but in most cases left atrial stimulation and recording are obtained from a catheter positioned in the coronary
sinus (> Figs. . and > .). This is of particular value with supraventricular tachycardia, when an accessory path-
way is suspected, and a catheter with multiple electrodes, e.g., octapolar or decapolar, is placed in the coronary sinus to
facilitate mapping. The coronary sinus catheter was previously most commonly inserted from above (> Fig. .a, b),
via the left antecubital, subclavian, or right internal jugular veins, but increasingly the femoral vein approach is used,
deploying a deflectable multipolar catheter (> Fig. .c, d). Some laboratories use the coronary sinus catheter to pace
the atria, and hence dispense with the right atrial catheter, in order to simplify procedures []. The standard catheter
position in the right ventricle is with the tip in the RV apex, because it provides a stable, easily reproducible site. The RV
outflow tract is also utilized, particularly for arrhythmia induction. For certain studies, such as ventricular stimulation or
tachycardia mapping, a left ventricular (LV) electrode catheter is required []. It is inserted by the standard retrograde
arterial approach usually from the femoral artery but occasionally by means of a brachial arteriotomy. Access to the LV
can also be achieved by crossing the mitral valve after a trans-septal puncture, and in some cases epicardial pacing of the
LV can be obtained via a branch of the CS. LV catheterization during routine EP studies is not standard.
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... Stimulation

Pacing and programmed stimulation is normally performed with rectangular stimuli having a –ms pulse width and
an amplitude of twice the late diastolic threshold. The electrode catheters are positioned in appropriate regions of low
threshold for stimulation. In general, these thresholds should be less than  mA,  mA, and  mA for catheters posi-
tioned in the right atrium, right ventricle, and coronary sinus, respectively. Repositioning of catheters, and interventions
such as antiarrhythmic therapy, may alter stimulation thresholds and these should be rechecked after such maneuvers.
Changing thresholds may influence certain electrophysiological parameters such as refractory periods. Although the use
of pulse amplitude of twice the diastolic threshold is a routine practice in many laboratories, some investigators have
advocated using higher pulse amplitudes, since an increase in current strength may facilitate the induction of ventricular
tachyarrhythmias by permitting the introduction of extrastimuli at shorter coupling intervals []. However, in some
patients, ventricular arrhythmias were not inducible at the higher strength although an arrhythmia was induced at twice
the diastolic threshold []. A major concern with the use of high pulse amplitudes is the possibility of an increased
induction of nonclinical arrhythmias [].

.. Electrophysiology Study Protocols

An EP study protocol must be flexible and should be selected in accordance with the particular problem to be evaluated.
Unfortunately, there has been little standardization in study protocols between laboratories, particularly in relation to
ventricular stimulation, and this has contributed to the concerns about the evidence base for its clinical utility. However,
while EP-guided therapy for ventricular arrhythmias has declined, the role of the electrophysiology study in the diag-
nosis of tachycardia and the identification of a substrate for ablation has increased. The baseline diagnostic information
obtainedwill dependon the number of catheters placed, and the stimulation protocols utilized, butmay include an assess-
ment of the AV conduction system, evaluation of the refractory periods of its components and induction, definition of
mechanism, and termination of tachyarrhythmia.

... Baseline AV Conduction Intervals

(a) PA interval and intra-atrial conduction times

The depolarization of the atrium usually occurs earliest in the region of the sinus node either at the high right atrium,
the node itself or the mid-lateral aspect of the right atrium []. The PA interval, measured from the onset of the P wave
in the surface ECG to the atrial electrogram recorded from the His-bundle electrode (AV junction) catheter is a measure
of the intra-atrial conduction time []. It is not sensitive to changes in autonomic tone.The sequence of atrial activation
times at various right and left atrial sitesmay bemore useful than the PA interval. An example of a normal atrial activation
pattern is shown in > Fig. . and an example of an abnormal pattern during atrioventricular re-entrant tachycardia
(AVRT) is shown in > Fig. ..

(b) AH interval

Since the depolarization of the AV node cannot be demonstrated using standard electrophysiological techniques, the AH
interval is employed for the functional evaluation of AV nodal conduction. The AH interval is measured from the first
high-frequency deflection in the atrial electrogram recorded from the His-bundle catheter to the first deflection of the
His-bundle electrogram (> Fig. .). The normal range of the AH interval is –ms. The AH interval is markedly
influenced by changes in autonomic tone. The AH interval shortens with sympathetic stimulation and lengthens with
parasympathetic (vagal) stimulation. Therefore, it may vary profoundly during an EP study depending on the balance of
autonomic tone in relation to the patient’s level of sedation, anxiety, and other factors.
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Atrioventricular (AV) tachycardia, with a left-sided accessory pathway. Electrograms fromhigh right atrium (HRA), His-bundle

catheter (His), a decapolar coronary sinus catheter (CS -), and RV apex. Earliest atrial activation (arrowed) is recorded from

the middle pair of electrodes of the coronary sinus catheter (CS -), indicating a left-sided pathway.

1,000 2,000 ms

II

PCS

His
A A A A AH H H H

S1S1S1S1S1S1

⊡ Figure .

Wenckebach-type AV block with atrial pacing. The drive cycle length (S-S) is  ms, pacing from proximal coronary sinus

electrodes (PCS). The AH interval increases until block occurs (arrow) of AV nodal conduction.

During atrial pacing at increasing rates (incremental pacing), the normal physiological response is a progressive
lengthening in the AH interval at successive rates until AV nodal block occurs. This block occurs usually at rates of
– beats per minute (bpm) and has Wenckebach periodicity, with beat-to-beat AH prolongation prior to block
(> Fig. .). With alterations in autonomic tone, however, physiological AV nodal block can occur in normal individu-
als outside this range. At more rapid atrial pacing rates : or higher degrees of AV nodal block can occur (> Fig. .b).
The development of AV nodal Wenckebach periods at cycle lengths of ms or longer raises the possibility of a con-
duction disturbance, especially if they persist after the administration of atropine. AV nodal block at cycle lengths of
ms or shorter is suggestive of enhanced AV nodal conduction, sometimes called Lown-Ganong-Levine syndrome
[]. Whether this syndrome merely constitutes one end of the spectrum of AV nodal conduction or is caused by the
presence of an atrio-His accessory pathway bypassing part or all of the AV node remains speculative [].

(c) HV interval

TheHV interval, a measure of infranodal conduction, assesses conduction through the His bundle, the bundle branches,
and the terminal Purkinje system.The normal His-bundle width is –ms.The total HV interval is measured from the
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first deflection of the His bundle to the earliest indication of ventricular activation either in the surface or intracardiac
leads (> Fig. .). For adults, the HV interval ranges from  to ms. An interval less than ms suggests that either the
electrogram is obtained from the right bundle branch, or there is an accessory AV connection bypassing at least part of the
His-Purkinje system.TheHV interval is not influenced by autonomic tone and should not vary within or between studies.
With atrial pacing, theHV interval normally remains constant, although at high-paced ratesHV interval lengtheningwith
infra-His block may occur in normal individuals. The development of functional bundle branch or complete infra-His
block can also occur because of abrupt shortening of the paced cycle length. The facilitation of AV nodal conduction,
for instance by catecholamine stimulation, permitting the penetration of impulses into the His-Purkinje system can also
increase the likelihood of functional His-Purkinje block.

(d) Intraventricular conduction

To measure intraventricular conduction, endocardial mapping of both ventricles is required, which is not usually part
of a routine study. The Q-RVA conduction time may be measured, from the onset of ventricular activation to the RV
apical electrogram, but is of limited clinical value, in contrast to the QRS duration from the surface ECG, whichmay have
prognostic value [].

(e) Ventriculoatrial conduction

In the absence of an accessory pathway, ventriculoatrial (VA) conduction utilizes the normal AV conduction system
retrogradely. VA conduction may be absent in normal individuals with intact anterograde conduction and conversely
may be present in patients with anterograde AV block []. In general, AV conduction is better than VA conduction.

During incremental ventricular pacing, in the majority of patients, VA conduction time progressively lengthens until
the development of VA block, although the degree of prolongation of VA conduction is relatively less than that seen with
AV conduction. The site of retrograde VA block may be located in either the His-Purkinje system or the AV node, but
since retrograde His-bundle electrograms are only infrequently recorded during ventricular pacing, this localization can
only be inferred indirectly. As with AV conduction, the retrograde His-Purkinje system is sensitive to abrupt changes in
cycle length.

... Refractory Period Assessment

The refractory periods of the cardiac chambers and the components of the AV conduction system are evaluated by
the technique of premature stimulation. Refractoriness is influenced by several factors including the intensity of the
extrastimuli and the cycle length of the spontaneous or paced rate at which the refractory period is measured.There is a
basic difference in the responses of myocardium and nodal tissue to increasing rate or increasing prematurity: in atrial
or ventricular muscle there is a decrease in the refractory periods, in contrast to the AV node where there is an increase
in refractory intervals and conduction time (decremental conduction).

By convention, the notation used is as follows: S is the basic stimulus and S is the first premature stimulus; S-S
is the paced cycle length; S-S is the coupling interval between the last complex of the paced cycle and the premature
stimulus S. The corresponding notations for the atrial, His-bundle, and ventricular electrograms are A-A and A-A,
H-H and H-H, and V-V and V-V, respectively (e.g., > Fig. .).

(a) Effective refractory period

The effective refractory period (ERP) is defined as the longest premature coupling interval, S-S, which fails to produce a
propagated response. For the atrium, therefore, the ERP is the longest S-S, which fails to produce an A (> Fig. .c);
the AV nodal ERP is the longest A-A, which fails to produce an H (> Fig. .b); and the ERP of the His-Purkinje
system is the longest H-H, which fails to elicit a ventricular response.The ERP of the components of the AV conduction
system, except for the AV node, shorten with decreasing drive cycle lengths.
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Responses to atrial premature beats. Following an -beat drive train, S-S, cycle length ms, from proximal coronary sinus

electrodes (PCS), a premature stimulus is delivered (S-S). With a coupling interval of ms (a) there is prolongation of the

AH interval, compared to during the drive train. With a shorter coupling interval of ms (b) the AV nodal effective refrac-

tory period (ERP) is reached and there is block of conduction, with only atrial capture - note the absence of a His potential,

demonstrating that the block is at the level of the AV node. When the coupling interval is shortened further to  ms (c) the

atrium is also refractory, with no atrial capture.

(b) Relative refractory period

Therelative refractory period (RRP) is the longest premature coupling interval atwhich delay in conduction (prolongation
of conduction time) of the extrastimulus occurs. The RRP of the atrium is, therefore, the longest S-S at which S-A is
greater than S-A, For the AV node, the RRP is the longest A-A at which A-H is greater than A-H and the RRP of
the His-Purkinje system is the longest H-H at which H-V is greater than H-V.

(c) Functional refractory period

In contrast to the ERP and the RRP, the functional refractory period (FRP) is an indication of the conductionwithin tissue,
not the refractoriness of the tissue. Although amisnomer, the term refractory period has remained in conventional usage.
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The FRP is defined as the shortest output-coupling interval produced by a tissue in response to programmed extrastim-
ulation. The atrial FRP is the shortest A-A produced by any S-S. The AV nodal FRP is the shortest H-H in response
to any A-A and the FRP of the His-Purkinje system is the shortest V-V in response to any H-H. Frequently, the FRP
of the AV node is longer than the ERP of the His-Purkinje system preventing measurement of the His-Purkinje ERP.

(d) Programmed atrial premature stimulation

Programmed atrial stimulation is performed by scanning diastole with a premature stimulus introduced initially
late in diastole after – beats of either spontaneous rhythm or an atrial drive cycle. The coupling interval of the
premature stimulus is progressively shortened by –ms. The introduction of premature stimuli in the atrium
in the region of the sinus node during sinus rhythm permits the evaluation of the sinoatrial conduction time
(see > Chap. ).

Decreasing the coupling interval of atrial premature stimuli produces progressive delay in AV nodal conductionman-
ifested by lengthening of the A-H interval (> Fig. .). The H-H interval initially shows progressive shortening in
response to shortening of the A-A interval until a nadir is reached, when the increase in AH interval is greater than the
decrease in A-A, followed by a slow increase in the H-H intervals. By definition, this nadir corresponds to the FRP of
the AV node. Further shortening of A-A may produce block in the AV node (ERP of the AV node).

Changes in the cycle length of the drive train tend to have a variable effect on the FRP, but with shortening of the
drive train cycle length, there is invariably a lengthening of the ERP of the AV node []. The probability, therefore, of
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Responses of the AV conduction system to atrial extrastimuli in a normal individual (a) and a patient with dual AV nodal

physiology (b). With progressive shortening of the coupling interval (A-A) there is initial associated shortening of the H-H

interval, but as the A-A shortens further there is relatively greater increase in the AH interval, which results in prolongation

of the H-H interval. In the normal individual (a) a minimum value of the H-H interval is reached ( ms), which is the

functional refractory period (FRP) of the AV node. The presence of dual AV nodal pathways (b) is shown by a sudden increase

in the AH (and correspondingly the HV) intervals. At a critical delay, this is associatedwith the initiation of AV nodal reentrant

tachycardia (AVNRT) (asterisk).
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Responses to atrial premature beat demonstrating dual AV nodal pathways and initiation of AVNRT. With a relatively long

coupling interval of ms (a) there is conduction down the fast pathway, with a normal AH interval. With a short coupling

interval of ms (b) there is marked prolongation of the AH interval, indicating conduction down the slow pathway. With

further shortening of the coupling interval to ms (c) there is initiation of AVNRT. Surface lead aVF and electrograms from

high right atrium (HRA), His bundle, and coronary sinus (CS) are shown.

encountering the ERP of the AV node is increased by employing faster drive trains. In a proportion of patients, espe-
cially those with AV nodal reentrant tachycardia (AVNRT), the response to atrial premature stimulation demonstrates
a discontinuous curve suggesting two electrophysiologically distinct AV nodal pathways [, ]. In patients with dual
pathways, the AH interval progressively grows longer until there is a sudden “jump” in the AH interval in response to
a small decrement in the premature coupling interval (> Figs. . and > .). This sudden increase in AH interval
reflects block in the “fast” AV nodal pathway, which has a longer refractory period than the “slow” pathway. The pres-
ence of dual AV nodal pathways in itself does not imply the presence of AVNRT but only the potential substrate. In
some patients, dual AV nodal pathways may not be manifest in the baseline state but can be exposed by alterations in
autonomic tone or with drug therapy []. Despite the presence of discontinuity in AV conduction, retrograde VA con-
duction commonly is continuous []. However, the finding of discontinuous retrograde conduction curves in aminority
of patients identified differences in the site of atrial insertion, with the slow pathway retrograde activation via the area of
the coronary sinus os and the fast pathway in the region of the His-bundle recording [].This anatomical differentiation
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between the pathways provides the basis of selective slow pathway ablation in the treatment of AVNRT []. Further expe-
rience has revealed the potential complexities of arrhythmia substrate with a diversity of AV nodal pathways described
[, ].

In contrast to the AV node, there is usually no change in conduction in the His-Purkinje system to atrial premature
stimulation (> Fig. .). Uncommon patterns of response include progressive delay in conduction with lengthening of
the HV interval, an abrupt change in the HV interval, and complete block of infranodal conduction. The development
of aberrant conduction or block within the His-Purkinje system is more likely during sinus rhythm or longer drive train
cycle lengths because the refractoriness of the tissue is directly related to the preceding cycle length. At slower rates, the
relative or ERPs may then be longer than the FRP of the AV node. Conduction delay or block within the His-Purkinje
system therefore is not necessarily an abnormal response. Functional delay or block in the right bundle tends to occur
more frequently than in the left bundle.

(e) Programmed ventricular premature stimulation

Programmed ventricular stimulation is performed in a similar manner to atrial stimulation. Ventricular stimuli are intro-
duced after – beats of spontaneous rhythm or a ventricular drive train at progressively shorter coupling intervals
until ventricular refractoriness occurs. For routine studies, ventricular stimulation is performed at the RV apex.The ven-
tricular ERP at the apex is usually less than ms and, in an otherwise normal ventricle, refractoriness varies little at
other sites.

Retrograde refractory periods may be difficult to determine because the His-bundle electrogram is frequently
obscured by the ventricular electrogram. With progressive shortening of the V-V (S-S) interval, the retrograde His-
bundle electrogramH may emerge from the ventricular electrogram, andwith further shortening theV-H intervalwill
progressively lengthen until either ventricular refractoriness or retrograde His-Purkinje block occurs. Not infrequently,
in the latter circumstances, with further shortening of V-V, the H will reappear because of proximal conduction delay
(gap phenomenon: see> Sect. ....f). RetrogradeAV nodal conduction (H-A)may show either progressive slowing
of conduction with an increasing H-A interval, or an almost constant relatively short H-A interval, or discontinuous
curves analogous to the anterograde dual AV nodal pathways. Retrograde atrial activation in the absence of an accessory
pathway is usually first observed in the His-bundle electrogram (> Fig. .).

Ventricular premature stimulation can induce a variety of repetitive responses. AV nodal echo beats in relation
to retrograde dual pathways may be initiated, although a sustained tachycardia rarely occurs. Frequently, in patients
with normal conduction, the “V phenomenon,” or bundle branch reentrant beat, (> Fig. .) may be observed [].
This repetitive ventricular response is caused by the development of a macro-reentrant circuit involving the His bun-
dle and bundle branches. Block in the right bundle branch is followed by retrograde conduction of the impulse by
the left bundle with retrograde conduction to the His bundle and subsequent completion of the reentrant circuit by
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Retrograde conduction in response to a ventricular prematurebeat. Following theventricular extrastimulus, coupling interval

ms, retrograde His bundle and atrial activation are seen.
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Bundle branch reentrant beat in response to a single ventricular extrastimulus. Following the extrastimulus (S), coupling

interval ms, there is retrograde His-bundle activation (H) preceding the reentrant beat, which has a left bundle branch

blockmorphology.

anterograde conduction down the now-recovered right bundle branch. Therefore, the repetitive response has a left bun-
dle branch block morphology with an HV interval the same or longer than the HV interval observed during sinus
rhythm.

(f) Gap phenomenon

During programmed extrastimulation, block of the impulse may occur but then be followed by the resumption of con-
duction with shorter coupling intervals of the premature stimuli. This is known as the gap phenomenon. It is caused by
the development of conduction delay proximal to the site of block, allowing the distal tissue to recover and conduct [].
For example, as A-A is shortened, block may occur at the level of the His bundle. With further shortening of A-A,
the resulting increase in the A-H interval produces lengthening of the H-H such that it exceeds the refractory period
of the distal tissue with the resumption of conduction. Several gaps have been identified in relation to the components
of the AV conduction system, both in the anterograde [, ] and retrograde directions []. The gap phenomenon is a
physiological response and is not of pathological significance.

... Induction, Definition of Mechanism, and Termination of Tachyarrhythmias

The stimulation protocol used to induce tachycardia will depend on the specific arrhythmia. Programmed stimulation
of the ventricle can induce ventricular tachycardia or fibrillation, and this has been used to guide therapy and assess risk
(> Figs. . and> .). A common protocol would use up to three extrastimuli (S, S, S), at two drive cycle-lengths
(S-S, e.g., ms and ms) at two ventricular sites, such asRV apex and outflow tract. However, a variety of other pro-
tocols have been used, with different drive cycle lengths and number of extrastimuli []. More aggressive protocols, with
faster drive rates and increased number of extrastimuli, particularly if tightly coupled, may induce nonspecific arrhyth-
mia, such as ventricular fibrillation []. The diversity of protocols, and the concerns about the specificity of induced
arrhythmia, have contributed to the decline in the clinical use of ventricular stimulation. Induced tachycardia may be
terminated by further ventricular stimulation, either extrastimuli or overdrive pacing (> Fig. .b) []. There is the
risk of causing acceleration of the arrhythmia, particularly if the tachycardia is fast (> Fig. .b). With respect to other
tachycardias, supraventricular tachycardias may be induced by atrial or ventricular extrastimuli, and atrial arrhythmias
can be induced by atrial extrastimuli or rapid atrial pacing. Catecholamine stimulation, using isoproterenol infusion, may
be necessary for arrhythmia induction. Tachycardia induction, diagnosis, and termination, and techniques of mapping
to identify targets for ablation, are discussed further below, and in > Chaps.  and > .
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Initiation and termination of sustained ventricular tachycardia. Following an -beat drive train, cycle length ms, a single

premature ventricular beat, coupling interval  ms, initiates VT (a). There is ventricular-atrial dissociation, as seen in the

recording from high right atrium (HRA). A burst of rapid ventricular pacing (b) terminates the VT and restores normal sinus

rhythm.

.. Safety of Electrophysiological Testing

Clinical cardiac electrophysiological testing involves invasive techniques and therefore has a potential for complication,
which is inherent in any cardiac catheterization procedure. Venous thrombosis is the most common complication, with
an incidence ranging between . and .% [, ]. Factors whichmay influence the development of thrombosis include
not only the patient population being studied but also specific aspects of the procedure, such as the use of systemic antico-
agulation and the duration the electrode catheters are in situ [, ]. Arterial injury occurs in .–.% of patients either
because of local trauma during attempts at arterial cannulation or inadvertently during femoral venous catheterization
[]. Cardiac perforation has been observed in .% of patients, although tamponade was less common and emergency
pericardiocentesis was required only rarely []. The risk of complications has increased with the addition of ablation
procedures to the diagnostic EP study, which may include complications specific to the procedure, such as inadvertent
AV block with ablation of AV nodal pathways, or thromboembolic complications with left-sided ablations, or pericardial
tamponade with transseptal puncture [, ]. In a prospective study of nearly , procedures, the risk of complica-
tions increased from .% for diagnostic EP procedures to .%with radiofrequency ablation []. Risk was increasedwith
older age patients and with the presence of systemic disease. The target of ablation also increases the risk, with higher
complications for AVNRT compared to AVRT, and for scar-related VT compared to idiopathic VT []. Pulmonary vein
isolation and left atrial ablation for atrial fibrillation may also expose the patient to increased risk of up to %, including
specific risks like pulmonary vein stenosis and atrio-esophageal fistula [, ].

Complications specifically related to ventricular stimulation studies, such as the induction of heart block or
nonclinical arrhythmias, are usually transient and not of clinical importance, despite the need for cardioversion in
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Initiation of VT with triple extrastimuli (a), and acceleration to ventricular fibrillation with burst pacing (b).

over % of these patients []. The risk of death during EP testing is low (.–.%), despite the induction of malignant
ventricular arrhythmias.

. Indications for Electrophysiology Studies

The indications for EP studies can be considered in three categories:

. Diagnostic – to determine the mechanism of an arrhythmia, either tachycardia or bradycardia
. Therapeutic – to identify the substrate of the arrhythmia prior to ablation, or to guide therapy selection
. Risk stratification – to determine the risk of life-threatening arrhythmia

The role of EP testing in each of these categories has changed, due to progress in diagnostic methodologies, the results of
clinical studies and the advances in treatment options. For example, implantable event-recorders now have an important
role in the diagnosis of unexplained syncope [], and often replace the relatively nonspecific invasive EP study [].
The exception may be patients with syncope and prior myocardial infarction (MI), where induction of monomorphic
VT can indicate an arrhythmic etiology. However, there is evidence of benefit from the implantable defibrillator in many
such patients without the need for an EP study [], further reducing the role of invasive testing. There is clearly overlap
between the diagnostic and the therapeutic indications in that establishing the diagnosis may lead to curative catheter
ablation. With respect to risk stratification, the value of the EP study in predicting adverse outcome has been questioned,
because of the recognition of persisting risk of sudden death despite a negative EP study in a variety of conditions, includ-
ing ventricular arrhythmias occurring post-infarction [], or associated with dilated cardiomyopathy [] or Brugada
syndrome [].When considering specific arrhythmias, each of these categories (diagnosis, therapy, and risk assessment)
may have a role.
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.. Diagnosis of Arrhythmias

... Bradycardia

The role of invasive EP studies in the diagnosis of bradycardias has declined in recent years. The ACC/AHA/HRS 
pacing guidelines include themeasurement ofHV interval (� ms), the diagnosis of infranodal conduction block post-
MI and the presence of major abnormalities of sinus node function as factors in the decision as to whether to implant
a permanent pacemaker in selected situations []. Assessment of sinoatrial dysfunction and AV conduction disease is
described in > Chaps.  and >  respectively.

... Tachycardia

The specific diagnostic electrophysiological procedures undertaken will depend on the clinical question and therapeu-
tic aim, usually determined by the previously documented arrhythmia. Tachycardias with narrow QRS complexes are
described as supraventricular tachycardias, and include atrial and junctional tachycardias.The latter includeAVRT, utiliz-
ing an accessory pathway, and AVNRT, whose substrate is dual AV nodal pathways.Wide-complex tachycardias may also
be supraventricular, with aberrantAVconduction such as bundle branch block or pre-excitation, butmaybe ventricular in
origin.The surface ECGhas limitations in diagnosing such broad complex tachycardias, and invasive electrophysiological
studies may be of particular value in this context.

(a) Identification of substrate

In a patient with supraventricular tachycardia, the presence of a substrate for reentry, such as an accessory pathway, may
be manifest by an abnormal intracardiac activation sequence of either atrial or ventricular electrograms. For example, in
the presence of pre-excitation, the earliest ventricular activation during sinus rhythm will be at the site of the ventricular
insertion of the pathway (> Fig. .), or with a concealed pathway the earliest atrial activation during ventricular pacing
may be used to identify the site of the pathway. The most common pathway location is left-sided, in which case the

1,000 2,000 ms

V1

CS 9-10

CS 7-8

CS 4-5

CS 3-4

CS 1-2

⊡ Figure .

Intermittent pre-excitation with a left-sided accessory pathway. The first beat is not pre-excited and left ventricular (LV) acti-

vation in the coronary sinus (CS) electrograms is late. The second beat is pre-excited, with a delta wave on the surface ECG

(V), and earliest ventricular activation is recorded from the distal coronary sinus electrodes (arrowed) indicating a left-lateral

accessory pathway.
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earliest activation will be identified from the coronary sinus catheter electrograms. If the activation sequences are normal
during sinus rhythm and ventricular pacing, with earliest retrograde atrial activation recorded at the His-bundle catheter,
then atrial programmed stimulation may identify the presence of dual AV nodal physiology, as the substrate for AVNRT
(> Fig. .). The identification of the tachycardia substrate may allow curative catheter ablation. If there is neither an
accessory pathway nor AVNRT, then an atrial arrhythmia is likely, and it may be necessary to induce the tachycardia
to allow mapping and ablation. However, if typical atrial flutter has been documented, it is not necessary to induce the
arrhythmia, since it is recognized that the cavo-tricuspid isthmus is an essential component of the reentry circuit and the
target for ablation.

(b) Mechanisms of tachycardia

Reentry is themost commonmechanismunderlying clinical sustained tachyarrhythmias. It is a characteristic of reentrant
arrhythmias that they can be initiated by premature beats. Atrial reentrant and junctional tachycardias, AVNRT or AVRT,
can commonly be initiated by atrial premature beats. The latter tachycardias are dependent on critical delay in the AV
conduction induced by the premature beat, which allows subsequent retrograde conduction up the accessory pathway or
the fast retrograde AV nodal pathway. Ventricular premature beats may also induce AVRT, and infrequently AVNRT, or
may initiate reentrant ventricular tachycardia (> Fig. .), particularly in the presence of a ventricular substrate such
as scarring from an old MI. Less commonly, arrhythmias are due to focal increased automaticity, or to triggered activity.
Tachycardias that originate from an automatic focus may be less likely to be inducible by programmed stimulation but
may be initiated by catecholamine stimulation, using an infusion of isoproterenol, a β-adrenoceptor agonist. Triggered
arrhythmias, whichmay depend on oscillations of intracellular calcium induced by preceding beats, may also be initiated
by pacing protocols.

(c) Atrial activation during tachycardia

Once a sustained tachycardia has been induced, the mechanism may be clear from the atrial activation timing and
sequence. With typical (“slow–fast”) AVNRT, atrial activation may be coincident with or precede ventricular activa-
tion, and the earliest atrial activation is commonly seen from the His-bundle catheter (> Fig. .). With AVRT, the
atrial activation sequence is determined by the site of the accessory pathway, and is commonly eccentric (> Fig. .),
although a paraseptal pathway may have a retrograde activation sequence similar to that via the normal conducting sys-
tem. Atrial tachycardia may remain a differential diagnosis of such tachycardias, and electrophysiological maneuvers
have been described, which may aid the diagnosis. A ventricular premature beat timed to coincide with the His-bundle
electrogram can alter the timing of the atrial activation only in the presence of an accessory pathway, since retrograde
conduction via the normal conducting systemwill be refractory (> Fig. .). Differentiating between an atrial tachycar-
dia and AVNRT or AVRT can be achieved by observing the responses following cessation of a short burst of ventricular
pacing, faster than the tachycardia rate and with : VA conduction []. With atrial tachycardia, on termination of ven-
tricular pacing the retrograde atrial signal is followed by an atrial tachycardia beat, which conducts to the ventricle –
an A-A-V response – whereas AVNRT and AVRT show an A-V response (> Fig. .). There are limitations to this
technique, including a “pseudo A-A-V” response in patients with AVNRT and long HV intervals, when identification of
A-H or A-A-H responses is more accurate []. Differentiation between atypical AVNRT from AVRT utilizing a pos-
terior paraseptal accessory pathway may be aided by the appearance of V-H-A with ventricular premature beats in the
former [].The presence of a concealed paraseptal pathway can be assessed in sinus rhythm by pacing via the His-bundle
catheter and comparing the retrograde atrial activation timing with His-bundle capture and local ventricular capture [].
Atrial flutter has a faster atrial rate and is characterized by intermittent AV conduction, commonly :. The atrial activa-
tion sequence is typically counterclockwise around the tricuspid annulus. Ventricular tachycardia may have retrograde
conduction to the atria, with earliest activation at the His-bundle catheter, or there may be VA dissociation.

(d) Entrainment

The evidence of the reentrant basis of the majority of clinical atrial and ventricular tachycardias came from studies of
the phenomenon of entrainment []. Waldo et al, in a series of studies initially of post-operative atrial flutter [] and
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His-coincident ventricular premature beat (VPB) during atrio-ventricular reentrant tachycardia (AVRT). A premature stimu-

lus in the right ventricle pulls ventricular activation earlier, timing with the anterograde activation of the His bundle. The

following atrial activation (asterisks) occurs at an interval shorter than the tachycardia cycle length (arrows). This confirms

the presence of an accessory pathway, since the normal conducting system would be refractory and unable to conduct

retrogradely.
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A technique for the diagnosis of atrial tachycardia. During atrial tachycardia (a), following termination of ventricular pacing

with retrograde atrial activation, there is a A-A-V response. During AVNRT (b) there is a A-V-A response.
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subsequently of supraventricular [] and ventricular tachycardia [], described three criteria for entrainment: () con-
stant fusion during the transient entrainment of a tachycardia except for the last captured beat (which was entrained but
not fused), () progressive fusion at different entrainment rates, and () interruption of the tachycardia associated with
local conduction block followed by activation from a different direction []. A fourth criterion was added based on the
electrogram equivalent of progressive fusion []. Demonstration that any of these criteria were met by pacing during a
sustained tachycardia was evidence of a reentrant mechanism.

The demonstration of entrainment required that the reentry circuit had an excitable gap, allowing capture frompacing
outside of the circuit. Local activation sequences within the tachycardia circuit were unchanged, with the rate increased
to that of the pacing, but the surface electrogramwas a fusion of themorphologies determined by the local pacing site and
the tachycardia. Since the last paced beat entered the circuit but the output did not fuse with a subsequent paced beat, the
beat following pacing had themorphology of the tachycardia but was at the pacing cycle length (> Fig. .).The degree
of fusion varied depending on the pacing rate, with the morphology more closely resembling that of the paced beats
with increased rate (progressive fusion). At a critical rate, the paced impulse may collide with the tachycardia wavefront
producing block and termination of the tachycardia. Subsequent activation was from the direction of pacing, and had a
shorter coupling interval.

With the development of mapping techniques it became apparent that if the pacing site was within the reentry circuit
then none of the criteria could be met, so-called “concealed entrainment” [] or “entrainment with concealed fusion”.
In this case the morphology and activation sequences of the entrained rhythm would be identical to the tachycardia, but
at the pacing rate.The local return cycle would be at the tachycardia cycle length, and not the pacing rate (> Fig. .).
A prolonged return cycle indicates that the pacing site was not within the reentry circuit []. The demonstration of
concealed entrainment may be of value in confirming a site for successful catheter ablation [, ].

(e) Syncope of undetermined etiology

The role of EP studies in the diagnosis of syncope has diminished, butmay still be of value in selected patients [, , ].
Tilt testing to diagnose neurocardiogenic syncope and implanted loop recorders to allow correlation between symp-
toms and cardiac rhythm have contributed to the decline in the use of invasive studies. The expanding indications
for implantable devices to treat ventricular arrhythmias have reduced the need to demonstrate inducible ventricular
arrhythmias in patients in whom they are suspected. The clinical significance of an induced arrhythmia or an identi-
fied conduction abnormality may be uncertain, reflecting the low sensitivity and specificity of EP testing. The diagnostic
yield is particularly low in the absence of structural heart disease [, ].
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Entrainment of ventricular tachycardia. During pacing at cycle length ms the ECG has a different morphology compared

to during tachycardia. The beat following the last stimulus is at the pacing cycle length, but has the morphology of the

tachycardia. Pacing cycle length indicated by filled arrow, and tachycardia cycle length by interrupted arrows.
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Concealed entrainment. Pacingusing themapping catheter (Map) at cycle lengthmsproduces anECGmorphology nearly

identical to that during tachycardia. The return cycle of the local electrogram recorded from themapping catheter is at almost

the tachycardia cycle length (interrupted arrows). This is consistent with pacing within the reentry circuit, and the delay

between the stimulus and the ventricular activation, as indicated by the surface ECG, suggests the site is at the entrance

to an area of slow conduction.

.. Therapeutic Role of Electrophysiology Studies

... Catheter Ablation

A major change in the role of EP studies has followed the development of catheter ablation for the curative treatment of
cardiac arrhythmias [, , ]. Techniques and principles developed for the diagnosis of arrhythmias now are applied
in a more specific manner to identify the substrate for ablation. A more anatomical, rather than electrophysiological,
approach may be applied to the ablation of some arrhythmias, including AVNRT [], atrial flutter [] or fibrillation
[], and ventricular tachycardia []. Technologies have been developed to aid the mapping of complex arrhythmia
substrates, and are described in > Chap. . However, many arrhythmias can be successfully treated by catheter ablation
using conventional electrophysiological techniques to aid the mapping and identification of the ablation target, using the
following methods.

(a) Earliest activation.The site of successful ablation of an accessory pathway or a focal atrial or ventricular tachycardia
is usually determined by the identification of the site of earliest activation (> Figs. . and > .). The use of
unipolar signals from the distal ablation catheter (filtered like a standard ECG) is of value, as the presence of an R
wave identifies a site unlikely to be successful, whereas successful sites have a QS pattern (> Fig. .) [].

(b) Pace mapping. This is based on the principle that pacing at the site of origin of the tachycardia should produce the
identical ECG morphology to the clinical arrhythmia. It is of value in the ablation of focal ventricular tachycardia,
such as RV outflow tachycardia (> Fig. .). One advantage is the option to continue mapping in the absence of
the arrhythmia, particularly if the tachycardia is poorly tolerated by the patient.
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Pace mapping at a site of early activation during RV outflow tachycardia. Pacing through the mapping catheter (Map) pro-

duces a morphology nearly identical to that during tachycardia. The local activation at this site is early, preceding the onset

of the QRS complexes (vertical line).
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Site of ablation of an accessory pathway. The ventricular activation recorded from the coronary sinus (CS) catheter indicates

that LVactivation is late.Mappingcatheter (Map) is at a siteon theRVannuluswhereventricular activation isearlier, preceding

the onset of the delta wave (vertical line). The unipolar signal has a PQSmorphology, consistent with the site of the pathway,

indicating a likely successful site for ablation.

(c) Electrogram-guided ablation. For a number of tachycardias, the above methods may be of limited value, particularly
if the substrate is a macro-reentrant circuit, and specific characteristics of potentially successful ablation sites have
been described. Examples include () AVNRT, where a characteristic complex signal with a slow pathway potential
has been described [], () Mahaim tachycardia, which uses an atrio-fascicular bypass tract, and can be ablated on
the tricuspid annulus guided by a Mahaim potential [, ], and () Idiopathic LV (fascicular) tachycardia, where
ablation is guided by Purkinje and pre-Purkinje potentials [, ].

(d) Entrainment mapping. With reentrant arrhythmias, activation mapping may be of limited value, and the aim is to
identify a component of the circuit, which may be the site of successful ablation. The demonstration of “entrain-
ment with concealed fusion” as described above, may identify an area within the circuit, or a prolonged post-pacing
interval may provide evidence that the site is outside the circuit and therefore unlikely to be a successful ablation
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Cavo-tricuspid isthmus block during radiofrequency ablation for atrial flutter. A double-decapolar “Halo” catheter (H -) is

recording activation from around the tricuspid annulus, during pacing from the coronary sinus (CS) catheter. In the first two

beats, there is activation around the annulus in both clockwise and counterclockwise directions, indicated by the arrows.

During the third beat, there is only counterclockwise activation, indicating isthmus block. This is confirmed by the local

electrogram from the mapping catheter (Map) at the site of the ablation, which becomes widely split (asterisk).

site. Such “entrainment mapping” may be of particular value in identifying sites for ablation in atrial and ventricular
reentrant tachycardias, [, , ].

(e) Assessment of ablation success. EP techniques can be used to assess whether a catheter ablation has been successful in
a number of ways. In the case of an accessory pathway, the absence of abnormal ventricular or atrial activation indi-
cates successful pathway block. Non-inducibility of tachycardia is the end-point for ablation of AVNRT, or reentrant
VT. With AVNRT, it is not necessary to abolish slow pathway conduction since persisting dual AV nodal physiol-
ogy but non-inducibility of AVNRT is an acceptable end-point, correlating with long-term benefit []. Abolition
of spontaneous or isoproterenol-induced arrhythmia, such as automatic tachycardias like RVOT tachycardia, may
indicate success. In atrial flutter, in which the cavo-tricuspid isthmus is part of the reentrant circuit, termination of
the arrhythmia during ablation by itself did not correlate with good long-term outcome [], whereas demonstra-
tion of bi-directional isthmus block post-ablation indicated long-term benefit []. Thus, in this case, successful
ablation can be performed in the absence of the arrhythmia, using the change in atrial activation recorded from a
multipolar tricuspid annulus catheter (> Fig. .c) during coronary sinus pacing as the indication of isthmus block
(> Fig. .).

... Guidance of Therapy

Thepractice of EP-guided drug therapy for ventricular arrhythmias has now largely been abandoned.The ability to induce
life-threatening arrhythmias by ventricular stimulation [], led to the premise that the EP study could be used to assess
the efficacy of drug therapy [, ]. During the s, much time was spent in EP labs performing multiple ventricular
stimulation studies in patients with prior ventricular arrhythmias. When sustained arrhythmia was induced at baseline
in a drug-free state, re-induction was attempted following intravenous drug administration, commonly procainamide
[]. Oral drug treatment was then initiated and EP studies were repeated at intervals, depending on the response [].
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Such serial drug testing tookmanydays, orweeks if amiodaronewas also tested.Observational data indicated that patients
whose arrhythmias were non-inducible on drug therapy [], or whose tachycardia rate was slowed to improve hemo-
dynamic tolerability [–], had a better outcome compared to those who continued to have inducible life-threatening
arrhythmia. However, randomized studies have failed to confirm the prognostic benefit from EP-guided drug therapy
[, , ]. In addition, there was evidence that patients whose arrhythmias were non-inducible may remain at risk
of life-threatening arrhythmia recurrence [, ]. In addition, data from the AVID registry indicated that stable VT
may not be a benign arrhythmia, with a mortality of over % at  years []. There are also concerns regarding the
specificity of induced arrhythmias in relation to the stimulation protocols [] and the day-to-day reproducibility of the
technique [, ]. The development of the implantable cardioverter defibrillator (ICD) provided a superior therapy to
dug treatment for high-risk patients [].

It has been suggested that an EP studymay be of value in identifying those patients with VTwhomay respond to anti-
tachycardia pacing (ATP) []. However, reproducibility of response to ATP is variable, and may not be predictive [].
In particular, induced fast VT had a lower success rate of ATP, but studies have shown a high percentage success (%)
with spontaneous fast VT [, ]. In addition, survivors of cardiac arrest from VF, without prior documented clinical
VT, may have recurrent monomorphic VT, which is poorly predicted by EP studies [], and which may be successfully
terminated by ATP [].

.. Risk Stratification

The role of EP testing in risk stratification remains controversial. The ability of the EP study to induce life-threatening
arrhythmia may offer a method to identify patients at high risk of sudden death, of particular value in those patients who
have not yet had an arrhythmia but have been identified as being at risk.

... Wolff-Parkinson-White Syndrome

In patients with the Wolff-Parkinson-White syndrome there is a recognized risk of sudden death. A minority of patients
have an accessory pathway with a short refractory period allowing a rapid ventricular response to atrial flutter or fibrilla-
tion [], which may degenerate from pre-excited atrial fibrillation to ventricular fibrillation []. Noninvasive testing,
including ambulatorymonitoring and exercise testing [], may reveal intermittent pre-excitation, indicating a relatively
long accessory pathway refractory period, in up to %, but in the majority of patients the properties of their pathway
cannot be determined without invasive EP assessment. A pathway ERP of less than ms, or the shortest RR interval
less than ms during induced atrial fibrillation, identified increased risk []. In symptomatic patients, this is less of an
issue, since catheter ablation can be curative and removes the risk from the pathway. The asymptomatic patient presents
more of a dilemma. Conventional wisdom has been that the risk to an asymptomatic patient is low and does not merit
even the low risk associatedwith catheter ablation. However, recent reports have challenged this view, providing evidence
to support a more aggressive approach to ablation in the asymptomatic patient [, ].

... Ventricular Arrhythmias

(a) Post-myocardial infarction

Sudden death due to lethal ventricular arrhythmia continues to be a major cause of mortality following MI. The peri-
infarct area of myocardium provides a substrate for reentrant arrhythmias. Although ventricular fibrillation (VF) is
commonly the identified fatal arrhythmia, there is evidence that the initial arrhythmia is often fastmonomorphic ventric-
ular tachycardia (VT), which then degenerates into VF. Thus, ventricular stimulation may induce VT or VF in survivors
of cardiac arrest post-MI. Such potentially lethal arrhythmias may also be inducible in patients who have not yet had a
cardiac arrest, and therefore may identify those at risk. The initiation of VT or VF has been shown to identify a popu-
lation of post-infarction patients at risk of sudden death by spontaneous development of ventricular tachyarrhythmias
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[, ]. With the availability of the ICD, there is a need to identify high-risk patients likely to benefit from expensive
device therapy post-MI, so-called primary prevention. Studies utilizing combinations of risk factors, including LV dys-
function, non-sustained VT, and inducibility, have shown that it is possible to identify a high-risk population which can
benefit from the ICD []. The Multicenter Automatic Defibrillator Implantation Trial (MADIT) [] and the Mul-
ticenter Unsustained Tachycardia Trial (MUSTT) [] required an EP study with inducible VT and showed mortality
benefit with the ICD. However, MADIT II required only LV dysfunction post-MI as an entry criterion, without the need
to demonstrate inducibility of arrhythmia, and showed a % reduction in the risk of death post-MI with the ICD [].
In this study, % of patients who received an ICD had an EP study, and unexpectedly, ICD therapy for VF was less com-
mon in inducible than in noninducible patients []. Furthermore, the induction of VF was less predictive of subsequent
arrhythmia than the induction of monomorphic VT, confirming the relatively nonspecific nature of induced VF. Finally,
observational data from the MUSTT registry showed that patients post-MI who did not have inducible arrhythmia at
EP study had a similar mortality to those who had inducible VT/VF [], providing further evidence against the role of
invasive EP testing following MI.

(b) Cardiomyopathy

Suddendeath fromventricular arrhythmia is a cause ofmortality in both dilated andhypertrophic cardiomyopathy.While
EP studies to induce ventricular arrhythmia have been advocated for both these conditions, there is now recognition that
ventricular stimulation is of limited value, due to its unacceptably low sensitivity and specificity [, ]. However, the
finding of paced electrogram fractionation may be of prognostic value [, ]. Non-inducibility at EP study in patients
with dilated cardiomyopathy may be even less predictive of freedom from sudden death than in the post-MI patients
[]. Mortality benefit from the ICD has been shown in patients with heart failure, including dilated cardiomyopathy,
without the requirement of an EP study []. In hypertrophic cardiomyopathy, indications for the ICD are based on
clinical risk factors, including family history, syncope, septal thickness, non-sustained VT, or hemodynamical instability
at exercise testing [].

Arrhythmogenic right ventricular dysplasia or cardiomyopathy (ARVC) is a genetically linked abnormality affecting
the RV predominantly and is characterized by monomorphic ventricular tachycardia and a risk of sudden death [].
EP-guided therapyhas been shown to be of clinical value, but suffers from the same limitations as in the post-MI situation,
and there is increasing use of the ICD, without a prior EP study [, ].

(c) Arrhythmogenic channelopathies

A major advance in recent years has been the increased understanding of genetic disorders, which may cause life-
threatening arrhythmia due to electrophysiological changes at the level of ion channels and receptors, in the absence of
structural heart disease. These include the long QT syndrome, Brugada syndrome, and catecholaminergic polymorphic
ventricular tachycardia. Ventricular stimulation has little role in the management of these conditions [, ], except in
the Brugada syndrome, where it remains controversial. This is a condition characterized by baseline ECG abnormalities
(RBBBwith ST elevation) and can cause lethal ventricular arrhythmias [, ].The only treatment is an ICD. Inducible
arrhythmia has been shown to be of value in the identification of risk by some [], but not confirmed by others [, ].
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. Catheter-BasedMapping Techniques

.. The Development of Catheter-BasedMapping Techniques

Following the inception of cardiac catheterization in the s, catheter-based techniques were developed to record
electrical activity from the endocardial surface using electrode catheters. One of the first exponents of this technique
was Scherlag, who used electrode catheters to record activity from the His bundle in man []. At the same time, pro-
grammed electrical stimulation was being developed by Wellens’ group, to both induce and terminate supraventricular
tachycardias (SVT) in patients with Wolff-Parkinson-White Syndrome [], and then later in patients with ventricular
tachycardia (VT) []. Catheter recordings were then used to determine the refractory periods of the atria, ventricles, and
the His–Purkinje tissue, and the functional characteristics of the A-V conducting system. This led to the investigation
of the effects of pharmacological agents on these functional parameters and their efficacy in terminating and preventing
arrhythmias.

The use of multiple catheters inside the heart allowed investigators to compare activation timings at different sites
and represented the first step in mapping arrhythmias. This simple technique allowed the approximate localization
of accessory pathways in patients with Wolff-Parkinson-White Syndrome and, subsequently, led Josephson et al. to
describe endocardial mapping techniques for VT arising from the left ventricle []. However, the use of single or multiple
catheters for mapping arrhythmias has important limitations. It is usually only applicable to sustained, monomorphic
arrhythmias that are hemodynamically stable where there is time for sequential mapping. Furthermore, the spatial res-
olution of individual catheters may not be sufficient to elucidate the mechanism or substrate and origin of complex
arrhythmias, especially infarct-related VT. To overcome these limitations in VT, some investigators developed criteria
for identifying sites critical for arrhythmogenesis during sinus rhythm, namely, the presence of abnormal fractionated
electrograms [–].

.. Conventional Contact Catheter Mapping

Intracardiac mapping using conventional contact catheters remains the cornerstone of diagnostic electrophysiology
and ablation. The placement of catheters in different cardiac chambers with simultaneous recording enables deter-
mination of the origin of many types of arrhythmia. However, considerable knowledge and experience is required
to interpret this information, and many different techniques designed to tackle the same forms of tachycardia have
evolved.

.. Vascular Access

The placement of catheters within the right heart and coronary sinus requires cannulation of a central vein.The right and
left femoral veins are typically used for the placement of most catheters, although the subclavian veinsmay be particularly
useful for the placement of electrodes within the coronary sinus.

Access to the left atrium and ventricle can be obtained either via the retrograde trans-aortic route (although mapping
of the left atrium using this technique is usually difficult) or via the transseptal route, where puncture of the intra-atrial
septum is usually required unless a patent foramen ovale or atrial septal defect is present, in which case access may be
achieved directly. Importantly, once catheters are placed within the left-sided circulation, anticoagulation with heparin
is required to prevent thrombotic and embolic complications.

.. Contact Catheters

A variety of diagnostic catheters are available frommany differentmanufacturers. In their simplest form, they comprise a
fixed-curve bipolar catheter, with which it is possible to both record electrical activity and pace the heart using a bipolar
or unipolar configuration.
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Typical electrograms recorded from a conventional diagnostic electrophysiology study. Abbreviations: AH, interval between

septal atrial andHis electrograms; CS, coronary sinus; Hisd, distal His bundle electrogram; HRA, high right atrium;HV, interval

between the His electrogram and the earliest ventricular activity inscribed from any intracardiac or surface lead, in this case,

V, which demonstrates right bundle branch block to be present; RVAp, proximal right ventricular apical electrogram. Four

ECG leads are labeled conventionally.

However, fixed curve quadripolar catheters are typically used for recording electrical activity from the high right
atrium, the AV node/bundle of His, and the apex of the right ventricle (> Fig. .). The addition of the two extra
electrodes provides more electrical information from the chamber in which they have been placed, and this in turn
provides greater information to gauge the direction of activation within a cardiac chamber. In addition, this offers the
ability to pace and record simultaneously from closely adjacent electrodes. A quadripolar catheter placed at the bundle
of His may also be able to record electrical potentials from the proximal right bundle branch, which is useful in some
circumstances.

In contrast, a multipolar catheter, such as a decapolar catheter, is typically used for recording electrical activity within
the coronary sinus, enabling the length of the vein to be spanned by the recording electrodes. The coronary sinus is the
only place where left atrial and ventricular activity can be recorded from standard venous cannulation. It is therefore
logical to obtain as much information as possible from a single catheter so that, for example, in patients with left-sided
accessory pathways, a decapolar catheter within the coronary sinus lies close to the mitral annulus, facilitating pathway
localization. Some centres now routinely use deflectable diagnostic decapolar catheters for use within the coronary sinus,
which can make cannulation of the coronary sinus from the femoral route significantly easier.

Specialized multipolar mapping catheters are available that have been designed to guide specific types of catheter
ablation. The “Halo” catheter is a -pole deflectable curvilinear mapping catheter, which is designed to sit around the
tricuspid valve annulus and is used most frequently during typical atrial flutter ablation, although it can be useful in
any procedure in which global right atrial recording is required or to guide the localization of right-sided accessory
pathways []. The “Lasso” catheter is also a multipolar, curvilinear mapping catheter designed to sit at the os of the
pulmonary veins to guide the ablation of atrial fibrillation (AF) by pulmonary venous isolation.

. Recording Systems

A system that simultaneously records the standard  surface ECG waveforms in addition to a large number of channels
for recording intracardiac signals is necessary for performing diagnostic and therapeutic electrophysiological procedures.
A number of different recording systems are commercially available, and signals are amplified and filtered over a wide
and variable frequency range (from under Hz to  kHz), digitized, displayed, and stored.
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. Electrogram Recording andMorphology

Electrical activity within the heart can be recorded with unipolar or bipolar configurations. Unipolar electrograms are
recorded between a single pole from within the heart and a distant pole typically located intravascularly but outside the
heart to minimize surface electrical noise generated by skeletal muscle or an alternating current power supply.

The morphology of unipolar electrograms provides information about the direction of the wavefront of activation
coming toward or away from the catheter by the same principle as seen on the standard surface ECG. A wavefront that
comes toward the catheter will produce a positive deflection, while a negative deflection occurs when thewavefront travels
away from it.Thus, when attempting tomap a focal tachycardia, i.e., a tachycardia that originates from a specific focus and
propagates centrifugally, a QSmorphology indicates the location of the focus. Accordingly, an RSmorphology is recorded
from all other sites. There are important caveats to this rule that include the need for adequate tissue contact, minimal
high-pass filtering, and the presence of “far-field” electrograms that can obscure small amplitude signals. Examples of
the latter include ventricular far-field signals recorded from the overlying right atrial appendage or ventricular electro-
grams from healthy tissue obscuring small potentials from zones of slow conduction within reentrant VT circuits. Bipolar
signals also provide information on wavefront propagation, but here, the orientation of the bipole relative to wavefront
propagation is a major determinant of the signal shape.

The majority of intracardiac recordings are made with bipolar electrograms. Although their morphology provides
limited information about wavefront direction, they indicate the time of local endocardial activation better than unipolar
signals.

. CatheterMapping

Sites critical to the maintenance of a tachycardia can be elucidated by careful interpretation of surface ECG morphol-
ogy and electrogram timing in combination with specialized pacing maneuvers. In addition, pacing is routinely used
to initiate and terminate tachycardias, and the type of pacing maneuver that succeeds in doing so can give information
about the likely substrate of the arrhythmia. For instance, arrhythmias that are readily and repeatedly induced using
programmed stimulation are most frequently a result of reentry. Triggered rhythms may require appropriate drugs or
sometimes physical maneuvers, such as straight leg raising, to aid inducibility.

The process of arrhythmia diagnosis depends significantly on the interpretation of electrogram timing. As bipolar
recordings are used in the majority of cases, electrogram morphology is not usually considered in this diagnostic pro-
cess, although sometimes the combination of unipolar and bipolar recordings are helpful, for example, in ablation of
typical right atrial flutter (see below). Usually, complimentary methods of mapping are used to help in the diagnosis of
arrhythmias. These are described below.

.. Activation Sequence Mapping

During focal tachycardias, the origin of the tachycardia is the site at which the earliest electrogram can be localized. This
site is found using a roving mapping catheter, and the timing of successive electrograms recorded from this catheter
are compared with a stable and relevant reference signal, be it another intracardiac electrogram or surface ECG fea-
ture. For instance, focal atrial tachycardias can be mapped by comparing the roving catheter electrogram to the earliest
P wave onset on the surface ECG during tachycardia or perhaps to the electrogram recorded from a stable catheter
placed within either atrium. If unipolar recording is utilized with minimal high-pass filtering, the presence of a QS mor-
phology belies the source of the tachycardia. In another example, activation mapping can be used to locate the focus of
idiopathic VT occurring in structurally normal hearts, especially when these tachycardias arise in the right or left ven-
tricular outflow tracts. One approach to mapping these tachycardias is to progressively move two mapping and ablation
catheters and compare electrogram timings between the two catheters that are graduallymoved to the sitewith the earliest
activation.

Arrhythmias that are caused by reentry do not have an “earliest” or “latest” signal as there is continuous electrical
activity around a barrier to conduction, be it a fixed or functional barrier or a combination of the two. Nevertheless,
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activation mapping is still useful in locating sites critical to tachycardia maintenance in reentrant arrhythmias as long
as the operator has knowledge of the substrate that supports these arrhythmias. In the case of infarct-related ventricular
tachycardia, the circuit is composed of a “systolic” portion in essentially healthy myocardium and a “diastolic” portion
in which activation proceeds along a corridor of diseased tissue, usually at the infarct scar border zone and protected
by fixed or functional block (see below). Electrograms recorded from this area are found prior to the earliest onset of
the QRS complex on the surface ECG. The “diastolic” pathway is the narrowest part of the VT reentrant circuit and the
target for ablation. Electrograms occurring in diastole are searched for as they may indicate the location of the dias-
tolic pathway (DP), which is critical to arrhythmia maintenance. However, electrograms in diastole may also represent
recordings from blind-ending “bystander” pathways that are not required for tachycardia but usually lie close to the tachy-
cardia’s “diastolic” pathway. Specialized pacing maneuvers are required to make this differentiation, which are outlined
in detail below.

.. Pacemapping

The principle of pacemapping is that stimulation at the site of origin of a tachycardia produces a -lead ECG that is iden-
tical to the tachycardia itself. Stimulation must be performed at a similar cycle length to tachycardia, otherwise localized
conduction characteristics may alter ECG morphology. Although bipolar pacing is employed most often for this, it must
be remembered that endocardial capture can be from either of the two poles.

Pacemapping is most helpful when used, in addition to activation mapping, in mapping focal tachycardias occurring
in structurally normal hearts. As the rest of themyocardium has normal conduction characteristics, pacing at the focus of
the arrhythmia should result in a surface ECGmorphology identical to tachycardia, or, more commonly, to ectopy arising
from the same site. It is important to examine all  leads of the surface ECG during tachycardia/ectopy and pacing, and
even the smallest difference in P or QRS shape can imply that the catheter is not exactly on the focus. One disadvantage
of this technique is that the artifact caused by the pacing stimulus can hamper this comparison.

It is important to also be aware that in the presence of structural heart disease, for instance in infarct-related ventric-
ular tachycardia, areas of “functional block” exist during tachycardia but not during sinus rhythm [, ]. These areas
act as barriers to conduction protecting an area of myocardium to allow reentry. This is important in post-myocardial
infarction (MI) VT and in typical atrial flutter []. Therefore, pacemapping from sinus rhythm in these scenarios would
produce very different ECG morphologies to those during tachycardia, indicative of different activation sequences.

.. EntrainmentMapping

Thismethod of mapping is reserved for reentrant arrhythmias. Reentrant circuits typically have “fast” and “slow” compo-
nents, the latter allowing time for tissue that would otherwise be refractory to recover, permitting the circuit to continue.
As described, the different components of these circuits may be separated by fixed anatomical obstacles or zones of func-
tional block. As the activation wavefront travels around the circuit, it encounters continuously excitable tissue ahead of
it. This area of tissue that exists between the advancing head of the activation wavefront and the retreating, refractory tail
is known as the “excitable gap.” It is believed that all macro-reentrant circuits contain such an excitable gap, although the
size and conduction characteristics within it may vary not only between different types of reentrant arrhythmia but even
at different locations within an individual circuit [, ].

Pacing maneuvers may therefore interact with the excitable gap, and the resulting change to activation indicates
whether stimulation occurred within the circuit or from outside. It can even discriminate between pacing from the true
diastolic pathway and bystander areas (see below).

A single premature extrastimulus may “reset” a reentrant circuit. Resetting is the term used to describe the effect that
a premature stimulus has when it reaches the circuit and encounters excitable tissue, the excitable gap. It will both collide
with the previous tachycardia wavefront in a retrograde (antidromic) direction and advance the orthodromic activation
of the tachycardia [–]. The circuit will be “reset” if the excitable gap is fully excitable. The return cycle is the interval
between the extrastimulus and the onset of the next beat of tachycardia, and its properties define the characteristics of
the excitable gap as this interval corresponds with the time required to reach the circuit, conduct through it, and exit it.
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Entrainment, therefore, refers to the ability to continuously reset a tachycardia circuit with pacing at a cycle length
just shorter than tachycardia (overdrive pacing). The presence of fusion between the native tachycardia and the paced
complex defines entrainment and ensures that activation wavefronts from pacing are interacting with the tachycardia
circuit, and is strongly supportive of a reentrant mechanism [–]. Focal arrhythmias cannot manifest fusion during
overdrive pacing, and tachycardia is suppressed or accelerated by this maneuver.

Entrainment has been described in atrial flutter [], reentrant atrial tachycardia [], atrioventricular reentry [],
and reentrant ventricular tachycardia [–], and has also been demonstrated in patients with atrioventricular nodal
reentrant tachycardia (AVNRT) [, ]. Observations during pacing proximal to the site of slow conduction in a reen-
trant circuit ledWaldo’s group to propose first a set of three criteria [], and subsequently a fourth criterion for transient
entrainment [], as follows:

. The presence of constant fusion beats on the ECGwhile pacing during tachycardia, at a constant rate that is faster than
the tachycardia and that fails to interrupt it, except for the last paced beat that is entrained but not fused.

. The demonstration of progressive fusion while pacing during tachycardia at two rates that are faster than the
tachycardia but do not terminate it.

. The interruption of a tachycardia during pacing at a rate faster than that of the tachycardia is associatedwith localized
conduction block to a site for one beat, followed by activation of that site by the next pacing impulse from a different
direction and with a shorter conduction time.

. While pacing during tachycardia from a constant site at two rates, both of which are faster than the tachycardia
and do not interrupt it, a change in electrogram morphology at, and conduction to, an electrogram recording site is
observed.

However, successful entrainment in itself does not prove that the pacing site is located within the circuit, simply that
reentry exists. In order to determine whether the pacing site is in such a location, further examination of the fused ECG
complexes, the return cycle interval, and the relationship of the pacing stimulus to intracardiac electrograms are required
and are outlined below.

Pacing from within a protected part (usually the “diastolic” portion) of the circuit entrains the circuit without change
to the surface ECG morphology, as the stimulated orthodromic wavefronts follow exactly the same pathway as the
tachycardia wavefronts.This is termed entrainmentwith concealed fusion or concealed entrainment [].The antidromic
wavefront from the stimulus collides with the native tachycardia wavefront within the boundaries of the protected path-
way and, therefore, does not interrupt the outer portion of activation responsible for the majority of ECG morphology.
However, pacing at a connected bystander site will also entrain with concealed fusion.

When pacing within the tachycardia circuit, the return cycle approximates the tachycardia cycle length (TCL) (within
ms). Consequently, if pacing from a bystander position, the return cycle is longer than the tachycardia cycle length.
However, the return cycle alone cannot discriminate between outer systolic portions of the circuit and the narrow diastolic
isthmuses. It is therefore necessary to examine the interval between the pacing stimulus and a fixed reference point, for
instance, the stimulus-QRS interval in the setting of reentrant VT (described later).

It should be noted that overdrive pacing must be performed at a cycle length close to that of tachycardia due to the
possibility that a shorter pacing cycle length may provoke decremental conduction within the circuit, thereby altering the
intervals described above.

. AlternativeMapping Technologies

To overcome the limitations of conventional mapping techniques, principally the ability to record electrogram data from
small parts of each cardiac chamber and the usual need for sustained tachycardia, alternative mapping approaches have
been developed.They are based on two principles. Electroanatomic mapping systems collect sequential electrogram data
from an entire cardiac chamber if necessary to define the underlying electrical substrate, while noncontact and basket
catheter mapping systems are designed to collect global electrogram data from even a single cardiac cycle.
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.. Defining the Electrical Substrate Using ElectroanatomicMapping

Electroanatomic systems (CARTO, LocaLisa, Realtime Position Management, and NavX System) [–] correlate acti-
vation with acquired chamber geometries.They are not suitable for activationmapping during unstable rhythms, but data
acquired during sinus rhythm can be used to target ablation.

In creating a global activation map by sequentially collecting activation times on a three-dimensional geometry of a
cardiac chamber or chambers, the entire circuit ofmacro-reentrant arrhythmia can be visualized.Using voltage data, these
systems can delineate scar, thereby highlighting the important scar boundary regions where, for instance, VT diastolic
pathway activity predominates. Focal or linear lines of ablation can then be created at these regions to abolish reentrant
circuits, the latter typically extended to electrically silent areas, for example, the mitral valve annulus or dense scar. This
method overcomes the need for mapping during tachycardia by defining potential arrhythmogenic substrates.

.. ElectroanatomicMapping

TheCARTO™ system (BiosenseWebster,DiamondBar, California, USA) works on the principle that ametal coil placed in
a magnetic field will generate an electrical current.Themagnitude of this current depends on the coil’s orientation within
the magnetic field and the field’s strength. In this system, the coil is located in a specialized catheter tip and three magnets
of varying strength are arranged under the patient. The catheter acts as a locator as it is dragged along the endocardial
surface, and electrogram data is acquired at each point to facilitate sequential creation of isochronal and voltage maps.
Therefore, as with conventional contact catheter techniques, detailed activation mapping of hemodynamically unstable
VT is not possible using this system. Instead, substrate mapping (voltage data) and pacemapping during sinus rhythm
are employed to identify areas thought to be critical to tachycardia maintenance. These mapping systems also offer the
benefit of catheter navigation, thereby limiting x-ray exposure to both patients and medical personnel.

Electroanatomical mapping has been used for mapping and ablation of a range of supraventricular arrhythmias
including focal and reentrant atrial tachycardias [, ], atrial flutter [, ], and accessory pathway ablation []. In
addition, it has also been extensively used in the treatment of unstable infarct-related ventricular tachycardia using volt-
age maps created during sinus rhythm [–], which hitherto had essentially been “unmappable” using conventional
techniques.

.. LocaLisa

LocaLisa is a non-fluoroscopic catheter location system [] that utilizes the principle that when an external current
is applied across a medium with predictable impedance, a voltage drop occurs []. The electrical field strength at a
particular point is proportional to the relative position within the medium.

Three orthogonal skin electrode pairs are attached to the patient to produce three-dimensional currents. A  mA
current is passed between electrodes to create a high-frequency transthoracic electric field. When catheters are moved
within the electrical field, sensors incorporated into the catheter tip detect changes in voltage. Each electrode pair emits
slightly different signals between  and  kHz, which are detected by the sensor catheters. Signals are then processed,
and the components of different frequencies can be differentiated.The amplitude of each electrical signal is then recorded
digitally. The three-dimensional position of any intracardiac catheter can then be computed from the field strength along
each orthogonal axis. Sites of interest and previous catheter positions, such as radiofrequency ablation sites, can bemarked
and used for reference. The system has been used in ablating atrial tachycardia and atrial flutter [–], and has also
been used to guide pulmonary vein isolation for patients with atrial fibrillation [].

.. Global Data Acquisition from a Single Cardiac Cycle

Global mapping systems (basket catheter mapping and noncontact mapping (NCM)) [, ] were developed to
provide simultaneous data from an entire cardiac chamber from just a single beat of sinus rhythm or tachycardia.
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This ability allowed rapid and detailed mapping of an entire VT circuit without the need for tachycardia to be sustained,
and such systems are therefore ideally suited for mapping complex and poorly tolerated arrhythmias, such as infarct-
related VT.

.. Basket Catheter Mapping

The basket or multielectrode mapping catheter consists of eight equidistant collapsible splines, or arms, each with four or
eight electrode pairs creating a –-bipolar-electrode catheter. A suitably sized basket is deployed via a guiding sheath
into the relevant chamber, enabling endocardial mapping.

Studies in swine have shown that this technology is capable of rapidly generating isochronal endocardialmaps [, ],
and unipolar pacing can be performed from each of the electrodes for both pacemapping or entrainment. It has been
used to map focal and macro-reentrant atrial tachycardias, atrial arrhythmias in congenital heart disease, and idiopathic
outflow tract VT [–]. However, there have been relatively few studies using this form of mapping technology to
guide VT ablation in man.This is because nonuniform, unpredictable, and relatively uncontrollable spline contact limits
spatial resolution of complex activation in structural heart disease and limits the ability to perform pacemapping and
entrainment in severely deformed ventricles [].

. Noncontact Mapping

Noncontact mapping (NCM) is dependent on three important mathematical principles: the Laplace equation, the
boundary element method, and the classic solid angle theory [–].

Laplace calculated that the voltagemeasured at an outer boundary (e.g., the endocardium) can be applied to a formula
that accurately calculates the voltage everywhere inside a chamber cavity – the Laplace equation []. Cavitary potentials
are a summation of the electric potential from around the entire endocardial surface and dependent on the distance from
each endocardial source point, a principle known as spatial averaging.

The boundary elementmethod describes the process in which a simple formula applied tomultiple elementswithin a
boundary and then combined, can provide an accurate assessment of information along the whole boundary []. Thus,
when calculating voltage from an endocardial surface, the endocardium is divided into multiple elements and a simple
expression for voltage and current is applied to each element to estimate the electrical behavior within and between each
element.These estimates are combined for an accurate depiction of endocardial potentials.

The classic solid angle theory [, ] describes the phenomenon that changes in cardiac potential are detected earliest
by an electrode in closest proximity to the source of activation. This site has the greatest negative potential change that
decreases with distance. If position and orientation of each electrode is known, the site of origin and sequential activation
within a cardiac chamber can be determined []. The use of the boundary element method as an inverse solution to
Laplace’s equation has enabled the reconstruction of surface endocardial electrograms from intracavitary potentials and
led to the development of multielectrode intracavitary probes.

Using a collapsible multielectrode array (MEA) with a braid of  wires woven around an ml balloon (recreating
, virtual endocardial electrograms), three-dimensional chamber geometries are constructed on a computer worksta-
tion. Far-field electrogram data from the array are fed into the amplifier system, sampled at . kHz, and filtered. A ring
electrode on the proximal shaft of the F array catheter in the inferior vena cava (IVC) is used as a reference for unipolar
electrogram recordings. Because the far-field electrograms detected by the array are of low amplitude and frequency, the
potentials are enhanced and resolved mathematically.This allows the construction of high-resolution endocardial isopo-
tential and isochronal maps. Using a locator signal, the system can also guide a contact mapping and ablation catheter,
with limited need for fluoroscopy, to points on the virtual endocardium that may be suitable sites for ablation.

The system has been used to map macro-reentrant VT complicating ischemic heart disease, where it has
proved valuable in identifying the target diastolic pathway and guiding its ablation [, ], and has also mapped other
VTs in normal hearts [, ]. With the array deployed in the atrium, the noncontact system can delineate the substrates
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(a) External view of digitally derived anatomy of left atrium and pulmonary veins with linear ablation lesions depicted in red.

(b) Internal viewof digitally derived anatomyof left atriumshowing the os of a common left pulmonary vein and the entrance

into the left atrial appendage. Linear ablation lesions are depicted in red.

of focal [], macro-reentrant atrial tachycardia [], focally initiated atrial fibrillation [, ], and atrial fibrillation
and typical atrial flutter [–], and guide mapping and ablation of tachycardias due to intra-atrial reentry after Fontan
surgery [].

.. CARTOMerge™

TheCARTOMerge™ system integrates computed tomography (CT) ormagnetic resonance imaging (MRI) digital images
of the heart structures into the mapping study so that a patient’s actual anatomy and the conventional mapping geometry
can be combined.

Once the images are imported into the CARTO system, each cardiovascular structure can be identified and seg-
mented out until the structures of interest, for example, the left atrium and pulmonary veins, are selected and retained.
Its three-dimensional hull is then integrated into the mapping study at the time of the procedure. Using fluoroscopy, fixed
anatomical landmarks are identified and acquired as geometric location points.These points are then registeredwith their
corresponding sites on the CT/MRI image, and the two then “merged” together so that the catheter tip can be navigated
on-screen within the digital anatomical image (> Fig. .).

Electroanatomical mapping with CT/MRI image integration is particularly useful in performing ablation procedures
in which anatomical information is important, such as ablation of AF, and in patients with complex anatomy, such as
those with congenital heart disease.

.. EnSite Verismo™ Segmentation Tool

This software works in a similar way to the CARTOMerge software, although direct integration of the mapping data with
the CT/MR-derived images is just becoming available.

. Conventional Mapping for Specific Arrhythmias

.. Mapping of Atrioventricular Nodal Reentrant Tachycardia (AVNRT)

In patients with AVNRT, during performance of an anterograde conduction curve, a jump in AH conduction (indicating
anterograde block in the “fast” AV nodal pathway and conduction via a slow pathway) will initiate AVNRT in % of
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Abbreviations: AVNRT, atrioventricular nodal reentry tachycardia; CL, cycle length; otherwise as for > Fig. .. Initiation

of typical slow-fast AVNRT by two premature atrial extrastimuli (S & S) delivered during sinus rhythm. A jump in AH interval

is seen after S, which is followed by typical slow-fast AVNRT (see text) at a cycle length of ms.

patients (> Fig. .). A minimum ms increase in the AH interval after a –ms shortening in the AA interval is
required for a “jump” to be diagnostic. However, single echo beats, i.e., a single cycle of anterograde conduction over the
slow pathway followed by retrograde conduction over the fast pathway, are normal. The administration of isoprenaline
or atropine may allow AVNRT to be sustained following further pacing. It should also be noted that variants of typical
(slow-fast) AVNRT exist, in which the conduction properties and refractory periods overlap such that a jump may not
be observed. It is standard practice to proceed to ablation only when tachycardia is readily and repeatedly inducible
predominantly, so that a clear end point is provided, i.e., a lack of inducibility following ablation. If tachycardia cannot be
induced despite the maneuvers described above, it is advisable not to proceed and to repeat the procedure at a later date.

Typical AVNRT consists of a long AH interval and synchronous, or nearly synchronous, atrial and ventricular con-
duction with a short VA interval. The latter reflects rapid retrograde fast pathway conduction coincident with rapid
anterograde His–Purkinje activation.The presence of bundle branch block will cause HV prolongation and delay of ven-
tricular electrograms depending onwhich bundle branch is affected but cycle length will not be affected. Retrograde atrial
activation should occur in a concentric pattern during typical AVNRT.

Atypical AVNRT (fast-slow) in which anterograde conduction occurs over the fast pathway and retrograde via the
slow pathway results in a “long RP” tachycardia on the ECG with corresponding change in intracardiac electrogram.
The earliest atrial activation is typically more posteroinferior than in slow-fast AVNRT reflecting the relative location of
the slow and fast pathways.The same surface appearance can be produced by orthodromicAVRTwith a slowly conducting
accessory pathway and low atrial tachycardia with : AV conduction.

Finally, if a narrow complex tachycardia is induced with an eccentric retrograde atrial activation pattern, either AVRT
or AVNRT with a bystander accessory pathway is present.The latter, which is a rare entity, would be expected to demon-
strate a degree of fusion between the retrograde activation via the accessory pathway and the fast AV nodal pathway.
During any apparent junctional reentry tachycardia, it is important to examine for the presence of an accessory pathway.
Sensed, single ventricular extrastimuli are introduced during tachycardia at shorter intervals until one produces ventric-
ular depolarization that is synchronous with the His bundle electrogram. At this point, the ventricular stimulus cannot
conduct retrogradely over the AV node as the His bundle is activating anterogradely.Therefore, if this maneuver alters the
timing of the subsequent atrial electrogram from that anticipated, an accessory pathway should be suspected. However,
this phenomenon is dependent on the size of the excitable gap present, intraventricular conduction properties, the site of
pacing, and location of the accessory pathway. In typical AVNRT, the excitable gap is usually relatively small and the RV
apical catheter, a considerable distance from the circuit. Therefore, the advancement of atrial activation can only occur
with extremely premature extrastimuli. In contrast, an accessory-pathway-mediated tachycardia utilizes theHis–Purkinje
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system, and therefore the circuit is much closer to the RV catheter. This phenomenon has been developed into a useful
tool known as the preexcitation index (PI), to aid discrimination of different types of accessory-pathway-mediatedAVRT
and AVNRT []. The PI is defined as the tachycardia cycle length minus the longest coupled ventricular extrastimulus
to result in advancement of atrial activation. A PI of >ms is typically seen with AVNRT, ms or greater with left free
wall accessory pathways, and <ms with septal APs []. Finally, failure to advance atrial activation with ventricular
extrastimuli does not exclude AVRT, especially if the accessory pathway has decremental properties, or is located on the
left free wall.

The response to entrainment is a further additional pacing maneuver that is useful to discriminate between different
types of SVT. When AVNRT or AVRT is entrained from the ventricle, it will typically terminate with a V-A-V response,
i.e., the last entrained atrial activation will return directly to the ventricle as there are two pathways connecting atrium to
ventricle. However, when an atrial tachycardia, which by definition is not dependent on conduction via the AV node or
ventricles for maintenance, is entrained, it will typically demonstrate a V-A-A-V response as the last entrained A will sub-
sequently block anterogradely in the AV node.There are important distinctions to this rule, especially if atrial tachycardia
occurs in the presence of dual AV node physiology.

The post-pacing interval (PPI) following entrainment (ventricular pacing) is also extremely useful to help differenti-
ate AVNRT from AVRT. This interval represents the time taken to travel to the circuit from the pacing site, once around
the circuit, and then the time back to the recording site.Thus, if the tachycardia cycle length (TCL) is subtracted from the
PPI, this interval represents twice the time to conduct to and from the circuit, thereby giving a useful indication of how
far away the circuit is. It is important to remember that the prematurity of the ventricular pacing results in decremen-
tation elsewhere, especially in the AV node, so the previous definition of PPI-TCL is not entirely accurate. Nevertheless,
this calculation has been shown to be extremely useful in differentiating atypical AVNRT from AVRT utilizing a septal
accessory pathway, in which the former all had a PPI-TCL of >ms []. This technique has subsequently been refined
to account for decrementation at the AV node [, ].

Once AVNRT has been confirmed and if appropriate given the patient’s symptomatology, modification of the slow
pathway can be performed to permanently interrupt the circuit. Different methods have been described to effect slow
pathway modification based on analysis of electrograms [, ] or by anatomical guidance [, ]. Usually, a combi-
nation of these techniques is used. During sinus rhythm, a deflectable ablation catheter is advanced in the RAO (right
anterior oblique) projection into the base of the right ventricle at the infero-posterior part of Koch’s triangle and with-
drawn slowly until small atrial electrograms are identified, typically later than those recorded at the His catheter [].The
catheter is then moved progressively superiorly on the septal tricuspid annulus until a so-called “dome and spike” mor-
phology is seen, thought to indicate an atrial electrogram closely followed by a slow pathway potential. It is not uncommon
to find such potentials in alternative positions depending on the course of the right posterior extension of the AV node.
Fairly frequently, this includes sites superior to the coronary sinus os. Successful slow pathwaymodification, usually asso-
ciated with an irregular junctional rhythm during RF energy delivery, can be achieved at these sites.The presence of slow
junctional activity during energy delivery tends to indicate a successful ablation site.The exact cause of this phenomenon
is not clear, but is thought to be due to the effects of thermal injury on inputs to the AV node. It is almost always seen with
energy delivery at successful sites at which its duration is longer, but is also seen in up to % of unsuccessful sites [].
Thus, although lack of junctional activity during energy delivery almost invariably suggests an ineffective application,
the converse is not necessarily true. Therefore, it is common practice not to continue energy delivery at sites in which
junctional activity is not observed after approximately  s, and to proceed with caution if the rhythm is rapid, as this may
indicate proximity to the compact AV node.

There is increasing risk of inadvertent heart block as the compact AV node is approached []. As such, it is absolutely
critical that continuous radiographic screening and electrogram analysis is performed during energy delivery so that
it can be immediately terminated should the catheter be displaced, AH prolongation is seen, there is absence of atrial
depolarization during junctional rhythm, or AV block occurs. Occasionally, ablation within the coronary sinus ostium
itself or even less commonly on the left side of the atrial septum is required to achieve successful ablation.

Mid-septal ablation sites appear to be associatedwith a higher and earlier occurrence of junctional rhythm and higher
success rates than more posterior sites []. The cycle length of junctional activity during slow pathway ablation (around
ms) tends to be longer than that observed with fast pathway ablation (around ms) [], although there remains
some debate about this []. Rates below ms suggest proximity to the compact AV node and are associated with the
development of conduction block [].
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.. Wolff-Parkinson-White Syndrome and Concealed Accessory Pathways

In patients with the Wolff-Parkinson-White Syndrome, the accessory pathway can be localized before the diagnostic
electrophysiology study using surface electrocardiographic features. Analysis of the delta wave vector and QRS polarity
has enabled the construction of various algorithms to help predict the ventricular insertion site of these pathways [–].
Morphological ECG analysis is however dependent on the degree of preexcitation, which is dependent on a combination
of heart rate, pathway location, andAVnodal function. Atrial pacing during EP study canmaximize preexcitation, thereby
aiding analysis.

... Mapping

A standard four-wire electrophysiology study is generally performed using catheters placed at the high right atrium, His
bundle area, coronary sinus, and right ventricular apex (> Fig. .).

If the ECG in sinus rhythm is normal, the presence of eccentric atrial activation during ventricular pacing should alert
the operator to the possibility of a “concealed” accessory pathway, which is capable of only retrograde conduction and,
therefore, does not cause ventricular preexcitation. If the earliest anterograde ventricular activation or retrograde atrial
activation is recorded from the coronary sinus, the CS (coronary sinus) catheter should then be positioned such that the
earliest atrial or ventricular electrograms can be recorded and are “bracketed” by later electrograms on either side of this
site.The electrode site recording the earliest A or V electrogram then becomes a useful target for more detailed mapping
and ablation. The same principle can be applied to the tricuspid valve annulus using Halo catheters for the localization
of right-sided accessory pathways [].

Atrial and ventricular pacing is performed to characterize the accessory pathway refractory period, induce tachycar-
dia, and to exclude the presence of other arrhythmias. The operator should be alert to the possibility of alternative SVT,
for example, atrial tachycardia andAVNRT being conductedwith a bystander accessory pathway. It is therefore important
that scanning ventricular extrastimuli and responses to entrainment, as described previously, are analyzed to confirm the
properties of the circuit being examined.
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(a) Electrograms recorded from a patient with preexcitation by a right-sided pathway. Abbreviations as for > Fig. .. The

earliest ventricular activation is seen at the right ventricular apex with a very short HV interval. Delta waves are seen at the

QRS onset. (b) Electrograms from the patient recorded in> Fig. .a after successful ablation of the accessory pathway. The

QRS and HV interval are now normal. The increased AV interval is most obviously seen in the CS electrograms.
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Once tachycardia has been induced, it is important to attempt to prove that it is accessory pathway mediated.
Prolongation of the V-A interval that occurs with the development of bundle branch block ipsilateral to the site of
the accessory pathway confirms this. This is also demonstrated by a His synchronous ventricular extrastimulus that
terminates tachycardia without atrial capture, or delays the subsequent atrial electrogram.

More detailed mapping of the site of an accessory pathway is facilitated using a deflectable mapping and ablation
catheter, usually with a mm tip. Right-sided pathways are mapped along the tricuspid annulus typically from a femoral
approach, although a subclavian approach may occasionally be required for greater catheter stability in some right free
wall pathways. Left-sided pathways may be mapped from within the coronary sinus (especially postero-septal pathways),
using a retrograde trans-aortic approach or via transseptal puncture, the latter being used most commonly for mapping
and ablating left lateral pathways. Mapping itself can be performed during sinus rhythm, atrial or ventricular pacing, and
orthodromic or antidromic AVRT depending on which of these provides the best identification of the earliest atrial or
ventricular activation electrogram.

Bipolar recording is typically used, and the earliest atrial or ventricular electrogram recorded from the mapping
catheter is continuously compared to a fixed reference point. In anterogradely conducting accessory pathways, this is
often the earliest delta wave onset on the surface ECG. For concealed pathways, a fixed atrial electrogram is used, for
example, the earliest atrial electrogram recorded on the CS catheter. In addition to this, morphological electrogram fea-
tures are also analyzed including electrogram stability indicating tissue contact, the interval between atrial and ventricular
components, and the presence of a high-frequency depolarization between these components. The latter may represent
a “pathway potential,” but it must be possible to dissociate this from both atrial and ventricular components of the elec-
trogram to be sure of this. Whenmapping in an antero-septal or mid-septal location, the His depolarization must also be
considered as a possible cause.A balanced signal, i.e., an electrogram inwhich the atrial and ventricular components have
similar amplitude, suggests true apposition to the AV ring. However, accessory pathways can be successfully ablated from
the atrial or ventricular sides of the annulus. Furthermore, pathways can lie obliquely across the AV ring such that the
atrial and ventricular insertion sites are not obviously radiographically contiguous. Unipolar pacing can play an impor-
tant role in the mapping of accessory pathways in which the presence of a QS morphology indicates the location of the
pathway insertion site.The differentiation of atrial and ventricular components at sites close to the pathway is sometimes
difficult and can be facilitated using atrial extrastimuli or burst pacing causing accessory pathway block.

Mapping of septal accessory pathways presents the additional hazard of the adjacent AV nodal structures, and even
greater care must be taken during energy delivery. Postero-septal accessory pathways account for –% of all accessory
AV connections [], and although equally successfully treated by catheter ablation, are often associated with long pro-
cedural times.This is related to the complexity of the anatomy of the postero-septal region in addition to the difficulty in
delivering adequate energy deep in the postero-septal space. In the majority of cases and in spite of the morphology of
the surface ECG, postero-septal accessory pathway electrograms can be reached from a right-sided approach, either at
the right postero-septal right atrium or within the proximal coronary sinus. However, mapping of the left-sided postero-
septal region is required in some cases. Some of these pathways lie epicardially, and catheters must be maneuvered into
subbranches of the coronary venous system, especially if diverticulae are present, in which case retrograde coronary sinus
angiography beforehand can be very useful. Accessory pathways arising in the anterior or mid-septum are less common
(approximately –%) and frequently conduct anterogradely. Due to the proximity of such pathways to the AV node and
its connections, atrial and ventricular activation sequences (depending on which chamber is being paced) can closely
mimic each other making differentiation difficult. The technique of para-Hisian pacing can be useful in this regard. Pac-
ing at low outputs captures only adjacent ventricular muscle, which, in the absence of an accessory pathway, conducts
relatively slowly to the His–Purkinje system before proceeding retrogradely to the atrium. Pacing at high outputs, how-
ever, captures the His bundle itself, leading to rapid retrograde conduction. If an adjacent septal accessory pathway is
present, rapid conduction to the atrium will occur regardless of whether low or high outputs are used.This technique can
be used both diagnostically prior to ablation as well as a confirmatory test following ablation. A similar technique can be
performed with pacing from the base and apex of the right ventricle, the latter lying adjacent to the distal ramifications
of the His–Purkinje system allowing rapid retrograde conduction.

Right free wall accessory pathways present their own special difficulties. Mapping of this portion of the tricuspid
valve annulus is hampered by the difficulty in manipulating catheters such that they slide along the annulus smoothly
and in achieving stability at sites of interest.The use of a multipolar circumferential catheter that sits around the annulus
may sometimes be necessary to help localize and bracket the pathway region [], and the use of catheter sheaths can
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greatly enhance stability. Furthermore, right free wall pathways may often be multiple, especially when Ebstein’s anomaly
is present in which identification of the true AV groove may prove extremely difficult. Occasionally, mapping from the
ventricular side of the AV groove is necessary to ablate these pathways, which is achieved using the catheter inversion
technique.

.. Atrial Flutter

Typical atrial flutter is a macro-reentrant circuit within the right atrium. Although very high success rates are now
achieved routinely using ablation for this arrhythmia, the precise substrate that underlies it remains unclear. It is accepted
that the tricuspid valve annulus forms the anterior boundary of the circuit and that a critical slowly conducting isthmus
[] exists between this and the inferior vena cava, the Eustachian ridge, and the ostium of the coronary sinus, and is
targeted for ablation [, ]. The exact nature of the posterolateral barrier of the circuit remains less clear and relates
to the crista terminalis and whether this represents a zone of fixed or functional block. Nevertheless, detailed mapping
of the circuit is infrequently required if typical surface ECG features are present during tachycardia, including a regular
“saw-tooth” pattern of atrial activity with negative polarity in the inferior limb leads and positive polarity in lead V. If
these features are present, many operators will not attempt the initiation of tachycardia or further mapping and proceed
directly to ablation across the isthmus. However, if mapping is required, a circumferential multipolar catheter placed en
face to the tricuspid valve annulus aids significantly. As the name suggests, counterclockwise atrial flutter (accounting for
approximately % of typical atrial flutter []) demonstrates counterclockwise activation and importantly septal activa-
tion that proceeds in a caudo-cranial direction. Clockwise flutter demonstrates septal activation in the opposite direction.
If required, entrainment using atrial pacing from the isthmus will confirm this if concealed fusion is manifest on the sur-
face ECG. Demonstration of concealed entrainment from this region, in which there is a long stimulus to F wave interval
[], ensures that ablation that transects this region will prevent the arrhythmia recurring.

... Mapping to Guide Radiofrequency Ablation

There are several different mapping strategies that can be adopted to aid typical atrial flutter ablation. One practice is to
place a quadripolar catheter in the coronary sinus, a multipolar curvilinear “Halo” catheter around the tricuspid valve
annulus, and a pentapolar mm tip deflectable ablation catheter across the isthmus. The latter has four electrodes at the
tip and a fifth along the shaft of the catheter to act as a reference electrode within the IVC to record unipolar signals
from the isthmus (see below). An additional pole in the IVC acts as an indifferent electrode enabling unipolar mapping
electrograms to be generated from the ablation catheter to more accurately guide ablation.

Ablation can be performed either during atrial flutter or, if in sinus rhythm, during pacing from the coronary sinus.
The deflectable ablation catheter is passed into the base of the right ventricle such that it abuts the inferior aspect of
the tricuspid valve annulus at a  to  o’clock position in an LAO (left anterior oblique) ○ projection. The desired
electrogram recorded at the start of the procedure should demonstrate a large ventricular component and a small atrial
signal. During continuous energy delivery, the ablation catheter is then withdrawn slowly into the right atrium across the
isthmus ensuring good tissue contact and maintenance of the  or  o’clock position in the LAO projection. Electrograms
recorded from the catheter tip are analyzed during ablation at each site to look for the development of split potentials
indicating the creation of a line of block. As the catheter reaches the Eustachian ridge and the junction of the isthmus and
the IVC, the catheter is de-flexed to maintain good apposition with the tissue surface.This may need confirmatory views
in an RAO ○ projection. Care must be taken during ablation at this region, which is often painful for the patient. In
addition, the catheter can suddenly fall back within the IVC, at which point energy delivery must be ceased immediately.

If performed during atrial flutter, it is expected that the arrhythmiawill terminate during this procedure. However, this
does not necessarily mark the end point of the procedure. Once sinus rhythm has occurred, continuous pacing from the
coronary sinus is performed and electrograms from the Halo catheter are examined. Prior to the completion of a line of
block across the isthmus, activation from the coronary sinus proceeds in two wavefronts across the superior and inferior
aspects of the tricuspid valve annulus producing a fusion pattern with latest atrial activation at the lateral wall. This is
demonstrated by a “chevron” pattern of atrial electrograms along the Halo catheter. The creation of a continuous line of
block across the isthmus prevents activation proceeding along the inferior aspect of the right atrium with propagation
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Abbreviations: Halo, electrograms recorded from a -pole curvilinear catheter (the “Halo”) placed around the tricuspid

annulus; Map P & Map D, electrograms recorded from the proximal and distal map bipoles, respectively; PCS, proximal CS

electrogram; Uni, unipolar electrograms recorded between each of the mapping/ablation catheter’s four poles and an indif-

ferent electrode in the inferior vena cava. The development of block to clockwise conduction during radiofrequency ablation

seen by straightening of the chevron of the Halo electrograms (see text). Also note the separation of two components of the

Map electrograms as block develops, most easily seen in Map P &Map D in this example.

occurring exclusively in a counterclockwise direction. This is manifest by a straightening of the chevron into a line of
atrial electrograms with the earliest at the septal side of the Halo catheter (its proximal poles) and the latest recorded
from the Halo’s distal poles just lateral to the line of block that has been created (> Fig. .). This appearance indicates
the presence of unidirectional block in the clockwise direction. However, unidirectional block alone as an end point is
not sufficient to prevent long-term recurrence []. To explore for bidirectional block, pacing is then performed from
different bi-poles (typically poles , and , or ,) on the Halo catheter. If counterclockwise block is also present, the
Halo will activate in an exclusively clockwise direction and, when pacing from the distal poles ,, a longer interval will
be measured between the pacing stimulus and the CS electrogram than when pacing from the more proximal poles.

Another indication of isthmus block is the finding of equally spaced split potentials from each of the mapping
catheter’s electrodes when it is placed along the line of block. When the line of block is incomplete, these split potentials
can guide the operator to the point where conduction persists.This will be identified by a location where the electrogram
is relatively normal and of greater amplitude than the neighboring treated tissue, and the two components of the split
potential will be closer together (and even continuous) than the split potentials from the other poles betraying nearby
conduction across the line of block.

Alternatively, this procedure can be performed using bipolar electrogram recording only from the ablation catheter
looking for signal degradation during energy delivery and the creation of double potentials across the isthmus. If neces-
sary, the expense of the procedure can be limited by performing the procedure without a catheter in the coronary sinus
during tachycardia or sinus rhythm. Pacing from either side of the line is performed by advancing theHalo catheter across
the isthmus, with the tip either within the coronary sinus itself or against the interatrial septum.This technique however
requires repeated movement and repositioning of the Halo catheter, which adds to the complexity of the procedure and
to the interpretation of the timing of the intracardiac signals. It is even possible to perform the entire procedure with just
an ablation and coronary sinus catheter.

... Atypical Atrial Flutter

This group of reentrant tachycardias can occur in the left or right atrium and are most commonly seen in the context
of organic heart disease, previous cardiac surgical intervention, or previous linear atrial ablation, rather than in the
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structurally normal heart.The circuits that underlie such tachycardias are dependent on the presence of fixed anatomical
barriers and lines of functional block. Gaps in the latter may lead to atypical circuits, and generally the use of advanced
mapping systems (contact or noncontact) can significantly aid diagnosis and ablation. However, conventional mapping
techniques can be utilized, especially activation mapping and entrainment. As with typical atrial flutter, a multipolar
circumferential catheter can be extremely useful for mapping around the tricuspid valve annulus and right atrial free
wall. Atypical reentrant left atrial flutters are fairly frequently encountered following linear ablation for atrial fibrillation.
Due to the complexity of the underlying substrate, mapping these arrhythmias is often helped by an advanced mapping
system.

.. Focal Atrial Tachycardias

Focal atrial tachycardias are most commonly present in the middle age, and although they can arise from any site within
the left or right atrium, they are most commonly right sided [], especially related to the crista terminalis (> Fig. .).
A small proportion of patients will have multiple foci. The majority are thought to be due to abnormal automaticity
and, therefore, susceptible to the effects of the autonomic nervous system. As such, drugs such as isoproterenol may be
necessary for induction, and programmed stimulationmaynot be useful although overdrive pacing can be used for tachy-
cardia termination. Conversely, triggered or micro-reentrant focal atrial tachycardias are inducible with programmed
stimulation, which, in the case of the former, may cause tachycardia acceleration.

Analysis of P wave morphology on the surface ECG, if available, is invaluable prior to intracardiac mapping to deter-
mine the general location of the focus. If tachycardia is sustained, activation mapping using a roving mm tip deflectable
mapping catheter is the preferred technique, utilizing the P wave onset as the fixed reference point and unipolar recording
looking for a QS complex at the site of the focus. As with atrial flutter, multipolar catheters placed in relevant parts of
the atrium can significantly aid this technique. Once the focus has thought to have been identified, entrainment mapping
can be used for confirmation. In addition to these techniques and especially in the case of non-sustained tachycardia,
pacemapping can be performed comparing paced P waves with those of tachycardia. For obvious reasons, it is necessary
that sufficient AV block has occurred at some point during tachycardia such that an unperturbed P wave can be seen
without interference from an adjacent QRS complex. It is also important that the lowest output to achieve local capture is
used to prevent recruitment of larger areas of myocardium.This technique can feasibly be performed even if only a single
culprit ectopic has previously been recorded, but in these cases, the use of noncontact mapping is extremely helpful.This
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Abbreviations: HISp, proximal His electrogram; HRAd, distal HRA electrogram; otherwise as for> Fig. .. A right atrial tachy-

cardia of CL ms conductedwith : AV block producing a ventricular CL of ms. Note that right atrial activation (in HRA)

is well in advance of left atrial activation (in CS channels) confirming a right atrial (or SVC) origin.
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mapping technique, described in detail below, simultaneously records activity from an entire cardiac chamber, enabling
localization of a focus from a single ectopic beat. Electroanatomical mapping of stable sustained atrial tachycardias can
aid the identification of the source.

.. Atrial Fibrillation

It is only relatively recently that ablative techniques have been developed to prevent the recurrence of atrial fibrillation
(AF) []. Initial interest focused purely on the role of ectopy arising from the pulmonary veins and ablation to isolate
them from the left atrium []. This strategy alone is not sufficient to effect a cure in many patients, especially those with
persistent or permanent AF. For those, further techniques have been developed to compartmentalize the left atrium in
an effort to prevent reentry [], a strategy not dissimilar to the surgical Maze procedure [].

Mapping of AF itself is not necessary for these ablation strategies to be performed. If pulmonary vein isolation is
desired, circumferential mapping catheters can be placed at the ostia of the pulmonary veins to guide ostial or antral
ablation and to establish the presence of entry and exit block facilitated by pacing outside and from within the vein,
respectively. A purely anatomical approach relies on the creation of contiguous linear lesions, something that is really
only possible using a three-dimensional mapping system (see below). Apart from testing the completeness of block across
these lines, which is not necessarily recommended by all proponents, pacing and mapping is not required.

More recently, however, focus has shifted to modification of the underlying substrate that is thought to support AF.
These techniques, including that recently proposed by Nademanee et al. [], have sought to identify areas of complex
fractionated electrograms during AF within regions of the left and right atria to be used as target sites for ablation. The
underlying hypothesis is that these areas represent zones of slow conduction and turning points responsible for the reen-
trant wavelets of AF. Nademanee et al. reported that % of the patients had sinus rhythm restored without cardioversion
during the procedure using this technique and % of patients were free from all arrhythmia at  year. It remains to
be seen whether these results can be duplicated, or tested prospectively in a randomized controlled trial. However, the
future of AF ablation may involve much more detailed intracardiac mapping than is necessary for those techniques most
commonly practiced at present.

... Focally Initiated Atrial Fibrillation

Inmost patients with AF, episodes are initiated by ectopic depolarization originating from within the muscular sleeves of
a pulmonary vein (PV) or veins. In some patients, AF is also perpetuated by a rapidly firing focus within these muscular
sleeves [, ]. Both these processes can be identified by mapping within the PVs. The “normal” PV activation sequence
of atrial followed by PV electrograms is reversed during “culprit” PV activity. Ablation to disconnect such a PV should
prevent the recurrence of AF, but the recognition that multiple PVs can generate AF at different times means that most
ablation procedures will aim to disconnect all PVs. Occasionally, such foci may be identified in non-pulmonary veins
sites, such as the superior vena cava or coronary sinus and vein/ligament of Marshall. Identification of the approximate
location of these foci may be possible prior to the procedure using P wave vector analysis, including those arising from
the pulmonary veins [].

.. Conventional Diagnostic Electrophysiology Study for Ventricular Tachycardia and
Ventricular Stimulation Studies

It is recommended that coronary angiography is performed prior to attempts to initiate VT in patients in whom coronary
heart disease is either suspected or known because of increased risk of inducing unstable rhythms or VF in patients who
might have critical coronary heart disease.When significant coronary artery disease is identified, revascularization should
be undertaken before proceeding to further electrophysiological evaluation.

As for the investigation of SVT, quadripolar diagnostic catheters are placed at the right ventricular apex, His bundle
area, and the high right atrium. Catheters at these three positions provide electrogram data that enables rapid discrim-
ination between ventricular and supraventricular arrhythmias (especially preexcited tachycardias or those conducted
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Abbreviations: as for other figures with conventional -lead ECG labeling. A drive train of eight paced beats is delivered to

the right ventricular outflow tract (RVOT) at a CL of ms. Two premature stimuli (S & S) are then delivered, initiating VT.

This has a similar but not identical morphology to the paced beats, suggesting that it originates somewhere from the RVOT.

with aberrancy) or tachycardias arising from the AV junction. Due to the risk of inducing hemodynamically unstable
arrhythmias, remote self-adherent defibrillation electrodes fitted to the patient and connected to an external defibril-
lator during the study are mandatory. In some centres, it is routine to also have invasive blood pressure monitoring
during such a study to enable rapid assessment of an arrhythmia’s hemodynamic status, especially when ablation is
planned.

Baseline intervals are measured as before with special consideration paid to the presence of bundle branch block and
HV prolongation during sinus rhythm, which will alter the appearance of induced supraventricular arrhythmias. Ven-
tricular pacing should be performed using the extrastimulus technique to exclude the presence of a concealed accessory
pathway, as described previously. Pacing is performed at twice diastolic threshold as higher current delivery may prevent
VT induction []. VT initiation is performed using the Wellens protocol []. During this, sustained or non-sustained
ventricular arrhythmias may be observed following the introduction of extrastimuli to the right ventricular apex and,
if necessary, the right ventricular outflow tract (RVOT) (> Fig. .), thereby increasing the sensitivity of the protocol
[]. Pacing is discontinuedwhen a sustained ventricular arrhythmia is induced and blood pressure and the patient’s con-
scious level recorded. External DC cardioversion should be immediately available if VF or hemodynamically unstable VT
is induced. The addition of drugs such as isoproterenol may also be required.

It is important to be aware that the risk of inducing non-clinical VT or VF increases with the use ofmultiple extrastim-
uli so that, under those circumstances, the specificity of the test is reduced, although the sensitivity increases [].
Knowledge of the pre-procedural clinical arrhythmia is thus important in the interpretation of such findings.

.. Mapping of Ventricular Tachycardia

The preferred method for mapping ventricular tachycardia depends on the underlying substrate and, therefore, the likely
mechanismof the arrhythmia. VT occurring in the structurally normal heart, also known as idiopathic VT, can arise from
several different sites.The commonest are from the right ventricular outflow tract and the left posterior fascicle, although
left ventricular outflow tachycardias occur commonly. VT occurring in the context of structural heart disease also has a
wide variety of subtypes and mechanisms including infarct-related/ischemic VT (reentry), bundle branch reentrant VT,
VT associated with right ventricular dysplasia, Chagasic heart disease (reentrant or triggered), and is in association with
dilated cardiomyopathy. In the following sections, we focus on the commonest VT subtypes, namely, idiopathic RVOT
tachycardia, bundle branch reentry, and post-myocardial infarction VT.
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... Idiopathic Right Ventricular Outflow Tract Tachycardia

RVOT tachycardia accounts for approximately % of patients presenting with VT. They are focal in nature due to cyclic
c-AMP-mediated triggered activity and typically present as a repetitive monomorphic tachycardia, i.e., characterized
by frequent ventricular ectopy and salvoes of non-sustained VT interspersed with sinus rhythm [, ]. They most
commonly originate from the septal portion of the RVOT below the pulmonary valve, but other locations have been
identified including the anterior, posterior, and free walls of the RVOT, and from the epicardial surface. Although all
forms typically manifest an LBBB (left bundle branch block) and inferior axis morphology on the surface ECG, there is a
wide degree of subtle heterogeneity to other ECG features, such as the presence of notching, precordial R transition, and
QRS frontal axis [, , ]. Although frequently incessant, induction may be facilitated by programmed stimulation
or with the administration of isoproterenol.

Mapping may be performed conventionally, with a basket catheter or with complex mapping systems. Noncontact
mapping can be particularly useful if RVOT ectopy is infrequent. Conventional mapping is performed using a standard
quadripolar catheter at the RVA (right ventricular apex) for programmed stimulation and as a timing reference with one
or two mm tip deflectable mapping and ablation catheters in the RVOT. Following analysis of surface ECG morphol-
ogy, the ablation catheter or catheters are navigated to the region of interest and a combination of activation mapping
and pacemapping is used to locate the exact origin of tachycardia. Unipolar recording at the site of origin will display
a QS morphology. Activation mapping is referenced to either the RVA catheter electrogram or preferably to the earliest
ventricular onset on the surface ECG. However, due to the size of the catheter tip, activation mapping alone cannot be
relied upon and a perfect pacematch should be sought before proceeding to ablation. Pacemapping should be performed
at diastolic threshold, or just above, and at similar rates to tachycardia to enable direct comparison (> Fig. .).

... Bundle Branch Reentrant VT

This form of VT most commonly occurs in the setting of idiopathic dilated cardiomyopathy and is usually mani-
fest with an LBBB morphology. Most patients have complete or a partial bundle branch block pattern on the surface
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Pacemapping of RVOT tachycardia. The -lead ECG of tachycardia is in the left panel, and the attempt at pacemapping is in

the right panel. The CL is the same in both. The QRS morphologies are similar but not identical. There are differences seen

in leads V and slightly in V, V, and V, suggesting that the catheter needs to be moved to a nearby location to produce a

perfect pacematch in all  leads.
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ECG and a prolonged HV interval (–ms) []. However, this probably reflects slow conduction rather than true
block, which would preclude this arrhythmia. The macro-reentrant circuit that underlies this VT consists of retro-
grade conduction in the left bundle branch (LBB) followed by anterograde conduction via the right bundle branch
(RBB). The circuit is completed via ventricular muscle between the distal ends of the bundle branches. In a minor-
ity of patients, an RBBB (right bundle branch block) form,which has an identical circuit but in the opposite direction
is seen.

Induction is effected by programmed stimulation using extrastimuli and is dependent on achieving a critical conduc-
tion delay in the His–Purkinje network. Occasionally, atrial pacing or drugs that slow His–Purkinje conduction may be
required (isoproterenol, Class IA agents). Mapping is performed with catheters at the RVA, His bundle, RBB, and prefer-
ably LBB. Activation should proceed from His bundle to RBB to RVA to LBB. Spontaneous changes in the V-V interval
are preceded and predicted by change in the H-H interval. Ablation of the right bundle or sometimes left bundle branch
terminates the tachycardia and prevents the arrhythmia recurring.

... Infarct-Related Ventricular Tachycardia

Ventricular tachycardia is most commonly seen in the setting of underlying coronary artery disease with prior remote
myocardial infarction (MI) and is due to macro-reentry within or at the border of theMI scar. Mapping of infarct-related
VT using conventional methods continues to present significant challenges. This is related to several factors including
hemodynamic intolerance, the size of the ventricles (and therefore the difficulty in navigating catheters to sites of inter-
est), the complexity of the underlying circuit, and the difficulty in identifying its critical diastolic portion. Although once
offered in an attempt to cure VT, it is now recognized that despite successful ablation, new VT occurs in a large propor-
tion of patients during follow-up []. As such, ablation is now mostly performed in patients with existing implantable
cardioverter defibrillators (ICDs) experiencing frequent ICD shocks, or using substrate ablation techniques during sinus
rhythm (SR) (see below).

Determination of an endocardial exit site of a specific VT using morphological features of the surface ECG is less
reliable than for VT in the structurally normal heart, largely due to the influence of scar and the frequent development of
functional conduction block to complete the tachycardia circuit. However, three algorithms, which attempt this, enabling
rapid localization of a VT to an approximate region of the left or right ventricle prior to insertion of catheters have been
published [–].

Due to its reentrant mechanism, infarct-related VT is usually inducible by programmed stimulation. With conven-
tional mapping, both activation and entrainment mapping techniques are needed to delineate the reentrant circuit.
Pacemapping during sinus rhythm is unreliable in identifying either the diastolic pathway or exit site regions for the
reasons outlined below.

Complex mapping systems can be particularly helpful in characterizing these complex substrates, especially when
mapping hemodynamically unstable or non-sustainedVT. In the former, electroanatomic substratemapping during sinus
rhythm may be deployed to identify regions of scar, the infarct border zone, and corridors of myocardium within dense
scar that have persistent but impaired conduction. These regions are then targeted for ablation using linear lesions that
are connected to electrically silent areas. In non-sustained VT, noncontact mapping offers the only realistic method of
identifying key parts of the circuit, even from a single cardiac cycle.

.. Conventional Mapping of Infarct-Related VT

Continuous surface -lead ECG recording is mandatory in these studies both for approximate determination of VT exit
site location as well for activation, pacemapping, and entrainmentmapping. A quadripolar catheter is typically positioned
at the RVA for programmed stimulation and termination and as a timing reference. Access to the left ventricle is achieved
using either the retrograde trans-aortic or transseptal approaches. Each offers an advantage in reaching some parts of the
LV more easily. It is advantageous to continuously monitor systemic and pulmonary arterial blood pressure throughout
the procedure, as elevation of pulmonary artery pressure during VT is the first sign of hemodynamic deterioration and
indicates the need to terminate VT and allow recovery during sinus rhythm before VT is re-induced and mapped again.
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... Activation Mapping

Once the clinical VT has been initiated, a mapping catheter is advanced to the approximate exit site region. From this
reference point, the aim is to identify the critical diastolic pathway region of the circuit characterized by low-amplitude,
high-frequency, fractionated electrograms that occur during diastole. Such electrograms are not specific for the critical
diastolic pathway and may also be found at inner and outer loop sites as well as at bystander regions. These cannot be
differentiated from the central common pathway using activation mapping alone; these require complimentary pacing
techniques. To further complicatematters, a significant proportion of circuits have diastolic pathway regions located intra-
murally or subepicardially that are not identifiable using endocardial mapping techniques. Once identified, entrainment
mapping is utilized to prove whether or not they are critical to circuit maintenance.

... Pacemapping

In contrast toVT in the context of a structurally normal heart, pacemapping is not reliable in the setting of healedmyocar-
dial infarction. This is due to the necessity for functional lines of block to maintain the VT circuit. Functional block is
not present during sinus rhythm [, ] so that paced activation wavefronts during sinus rhythm can propagate across
these areas, resulting in a different surface QRS morphology [].

... Entrainment Mapping of VT

Pacing during VT, however, can be utilized to determine the portion of the circuit where the catheter is situated. During
VT, pacing from a site remote to the circuit will collide with the reentrant wavefront, resulting in fusion with a resultant
change in surface QRSmorphology.The presence of constant QRS fusion during pacing defines entrainment and ensures
that activationwavefronts frompacing are interactingwith the tachycardia circuit. Criteria for recognition of entrainment
during VT are summarized in > Table ..

The post-pacing interval (PPI) is the interval after the last paced extrastimulus that entrains VT and the next depo-
larization at the pacing site []. When pacing within the tachycardia circuit, the PPI approximates the tachycardia cycle
length. Consequently, if pacing from a bystander position, the PPI is longer than VT cycle length. However, the PPI alone
cannot discriminate between outer systolic portions of the circuit and the narrow diastolic isthmuses.

Pacing from within the diastolic portion of the circuit entrains the circuit without change to the surface QRS mor-
phology, as the paced orthodromic wavefront activates the circuit in an identical sequence as the VT wavefronts. This is
called concealed fusion or concealed entrainment [].The antidromic wavefront from the stimulus collides with the VT
wavefront within the boundaries of the diastolic pathway and, therefore, does not interrupt the systolic portion of acti-
vation responsible for QRS morphology. Pacing at a bystander site within areas of scar adjacent to and connecting to the
critical diastolic pathwaywill also entrain the tachycardia without change in the surfaceQRSmorphology.These locations
can be distinguished by analysis of the intervals between the diastolic electrograms, the pacing stimuli, and QRS onset.
When pacing from the critical diastolic pathway, the interval between the diastolic electrogram and the QRS onset will
be identical to the interval between the pacing stimulus and the QRS onset because the respective activation wavefronts
travel over the same path. In the case of a bystander pathway, this is activated from the critical diastolic pathway while

⊡ Table .

Criteria for demonstrating entrainment of VT

. Fixed fusion at a given paced cycle length

. Progressive fusion at faster paced cycle lengths

. Resumption of the VT on cessation of pacing with a non-fused QRS complex

. For tachycardia in which fusion on the ECG is not observed:
Fixed fusion demonstrated by analysis of the electrograms at the site of origin
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⊡ Table .

Characteristics of entrainment from the diastolic

pathway of a VT circuit

. Entrainment with concealed fusion

. Post-pacing interval = VT cycle length ±ms

. Stimulus-QRS = Electrogram-QRS

. Stimulus-QRS/VT cycle length = –%
. Isolated potential during VT

activation continues along the critical diastolic pathway to the exit site to generate the QRS complex.When pacing from a
bystander location, the activation wavefront has to travel back to reach the critical diastolic pathway before then proceed-
ing to generate an identical QRS morphology. Therefore, the pacing-QRS interval is longer than the electrogram-QRS
interval in a bystander pathway. However, such pathways do indicate that the mapping catheter is close to the ablation
target of the critical diastolic pathway.

The stimulus-QRS interval is the conduction time from the pacing site to the VT exit site. It is therefore short when
near the exit and longer at the entry site or from within the diastolic pathway. Therefore, the ratio of the stimulus-QRS
interval as a proportion of the VT cycle length can help determine the location of the pacing site from sites within the
inner loop. Characteristics of entrainment from the diastolic pathway are shown in > Table ..

The utility of these pacing maneuvers has been demonstrated in the work of El Shalakany et al. in which ablation
sites were compared using the following criteria: an exact QRS match during entrainment, a return cycle within ms of
the VT cycle length, and the presence of presystolic potentials with the E-QRS interval less than or equal to ms of the
stimulus-to-QRS (S-QRS) interval.When all three criteria weremet, VT could be terminatedwith a single radiofrequency
lesion in all patients, whereas the lesion was almost invariably unsuccessful when all three criteria were not met [].

.. VT Ablation Using Complex Mapping Systems

Initial data from series using noncontact mapping to guide VT ablation have been encouraging with high initial success
rates. Schilling et al. [] used noncontact mapping to target VT and achieved an initial success rate of % of all VT in
which diastolic pathway activity was mapped. Strickberger’s group [] successfully ablated  of  targeted VT (%).
The remaining VT could not be ablated due to inability tomaneuver the catheter to the target site, proximity of the target
site to the bundle of His, or due to a complication causing termination of the procedure. On follow-up, VT recurrence
was significantly reduced, as was the requirement for defibrillator therapy. In the  patients with ICDs implanted prior
to ablation, defibrillator therapy frequency was reduced from  ±  per month to . ± . per month in  month of
follow-up.

The CARTO system was used by Soejima et al. [] to generate voltage maps during sinus rhythm to target VT
ablation. VT was induced and, if possible, a potential reentrant isthmus was identified. If unstable, pacemapping along
the low voltage border of scar was performed looking for an identical pacematch to that of the induced VT in addition to
a stimulus to QRS delay of greater than ms. Standard RF, irrigated, or cooled-tip catheter energy was delivered to these
sites during sinus rhythm; then short ablation lines were created extending from these sites parallel to the scar border zone
over – cm until pacing at mA at ms stimulus strength failed to capture in that region. If the target site was within
– cm of the mitral annulus, lesions were extended to the annulus to interrupt a potential submitral isthmus, as first
demonstrated by Wilber et al. []. Programmed stimulation was repeated, and if VT was re-induced, further mapping
and ablation was repeatedwith RF lines extended. Electrically unexcitable scar (EUS) was identified in all  patients, and
all  VT circuit isthmuses were located adjacent to these regions. However, it was difficult to discriminate between low-
amplitude, fractionated electrograms that represented scar and those that indicated the diastolic pathway. Nevertheless,
RF ablation lines connecting selected EUS regions abolished all inducible VTs in  patients (%) and spontaneous VT
was markedly reduced during follow-up ( ±  to . ± . episodes per month).
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.. Mapping and Ablation of Hemodynamically Unstable VT

As described above, conventional mapping is not feasible for unstable ventricular arrhythmias. Several groups have pub-
lished series on the use of substrate mapping during sinus rhythm and noncontact mapping of unstable VT followed by
rapid termination.

... Electroanatomic Mapping

Marchlinski et al. used theCARTOsystem toproduce voltagemaps of the LVwith the creation of linear ablation lines from
areas of dense scar (defined by a voltage amplitude of <.mV) to areas of normal endocardium or anatomic boundaries
[]. In addition, ECG morphology during VT and pacemapping in SR guided sites of ablation. Nine of  patients had
VT in the context of healed MI, and the remaining had dilated cardiomyopathy. Thirteen patients had poorly tolerated
VT and of these, seven hadVT-inducible post-ablation, five of whichwere fast VT only. All patients had ICDs, and during
follow-up of median  months (range –), only two patients with unstable VT had a recurrence, giving a success rate
in this subset of %. Up to  RF lesions were required per patient, mean . ± . per patient.

Arenal et al. studied  patients considered to have unmappable VT, either because the target VT was not inducible
or the target VT was not tolerated []. A further six patients with well-tolerated VT were studied to enable activation
mapping and entrainment for comparison. The authors hypothesized that low-amplitude electrograms with an isolated,
delayed component (E-IDC) along scar border were more specific for VT isthmus’ slow conduction than low-amplitude
electrograms alone (commonly found along scar border). Such electrograms were characterized by double or multiple
components separated by very-low-amplitude signals and could be found in sinus rhythm. Again, the CARTO sys-
tem was used to generate voltage maps (complete scar defined as voltage ≤.mV, dense scar as voltage ≥.mV and≤.mV), and E-IDC located during SR or RVA pacing were marked on the map for rapid location, with areas up to
 cm around these sites then explored and labeled. When complete, pacemapping was performed starting at sites with
the latest isolated, delayed component (E-LIDC) and moving to adjacent sites when pacemapping was not identical to
clinical VT. Attempts at VT induction were performed at E-IDC sites with an identical pacematch, to look for presys-
tolic or mid-diastolic electrograms during VT and to examine the stimulus-to-QRS interval. Concealed entrainment
was attempted when the VT was sufficiently well tolerated. Ablation was then performed at all sites with E-IDC at
which pacemapping reproduced the target VT and the stimulus-to-QRS interval was ≥ms, or at any E-IDC site that
became mid-diastolic during VT. Between  and  RF lesions were applied per patient, and none of the six patients
with hemodynamically unstable VT was inducible after ablation. Of the  patients with unmappable VT, two patients
had a recurrence of their clinical VT during follow-up and a further five patients had a recurrence of a previously
unrecorded VT.

Most recently, Brunckhorst et al. have used anothermarker of slow conduction to help identify targets for VT ablation
during sinus rhythm []. Twelve patients were studied in whom  VT were inducible. All clinical VT were resistant to
drug therapy causing ICD shocks in all. Stimulus-to-QRS interval (S-QRS) delays were analyzed during pacemapping at
multiple areas in the left ventricle. Pacing was performed at  sites ( ±  per patient) of which % of sites achieved
capture. There was no S-QRS delay at % of pacing sites, a delay of ≥ms at %, and a delay of ≥ms at % of sites,
the latter two groups usually being clustered together.The areas of conduction delay were compared to locations of target
areas (areas within  cm of a reentrant isthmus, defined by entrainment and ablation) and overlapped in  of  cases.
Sites with a delay ≥ms were more frequently in a target area, although a close pacematch was only seen in % of sites
in these areas and an exactmatch in only %. Furthermore, % of sites with a close pacing match were outside the target
area, emphasizing the limitations of pacemapping of VT in patients with structural heart disease.Ablation was performed
at a mean of  ±  sites in the target area, rendering seven patients non-inducible at the end of the procedure and at least
one VT was abolished in a further five patients. Over  months follow-up, three patients died and VT recurred at the
time of death in two of these patients. The remaining nine patients remained free from VT despite a mean of  ±  VT
episodes in the  months prior to ablation.

Although having limitations, these techniques have allowed the treatment of patients deemed unsuitable for conven-
tional ablation. They have also improved our understanding of the subtleties of the underlying substrate that support
scar-related VT.
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... Noncontact Mapping

Della Bella et al. have reported on the use of noncontactmapping to guide ablation of hemodynamically unstable VT in 
patients, of whom  had infarct-related VT []. VT was induced and terminated after – s, and activation analyzed
off-line. Ablation was performed in SR either by a line across the diastolic pathway (DP) (if identified) or around the exit
point. If the patient was non-inducible at the end of the procedure, an ICDwas not implanted. Separating out the different
underlying etiologies, an exit point was defined in all  post-MI VT and DP activity identified in  (%). Successful
ablation was achieved in % of VT and in % of patients, with a partial success in one further patient. Ablation was not
performed, or was unsuccessful in % of patients, and importantly, the success rate of ablation was higher with linear
lesions across the DP (%) compared with encircling lesions around the exit (%).

During follow-up, seven out of nine successfully ablated patients remained free from arrhythmia recurrence, as did
the patient with a partial success, and all remained free of the target VT. ICD shock frequency was significantly reduced.
The results from this study demonstrate that noncontact-mapping-guided ablation of unstable VT is feasible with success
highly dependent on the identification of DP activity, as with stable VT []. However, in patients with frequent ICD
shocks from rapid, hemodynamically unstable VT, this technology does provide a therapeutic option if drug therapy is
limited.

.. Epicardial Mapping of VT

Access to the epicardium can be obtained either from the coronary sinus and its tributaries, through the coronary
arteries, or through direct pericardial puncture.The use ofmultipolar electrodes in the former can help facilitate position-
ing of endocardial catheters []. Intracoronary guide-wire mapping using standard angioplasty guidewires recording
unipolar signals has also been reported to guide intracoronary ethanol ablation []. Pericardial puncture with direct
epicardial mapping was originally described in the treatment of VT in the context of Chagasic heart disease []. How-
ever, it has now been used successfully in conjunction with substrate mapping of the endocardium in infarct-related
VT [, ].

. Conclusions

Intracardiacmapping has revolutionized our understanding of themechanisms of abnormal arrhythmias and led directly
to curative procedures in themajority through ablation. Intracardiacmapping techniques are based on analysis of electro-
gram timing (and, in some cases, morphology) during sinus rhythm, pacing, and during tachycardia in conjunction with
morphological features and timing of surface ECG features. Conventional diagnostic electrophysiology is further based
on three basic types of mapping: activation mapping, pacemapping, and entrainment. Complex mapping systems now
exist that enablemapping of electrophysiological data from an entire cardiac chamber or from a single beat of tachycardia,
so that previously “unmappable” rhythms may now be successfully treated.
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Sinus and Atrial Arrhythmias  

. Introduction

Although rarely fatal, disorders of sinus node function and atrial arrhythmias are causes of muchmorbidity. They are the
most common causes of clinical bradyarrhythmias and tachyarrhythmias, respectively. Sinus node dysfunction accounts
for over half of permanent pacemaker implants worldwide [], while atrial fibrillation occurs secondary to the progression
of most cardiac conditions [].The sinus node and the atrium are closely related, both anatomically and functionally, and
disorders of one interfere with the functioning of the other.This fact is of particular relevance to the electrocardiographic
study of sinus and atrial activity.

The electrocardiographic diagnosis both of sinus disorders and atrial arrhythmias depends on the P wave as evi-
dence of atrial activation, since sinus node activity itself is not recorded on the surface ECG. The presence or absence of
P waves, their morphology and timing, including their relation to ventricular activation as manifest by the PR inter-
val, provide sufficient information for the diagnosis of most sinus and atrial disturbances. While the application of
invasive electrophysiological techniques to the assessment of sinus node function [, ] and atrial arrhythmias [] has
provided a wealth of information about their origins and the mechanisms underlying arrhythmias in general, it is
now recognized that non-invasive studies, including electrocardiography and ambulatory monitoring, are sufficient for
the investigation of the majority [, ]. Invasive electrophysiological study may be useful for cases in which there are
diagnostic or management problems [], and as a prelude to curative catheter ablation. With catheter ablation tech-
niques playing an increasing role in the management of certain atrial arrhythmias, there has been renewed interest in
P wave morphology on the surface ECG as a guide to the origin and mechanism of focal and reentrant atrial rhythm
disturbances.

. Normal Sinus Rhythm and Sinus Arrhythmias

.. Electrophysiology of the Sinus Node

Activation of the normal cardiac cycle originates in the sinus node, a small discrete mass of specialized pacemaker
(P) cells situated at the junction of the high right atrium (HRA) and superior vena cava [, ]. Sinus nodal cells
are characterized by a membrane potential of around −mV at its most negative; that is, they are relatively depo-
larized compared to other non-nodal cardiac tissues which have a membrane potential of − to −mV [].
At such a potential, fast sodium channels are largely inactivated and the action potential of the P cells is depen-
dent on slower inward calcium currents [, ]. On repolarization after an action potential, slow spontaneous
depolarization occurs during diastole until threshold is reached and another action potential occurs. This diastolic
depolarization is often described as the pacemaker potential, or phase  of the action-potential cycle. Several ion
currents have been implicated in the pacemaker potential, including potassium conductances, the hyperpolarization-
activated cation current, If [] and the sustained inward current, Ist [, ]. In addition, rhythmic release of
calcium from intracellular stores, and its subsequent reuptake, may also play a role in generating the pacemaker
potential []. Other cardiac tissues may also exhibit pacemaker potentials, notably atrioventricular (AV) nodal and
Purkinje-fiber cells, but at a slower rate than in the sinus node. Thus, the rate of sinus firing determines the rate
of the rest of the heart. In the absence of a sinus beat, however, these lower pacemakers may generate “escape”
rhythms.

The activity originating in the sinus nodal cells is conducted out to the surrounding atrium through transitional
(T) cells, which have electrophysiological properties intermediate between the pacemaker cells and the quiescent
atrial tissue []. The site of the primary pacemaker may shift between groups of pacemaker cells within the sinus
node, or into the T cells or even the atrium. Disorders of sinus function may result from a failure of impulse
generation by the nodal (P) cells, or a failure of conduction of the impulse from sinus to atrial cells, via the T
cells [].
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Sinus rhythm: (a) normal sinus rhythm, bpm; (b) sinus bradycardia, bpm; (c) sinus tachycardia, bpm; (d) sinus

arrhythmia, rate  bpm on inspiration, bpm on expiration. ECG leads shown on each strip recording.

.. Normal Sequence of Atrial Activation and PWaveMorphology

The cardiac impulse in normal sinus rhythm originates in the sinus node, spreads directly to the right atrium and thence
to the left atrium, before being conducted through the AV node andHis-Purkinje system to the ventricles.This activation
sequence is clearly seen in electrophysiological studies using multiple sites for intracardiac recordings. Atrial activation
occurs first in the high right atrium, followed by the low right atrium at the AV junction, before it is seen in the prox-
imal and finally the distal coronary sinus electrograms, the latter representing left atrial activation. Activation of the
His bundle is then detected, followed by spread of excitation to the ventricles (see > Fig. .). The origin of the atrial
activation in the HRA determines the P wave axis, the normal axis being from  to +○. Thus, the P wave is usually
upright in leads I, II and aVF, and inverted in aVR. In the horizontal plane, the activation from right to left produces
upright P waves in the left-sided chest leads V–V. The P wave may also be upright in V–V, but is more commonly
inverted or biphasic. Normal sinus rhythm has regular Pwaves, preceding theQRS complexes by a constant PR interval of
–ms (> Fig. .a). The P wave configuration should be constant in any given lead, other than minor changes in
axis with respiration.

.. Autonomic Control of Sinus Rate

The sinus node has both sympathetic and parasympathetic innervations which control the rate of sinus firing by altering
the rate of depolarization of the pacemaker potential. The parasympathetic vagal influence is dominant at rest, slowing
the intrinsic rate, as shown by the increase in heart rate with atropine []. Sympathetic innervation and circulating cate-
cholamines increase heart rate during exercise and stress. Autonomic tone has a major influence on sinus node function
and an awareness of this fact is important in the assessment of sinus node dysfunction.

Variations of autonomic tone may also cause the location of the pacemaker to shift within the sinus node, or to an
ectopic atrial focus. As vagal discharge slows the pacemaker cells, another region under less vagal control may take over
pacing.The Pwave configuration may change only slightly with “wandering sinus pacemaker,” but with “wandering atrial
pacemaker” the P wave morphology and axis will change, as beats originate from ectopic atrial foci.
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.. Normal Sinus Heart Rate

The normal heart rate in the adult is widely accepted as – beats per minute (bpm), lower than this being defined
as bradycardia, and faster as tachycardia. However, not all physicians would agree with this stated range. A WHO/ISFC
Task Force [] thought that the inherent rate of the sinoatrial (SA) node had a “representative” range of –bpm.
Spodick et al. measured the resting heart rate of  consecutive asymptomatic subjects, who were aged – years, and
were free from cardiac medication. They found a range ( standard deviations below and above the mean) of – bpm
for men, and – bpm for women []. There was no association between age and the resting heart rate. Others have
reported similar findings with ageing in healthy subjects, but in those with heart disease the resting heart rate falls with
age (reviewed by Brignole []).

.. Sinus Bradycardia

A sinus rate of < bpm is defined as sinus bradycardia. Normal P waves precede each QRS complex with a constant
PR interval (> Fig. .b). Sinus bradycardia occurs in normal children [] and adults [, ] during sleep, with heart
rate commonly down to – bpm and also in athletes, owing to enhanced vagal tone []. Vagal overactivity may also
be pathophysiological, producing profound sinus bradycardia during vasovagal episodes or acute inferior myocardial
infarction []. Unexplained sinus bradycardia is the most commonmanifestation of sinus node dysfunction [, , ].

.. Sinus Tachycardia

The electrocardiographic features of sinus tachycardia are a heart rate of > bpmwith a normal P wavemorphology and
axis and a normal PR interval (> Fig. .c). Sinus tachycardia is normal in young children, while in adults it is seen in
response to neural or hormonal influences. Physiological or pathological stresses, such as physical exercise, anxiety, fever,
hypotension, heart failure or thyrotoxicosis all cause sinus tachycardia. The rate may be transiently slowed by carotid
sinus massage. The rate of sinus tachycardia may be up to  bpm in young adults during maximal exercise. Maximal
heart rate on exercise tends to decrease with age [], an approximate guide being -(. × age) bpm [].

.. Sinus Arrhythmia

During normal sinus rhythm the P-P interval is relatively constant, but variations, termed sinus arrhythmia, may
occur. This is a common arrhythmia, usually arising from physiological variations in autonomic tone [, ]. There
is phasic variation in the P-P interval, the difference in sinus cycle length being ≥ms, with normal P waves and
PR interval (> Fig. .d). It is most commonly related to the respiratory cycle, with an increase in sinus rate dur-
ing inspiration owing to reflex inhibition of vagal tone and a slowing of rate with expiration []. Non-respiratory
sinus arrhythmia may also occur, secondary to heart disease, for example, acute myocardial infarction or digoxin
toxicity.

A further form of variation in sinus rate, known as ventriculophasic sinus arrhythmia, is noted when there is pro-
longation of a sinus cycle which has no corresponding ventricular contraction. This is most commonly seen in complete
AV block (> Fig. .) []. The P-P interval of a cycle which includes a QRS complex is shorter than the following
cycle which does not. A similar lengthening of P-P interval may be noted following a premature ventricular contraction
with a compensatory pause. Proposed mechanisms for ventriculophasic sinus arrhythmia include mechanical and/or
hemodynamic effects of ventricular systole on the sinus node and changes in baroreceptor-mediated vagal activity.
In an interesting study, de Marchena et al. studied the phenomenon in patients who had received a cardiac trans-
plant []. The P-P interval of the recipient’s retained atrial tissue (which has preserved vagal innervation to its sinus
node, but lacks flow in its sinus node artery) was found to be independent of the donor heart’s ventricular activity.
This lack of ventriculophasic effect suggests that hemodynamic rather than autonomic effects on the sinus node may be
most important.
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Ventriculophasic sinus arrhythmia. Cardiac monitor tracing in a patient with complete heart block and a narrow-complex

escape rhythm, showing variations in the atrial rate in response to ventricular systole – the P-P intervals (indicated in ms)

which contain a QRS complex are shorter than those which do not.

.. Inappropriate Sinus Tachycardia and Postural Orthostatic Tachycardia Syndrome

Inappropriate sinus tachycardia, also referred to as chronic nonparoxysmal sinus tachycardia, occurs in otherwise healthy
people and is apparently a result of increased automaticity of the sinus node, due to defective autonomic control [, ].
The clinical features are of resting sinus tachycardia, and an exaggerated response to minimal activity, in the absence of
other causes, such as hyperthyroidism, heart failure, anaemia, cardioactive drugs, or infection. The electrocardiogram
shows P waves with an axis and morphology corresponding to those during sinus rhythm. Ambulatory monitoring or
exercise testing shows a gradual onset and termination of the tachycardia. A related, and often overlapping, condition is
the postural orthostatic tachycardia syndrome (POTS) which is characterised by an increase in the sinus rate by  bpm,
or to greater than  bpm, when the patient stands up from a supine position. This increase in heart rate occurs in
the absence of significant orthostatic hypotension []. These conditions may persist for months or years, and can cause
troublesome symptoms but have a good prognosis. Treatments often include volume expansion, beta-blockers and other
peripherally- or centrally-active agents to modify vascular tone. Studies of catheter-based modification of the sinus node
have generally yielded disappointing long-term results [].

.. Sinus Node Reentrant Tachycardia

Sinus node reentrant tachycardia accounts for around –% of supraventricular tachycardias and is characterized by a
modest increase in heart rate to –bpm, P waves which are similar, though not necessarily identical, to those during
sinus rhythm and a RP/PR ratio of > [–]. As with other reentrant tachycardias, it can be initiated and terminated
during electrophysiological study by premature atrial stimuli [].The atrial activation sequence is identical to that during
sinus rhythm, originating in theHRA. It is not usually associatedwith sinus node dysfunction and is seenmore commonly
during electrophysiological study than as a spontaneous arrhythmia []. If treatment is required, sinus node reentrant
tachycardia can be managed with drugs or by ablative therapy [].

. Sinus Node Dysfunction

Disturbance of sinus node function is a common cause of symptomatic arrhythmias and may be a result of a failure
of sinus automaticity, or of a failure of propagation of the impulse from the sinus node to the atrium (SA block), or a
combination of both. There are many etiological or associated conditions and the cause of sinus node dysfunction may
be classified as intrinsic, related to pathological changes in sinus and atrial tissue, or extrinsic, with disturbance of sinus
function being attributable to the influence of other factors, commonly autonomic overactivity, or cardioactive drugs [].
Both intrinsic and extrinsic forms may be chronic, with slow progression, or acute, with sudden onset usually related to
predisposing factors such as ischemia, inflammation, surgical trauma or drugs.

In view of the multifactorial etiology of sinus node dysfunction, it is not surprising that no single underlying
histological abnormality has been identified, but rather a variety of findings have been reported. In most cases, the
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node is of normal size with marked loss of nodal cells and replacement by fibrosis. With normal ageing, the sinus
node undergoes striking loss of myocardial cells, with an increase in fibrous tissue []. In patients with sinus node
dysfunction, there may be virtual total fibrosis of the node, with the proportion of nodal cells being as low as %.
By contrast to these fibrotic nodes of normal size, the sinus node may be hypoplastic, presumably as a congenital
abnormality []. Rarely, the node appears to be morphologically normal, with fibrosis or fatty infiltration around
the nodal tissue []. Fibrotic involvement of atrium itself and AV nodal regions is commonly found in patients
with sinus nodal fibrosis [, ], consistent with the common coexistence of AV conduction abnormalities [, ],
or atrial tachyarrhythmias []. Acute sinus node dysfunction may result from inflammatory involvement of the
node in pericarditis [] or myocardial infarction, but only rarely is it a result of atheroma or thrombosis of the
sinus node coronary artery branch itself [, ]. The sinus node can also be affected by systemic infiltrative con-
ditions, such as amyloidosis [] and hemochromatosis [], leading to sinus node dysfunction, and a variety of
arrhythmias.

In addition to abnormal autonomic influences as extrinsic causes of sinus dysfunction, it has been hypothesized that
an abnormal response to the regulatory influence of adenosine, locally released by active myocardium, may underlie
intrinsic sinus node disease []. Evidence to support an increased sensitivity to adenosine comes from the demonstration
of marked bradycardia and sinus pauses produced by intravenous adenyl compounds [], and the therapeutic response
to theophylline, an adenosine antagonist, in some patients [, ]. Finally, the possibility of an autoimmunemechanism
has been raised by the finding of autoantibodies against sinus node in over % of patients with sinus dysfunction or
bradycardia [].

.. Sick Sinus Syndrome

The term “sick sinus syndrome” was first coined in the s by Lown [], to describe acute sinus disturbance after
cardioversion, and was subsequently applied by Ferrer [] to patients with chronic SA dysfunction. Although, strictly, it
should be confined to patients with intrinsic sinus node dysfunction, the term has been commonly applied to any patient
with symptoms attributable to disorders of sinus node function [, ]. The clinical picture of sick sinus syndrome
includes a variety of arrhythmias [, ] with multifactorial etiologies []. The sick sinus syndrome may be diagnosed
in symptomatic patients with any of the following electrocardiographic findings:

(a) Inappropriate sinus bradycardia,
(b) Sinus arrest with or without an ectopic atrial or junctional escape rhythm,
(c) Sinoatrial exit block,
(d) Alternating bradycardia and atrial tachyarrhythmia (the “bradycardia-tachycardia syndrome”) [, ].

In addition, chronic atrial fibrillation with slow ventricular response in the absence of drug therapy usually indi-
cates underlying sinoatrial dysfunction, and attempts at cardioversion typically produce a slow, unstable rhythm [].
In patients with sinus node dysfunction there is commonly depression of the lower latent pacemakers and the failure
of “escape” rhythms results in symptomatic bradycardia. Abnormalities of AV conduction are also found in over half of
patients with sick sinus syndrome [, ], although more recent evidence suggests that in those with intact AV con-
duction, it remains stable with time, especially in those without concomitant bundle branch block []. Carotid sinus
hypersensitivity may mimic, or unmask, sinus node dysfunction [, ].

The bradycardia-tachycardia syndrome comprises about half of the patients with sick sinus syndrome []. Symp-
toms may occur with the tachycardia, commonly atrial fibrillation or flutter, or especially with the bradycardia, as long
pauses may result following spontaneous termination of the tachycardia (> Fig. .). The tachycardia may simply be
predisposed to by the bradycardia, occurring as an “escape” arrhythmia, and may be suppressed by atrial pacing [].
In other cases, the finding of atrial histopathology [] indicates that atrial arrhythmias may be the result of the general
pathological process. It is probable that the development of atrial arrhythmias is the natural progression of the condition
[], but this progression occurs only very slowly [].
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Ambulatory monitor tracing, showing a pause of  s after spontaneous termination of atrial fibrillation in the bradycardia-

tachycardia syndrome. The pause is followed by a junctional escape beat.
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Sinus arrest, as seen on ambulatorymonitor tracing. The lower trace is continuous with the upper trace. After two sinus beats

there is a pause of . s, followed by an ectopic atrial escape beat (arrowhead). The first spontaneous sinus beat (∗) occurs
after a total of . s. A further pause of . s occurs, followed by a junctional escape beat.

.. Sinus Arrest

Failure of impulse formation by the sinus node results in the absence of atrial activation and a pause is seen on the ECG
(> Fig. .). Sinus arrest may produce periods of ventricular asystole of variable duration, depending on the time
taken for recovery of sinus automaticity, or appearance of an escape rhythm from a lower pacemaker. Since the reg-
ular sinus discharge has been interrupted, the duration of the pause has no arithmetical relation to the basic sinus
cycle length.

.. Sinoatrial Block

Block of SA conduction may result in the failure of atrial depolarization, despite continuing sinus automaticity. Sinoatrial
block may be classified as first degree, second degree or third degree, with delayed conduction, intermittent or complete
block, analogous to AV block. Only second-degree SA block can be diagnosed from the ECG, although first-degree con-
duction delaymay be assessed by electrophysiological study. Second-degree SA block can be further subclassified as type
I (Wenckebach) or type II, which is again analogous to second-degree AV block. Type II SA block is the most frequently
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Sinoatrial block (type II). The sinuspause is twice thepreceding sinus cycle length (Pwaves are indicatedbyfilledarrowheads),

owing to exit block of sinus activity preventing the expected P wave (open arrowhead).

seen, with intermittent block occurring without preceding conduction delay. This is in contrast to AV block, where type
I second-degree block is the more common. Sinoatrial block is diagnosed from the ECG by the intermittent absence of
the P wave and subsequent QRS complex. The duration of the pause is an exact multiple of the preceding sinus cycle
length, since sinus activity continues despite the failure of atrial activation (> Fig. .). Type I (Wenckebach) SA block
has increasing delay in SA conduction with successive beats until there is failure of atrial activation and an absent P wave.
Since sinus activity is not apparent on the ECG, the diagnosis is established by a progressive decrease in P-P interval
prior to the dropped beat, owing to the characteristic periodicity of the Wenckebach phenomenon, whereby, although
conduction is progressively delayed, the beat-by-beat increment in delay decreases []. The pause with type I SA block
will, therefore, be less than twice the preceding P-P interval.

.. Diagnosis of Sinus Node Dysfunction

The investigation of patients with suspected sick sinus syndrome must be directed to the demonstration of abnormal-
ities of sinus function and the establishment of the correlation between the patient’s symptoms and the arrhythmias.
The rhythm abnormalities are often intermittent and the resting ECGmaybe normal.The likelihood of detecting arrhyth-
mias is increased by longer periods of ECG recording, and ambulatory Holter monitoring reveals the diagnosis in many
more patients [, ]. The development of implanted loop recorders has allowed more prolonged ECG monitoring (up
to  years) and can increase the diagnostic yield in patients with normal baseline tests [, ]. The results of these tests,
however, must be interpreted carefully since sinus bradycardia, sinus arrest and SA block may all be normal findings
[], particularly in young people [, ] or athletes []. Sinus pauses of > s are generally abnormal and indicate sinus
node dysfunction [, ], but it is important to document the relationship of the patient’s symptoms to an arrhythmia,
as asymptomatic pauses do not require treatment [].

Abnormal heart-rate responses to exercise [], atropine [, ] or isoprenaline [, ] are common in the sick
sinus syndrome, although these tests are of questionable clinical utility []. The combination of atropine (.mg/kg)
and propranolol (.mg/kg) produces complete autonomic blockade and reveals the intrinsic heart rate (IHR), which
has a well-defined normal range that decreases with age []. The IHR can be predicted from a linear regression
equation:

IHR = . − (. × age)
Patients with intrinsic sinus node dysfunction have an abnormally slow IHR, whereas it is normal in those with extrinsic
vagally-induced dysfunction [, ].The effects of carotid sinus pressure should also be determined (>Fig. .). Carotid
sinus hypersensitivity is present in around % of patients with sick sinus syndrome, although the two conditions appear
to be pathophysiologically distinct [].

In the majority of patients, noninvasive investigation is sufficient to establish the diagnosis of sick sinus syndrome
[, , ]. Invasive testing is now seldom employed in this context, however in some circumstances it may help clarify
the clinical diagnosis. For example, in patients with syncope thought to be due to sick sinus syndrome in whom ambula-
tory ECG monitoring has failed to record an event, the demonstration of markedly abnormal sinus node function in an
invasive electrophysiology studymay support the diagnosis and strengthen the case for implantation of a permanent pace-
maker [, ].Themost commonly used tests involve atrial pacing to measure sinus automaticity (the sinus node recovery



  Sinus and Atrial Arrhythmias

7.2 s

1 s

CSP

II

⊡ Figure .

Carotid sinus hypersensitivity. Traces are continuous. Carotid sinus pressure (CSP) results in sinus suppression, with a pause

of . s.
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Sinusnode recovery time (SNRT). Followingcessationof atrial pacingat a cycle lengthof  ms for  s, there is apauseof . s

before the first spontaneous sinus beat (arrowed). The figure shows surface leads I, aVF and V, and intracardiac recordings

from the high right atrium (HRA) and His bundle electrogram (HBE). Time-bar (T) indicates seconds (large divisions).

time) and sinoatrial conduction (SA conduction time). Direct sinus node recordings [, , ] have added greatly to the
understanding of the electrophysiological abnormalities in the sick sinus syndrome [] but are not in routine clinical
use []. The main invasive tests of sinus node function will be outlined below, but for more in depth reviews, the reader
is directed elsewhere [, –].

.. Electrophysiological Assessment of Sinus Node Function

... Sinus Node Recovery Time

Since the automaticity of cardiac pacemaker cells may be transiently suppressed by pacing at rates faster than their own
firing rate [], an assessmentof sinus automaticity can be obtained by examining the time taken for recovery following a
period of overdrive suppression by rapid atrial pacing [].The interval from the last paced P wave to the first spontaneous
sinus P wave is the sinus node recovery time (SNRT). If sinus node dysfunction is present, the depression of automaticity
is manifest by prolongation of the SNRT [, , ]. The resultant pause may be of several seconds duration in patients
with sick sinus syndrome (> Fig. .).

It is apparent that the duration of the pause following atrial pacing will also depend on the basic sinus cycle length
(SCL): the slower the heart rate the longer the expected pause.The SNRT may be corrected for heart rate in a number of
ways, the commonest being to subtract the mean SCL (corrected sinus node recovery time, CSNRT = SNRT−SCL) [].
Different ranges of normal have been suggested by different investigators [, ], but a CSNRT > ms is generally
considered to be abnormal. Another commonly applied correction is the expression of the SNRT as a percentage of the
SCL (normal SNRT/SCL ×  < %) [, ].



Sinus and Atrial Arrhythmias  

In addition to the SNRT, further assessmentof sinus function can be obtained by examining the atrial rhythm for sev-
eral beats following pacing. While the first post-pacing pause is usually the longest, many patients with sinus dysfunction
exhibit sudden prolongation of subsequent cycles []. Such “secondary pauses” are indicative of sinus node dysfunction
and do not occur in normal individuals []. Pauses which are multiples of the basic SCL are a result of SA exit block.
Secondary pausesmay be the only manifestation of sinus dysfunction during electrophysiological study [, ].The total
recovery time (TRT) for the sinus cycle to return to stable prepacing values can also be taken as an indication of sinus
function, and should be < s [, ].
... Sinoatrial Conduction Time

An estimate of SA conduction maybe obtained by examining the responses to atrial pacing, since a paced atrial activation
must travel retrogradely into the sinus node and the subsequent sinus activity must then be conducted out to the atrium.
Two methods of measuring the SA conduction time (SACT) are commonly used. The Strauss method [] introduces
atrial premature stimuli following successive runs of eight spontaneous sinus cycles (each impulse designated A). If the
paced atrial extrastimulus (A) is introduced at an appropriate time in mid-diastole, it will penetrate the sinus node
before it has fired spontaneously, and depolarize the pacemaker, which is then reset. The return cycle (the time from the
paced atrial extrastimulus to the first spontaneous sinus beat, A) will be the sumof the time taken for the beat to conduct
into the node, the basic SCL following reset and the SA exit conduction time. Thus AA = AA + SACT, where SACT
is the total conduction time into and out of the node.

The method of Narula [] is simpler, employing an -beat train of atrial pacing (Ap) at a slow rate (< bpm above
the sinus rate). The return cycle to the first sinus beat (A) is then measured, and the total SACT calculated as ApA-post-
pacing SCL. This method attempts to overcome one problem with the Strauss method – if there is any significant degree
of sinus arrhythmia, then error will be introduced into the estimation of the SACT. The Narula method assumes that a
short eight-beat train of slow atrial pacing effectively stabilizes the SCL, without significant suppression of automaticity.

The two methods for estimating SA conduction give similar, but not identical, values for SACT [, , ], and a
fairly wide range of normal values for total SACT have been reported (from  to ms, reviewed in []).

... Sinus Node Refractoriness

Another technique which has been used for the assessment of sinus node function is the measurement of the retrograde
sinus node effective refractory period (SNERP) []. Eight-beat trains of atrial pacing are followed by single extrastimuli
of increasing prematurity and the return cycle AA is plotted against the coupling interval AA. The SNERP is taken as
the longest coupling interval that is followed by an interpolated beat.There appears to be clear separation between values
of SNERP in normal individuals and in patients with sinus dysfunction ( as opposed to ms) []. A limitation of
this technique is that the SNERP could only be measured in % of patients in one study [].

... Direct Sinus Node Recording

The development of catheter techniques to record directly from the region of the sinus node in humans [, , ] has
allowed the validation of the indirect assessmentsof sinus node function [, , ].The technique involves the placement
of a multipole catheter in the proximity of the sinus node and, with appropriate amplification and filtering, a sinus node
electrogram (SNE) can be recorded. The direct SNE parallels the membrane potential changes seen in sinus pacemaker
cells, with a slow diastolic depolarization (phase ) prior to the upstroke (phase ) of the sinus action potential, which
precedes the rapid upstroke of atrial depolarization. The SACT is measured from the onset of sinus node depolarization
to the onset of atrial activation, and is less than around ms in normal individuals [, , ]. An additional measure-
ment, the duration of sinus node depolarization (SNDd), can be determined from direct sinus node recordings, and is
usually <ms in normal subjects. A SNDd ≥ ms can indicate the presence of significant sinus node dysfunction [].



  Sinus and Atrial Arrhythmias

The role of the SNE in the investigation of sinus node dysfunction is doubtful as the placement of the catheter is
relatively time-consuming, and recordings can be obtained in only % of patients and are seldom stable []. The tech-
nique, however, has provided some fascinating insights into the interpretation of results from indirect assessmentof sinus
function. For example, many patients with long pauses after rapid atrial pacing, who are considered to have a prolonged
SNRT, have in fact been found to have continuing sinus activity, as shown by the SNE, the pauses arising from SA exit
block preventing atrial activation [, ].

... Clinical Role of Electrophysiological Testing

Themain limitations of electrophysiological assessment of sinus node dysfunction are the low sensitivity of the tests and
the variable clinical significance of abnormalities if found. Abnormalities of the measurement of SNRT and SACT have
sensitivities of only about % or less in symptomatic patients with sinus node dysfunction [, , ]. The sensitivity
is improved if both tests are combined, and the specificity of the tests is good, being of the order of –% [, ].
Autonomic blockade may increase the sensitivity of the electrophysiological tests [, , ], and particularly aids in
the identification of those patients with intrinsic sinus dysfunction []. Both sensitivity and specificity are best in symp-
tomatic patients, especially those with syncope, but are less helpful in asymptomatic patients []. Thus, with respect
to establishing a diagnosis, electrophysiological testing may support the clinical suspicion of sinus node dysfunction if
abnormalities are found, but cannot be used to exclude sinus node disease, given the limited sensitivity of the tests. In
addition, since the prognosis of patients with sinus node dysfunction is good [, , ] and does not appear to be
altered by pacemaker implantation [, ], the finding of sinus node dysfunction in itself does not mandate therapeutic
intervention [, ].

The correlation of arrhythmia with symptoms is most important, but is not always possible to achieve even with
ambulatory monitoring []. Invasive investigation of patients with syncope of undetermined origin reveals sinus node
disease in about % of cases [] and other electrophysiological abnormalities may be detected in up to % [].
A presumed diagnosis of sick sinus syndrome can be made if major abnormalities of sinus node function (e.g., a
SNRT >  s) are demonstrated in an electrophysiology study and other causes for the patient’s symptoms have been
ruled out [, ]. Other supporting findings on non-invasive testing include: persistent daytime HR <  bpm, often
with little variation in HR; second degree SA block; prolonged sinus pauses (which are not vagally-mediated); abnormal
intrinsic HR; and severe chronotropic incompetence [].

In patients with the bradycardia-tachycardia syndrome, in whom monitoring may have failed to demonstrate
significant pauses, there is good correlation between pauses observed after atrial pacing and those occurring on spon-
taneous termination of tachycardia []. Other patients with documented bradycardia-tachycardia syndrome may be
symptomatic from the tachyarrhythmia rather than the bradycardia and antiarrhythmic therapy may be more appro-
priate than pacing. Electrophysiological testing can indicate whether drug therapy may worsen sinus dysfunction,
meriting prophylactic pacemaker implantation. Full electrophysiological study may also demonstrate inducible tach-
yarrhythmias, such as ventricular tachycardia, as the true cause of symptoms in some patients with suspected sinus
disease [].

Finally, assessment of AV conduction is important in patients with sick sinus syndrome for whom a single-chamber
atrial (AAI) pacemaker is planned.This is usually assessed at the time of pacemaker implantation, rather than in a separate
electrophysiology study, and if AV conduction is normal, with : AV conduction at atrial pacing rates of ≥ bpm, then
AAI pacing is generally appropriate. It should be noted that serial electrophysiological studies after single-chamber atrial
pacemaker implantation have shown that AV conduction may subsequently deteriorate in patients requiring additional
antiarrhythmic therapy [].

. Atrial Arrhythmias

Atrial arrhythmias are common andmay occur in patients without heart disease as well as being a feature of most cardio-
vascular conditions. They are of major clinical importance, and can be associated with significant morbidity, but are only
rarely fatal in themselves.The majority may be diagnosed without invasive investigation on the basis of the surface ECG
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[–]. Satisfactory pharmacological management is often achieved, although there is an increasing role for curative
catheter ablation for several types of atrial arrhythmias (see > Chap. , []).

.. Mechanisms of Atrial Arrhythmias

Tachyarrhythmias, in general, result from either abnormal impulse generation, such as abnormal automaticity and
triggered activity, or abnormal impulse conduction, resulting in reentrant circuits [].

Automatic atrial arrhythmias are a consequence of abnormal foci which have inherent pacemaker properties and thus
generate arrhythmias spontaneously if their firing rate exceeds that of the sinus node. The pacemaker current, If , may
contribute to this phenomenon in human atrial tissue []. Foci of abnormal automaticity can occur in a variety of sites,
including within the vena cava and pulmonary veins [, ], and the arrhythmias they produce can be paroxysmal or
incessant.

Triggered activity, by contrast, results from early or delayed afterdepolarizations which follow preceding action poten-
tials [].These may reach threshold and result in further action potentials. Afterdepolarizations are a result of transient
inward currents [, ] which are activated by oscillations of intracellular calcium in conditions of calcium overload,
such as can be induced by cardiac glycosides or catecholamines. It is likely that triggered activity underlies arrhyth-
mias caused by digoxin toxicity []. Intracellular calcium is also increased by repetitive stimulation which may induce
afterdepolarizations.

Reentry is the commonestmechanism of cardiac arrhythmia generation, and can be dependent on a macro-reentrant
circuit, such as in AV nodal reentrant tachycardia (AVNRT) and AV reciprocating tachycardia (AVRT), or on micro-
rentrant circuits as in fibrillation (see> Chaps.  and > ). Within the atria, structural or functional lines of block can
exist which create the conditions necessary for macro-reentry [].The classic example is that of “typical” (cavo-tricuspid
isthmus-dependent) flutter, as discussed in > Sect. ..

The underlying mechanisms of tachycardias may be differentiated electrocardiographically to some extent, but more
particularly by the responses to pacing and premature stimulation. Characteristically, reentrant tachycardias are repro-
ducibly initiated and terminated by premature stimuli, whereas automatic tachycardias are not []. The latter may
display suppression and reset of the automatic focus in response to premature stimuli, followed by a noncompensatory
pause. Triggered activity is more difficult to differentiate as it may be initiated and terminated by pacing [].

Based on these mechanistic considerations, most regular atrial arrhythmias can be classified into two broad
groups – Focal atrial tachycardia, where activation spreads from a central point and is due to an automatic, trig-
gered, or micro-reentrant mechanism; and Macro-reentrant atrial tachycardia, where conduction is occurring around
a defined circuit []. Atrial fibrillation is distinct and characterized by relatively chaotic atrial activation, driven by
complex mechanisms including multiple circuit reentry [], and irregular ventricular activity (when AV conduction
is intact).

.. General Electrocardiographic Features of Atrial Arrhythmias

Focal atrial arrhythmias may originate at any site in the atria, frequently remote from the sinus node. The morphology
of atrial activation usually differs from the P wave observed in sinus rhythm, and depends on the site of origin [].
The P wave vector and morphology can be used to predict the site of origin of an ectopic rhythm [] (see > Sect. .),
although some limitations exist [, , ] and accurate localization can only be obtainedwith certainty by intracardiac
mapping [].

Reentrant atrial tachycardias are generally initiated by spontaneous atrial premature beats, the initial P wave usually
differing from subsequent P waves during the tachycardia. Unlike the junctional reentrant tachycardias (i.e., AVNRT and
AVRT), initiation of atrial tachycardia is independent of AV nodal conduction and may be initiated by atrial beats which
block proximal to the His bundle [].

Atrial arrhythmias have often been defined with respect to the atrial rate, distinguishing between atrial tachycardia
(–bpm), flutter (– bpm) or fibrillation (– bpm). However, atrial rate alone cannot be considered a
rigid diagnostic criterion as exceptions may occur. For example, the atrial rate in atrial flutter may be slower, particularly
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in the presence of antiarrhythmic drugs, or faster, as rates of over  bpm have been documented []. Transition
may occur between atrial arrhythmias, with atrial flutter or tachycardia converting to fibrillation [, ]. Intermediate
forms may also be seen (termed “flutter fibrillation”) where organized atrial activity can be recorded from some areas of
the atrium but not others [].

Focal and reentrant atrial arrhythmias can be incessant, defined as being present for at least % of the monitored
time.The rate may vary during the day, increasing on exercise and slowing during sleep []. Incessant tachycardias can
occur in young people with otherwise normal hearts and may cause heart failure due to “tachycardiomyopathy” [].
In such cases, successful ablation of the arrhythmia can be curative and lead to a sustained improvement in cardiac
function [–].

. Atrial Premature Complexes

.. Overview

The commonest atrial arrhythmia is the atrial premature complex (APC), also known as an atrial extrasystole or atrial
ectopic beat. These atrial impulses are characterized by their prematurity, occurring before the next expected sinus beat,
and abnormal P-wave morphology, owing to their ectopic origin (> Fig. .). With respect to terminology, the terms
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⊡ Figure .

Atrial premature complexes (APCs, indicated by arrowheads). Part (a) shows an APC with a clearly abnormal P wave. Part (b)

shows an APC superimposed on the preceding T wave, with aberrant conduction to the ventricles. In part (c), an APC occurs

with a prolonged PR interval, and a less than compensatory pause. Parts (d) and (e) show APCs conducted with right bundle

branch block, and left bundle branch block, respectively.
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atrial “premature complex” and “extrasystole” clearly refer to an extra, premature beat, whereas atrial “ectopic” defines
the site of origin but not the timing of the beat. An atrial ectopic, for example, may occur as an escape beat following a
sinus pause, and so the term includes both premature and escape rhythms. It is, therefore, a less specific term and thus
the others are to be preferred.

Atrial premature complexes are common and occur in normal individuals of all ages [, , , ].Their frequency
increases with age, being found in % of healthy boys [], % of male medical students [] and in –% of adult
males, although frequent APCs occur only rarely (–%) [, ]. They are more common in patients with cardiac dis-
ease; for example APCs can be found in % of patients with mitral stenosis [].They are exacerbated by fatigue, stress,
caffeine, tobacco and alcohol [].They rarely cause symptoms requiring treatment although, occasionally, frequent early
or blocked APCs may cause an effective bradycardia – the extrasystolic beat has a low stroke volume owing to inadequate
ventricular filling and is followed by a postectopic pause, or has no associated ventricular systole. In atrial bigeminy, for
instance, the pulse ratemay effectively be halved (> Fig. .). In sick sinus syndrome, an APCmay be followed by symp-
tomatic sinus pauses owing to sinus node suppression. The more important clinical relevance of APCs, however, is their
role in triggering other arrhythmias. Most reentrant supraventricular tachycardias, including atrial flutter, are initiated
by APCs (> Fig. .). Suppression of APCs may therefore be an important part of the prophylactic treatment of these
arrhythmias, and can often be achieved with beta-blockers or calcium channel antagonists [].

1 s

⊡ Figure .

Ambulatory monitor tracing showing atrial bigeminy, with blocked atrial premature complexes (arrowed for first complex).

This results in effective bradycardia, with a ventricular rate of bpm.
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Atrial premature complex initiating AV nodal reentrant tachycardia (AVNRT). The APC (arrowhead) is partly obscured by

the preceding T wave and has a long PR interval due to conduction via the AV nodal slow pathway. Typical AVNRT occurs,

with P waves almost coincident with the QRS complex. The presence of atrial activity can be inferred from the characteristic

development of a “pseudo-R′ wave” (arrowed) in lead V.
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.. Electrocardiographic Features

The relationship of an APC to ventricular activation will depend on its site of origin, its prematurity and the refractoriness
of the AV node. The PR interval may be normal, or even short if the ectopic atrial activity is close to the AV node [].
However, when anAPC occurs early in diastole, close to the refractory period of the AV node, conductionmay be delayed
with resultant prolongation of the PR interval (> Fig. .c). When the APC occurs even earlier, it may find that the AV
node is refractory, preventing impulse conduction to the ventricles. Such a “blocked” atrial extrasystole may be obscured
by the preceding T wave (> Fig. .), and the following postextrasystolic pause may be incorrectly diagnosed as owing
to sinus arrest.

The pause which follows an APC is most commonly a consequence of sinus resetting, as the premature atrial activ-
ity depolarizes not only the atria but also the sinus node. As a result, the pause is less than compensatory, the sinus
node having fired earlier than expected. Thus the P-P interval flanking the APC is less than twice the basic cycle length
(> Fig. .a–c). This is in contrast to the pause following most ventricular premature complexes which do not interfere
with sinus activity; the next sinus beat occurs as expected and the pause is fully compensatory, the P-P interval being
equal to twice the basic cycle length. A compensatory pause can occasionally be seen after an APC when the atrial ectopic
activity collides with the sinus impulse in the perinodal tissue, preventing the spread of the sinus beat to the atria but
without resetting the pacemaker. Rarely, an APC may encounter SA entrance block in the perinodal tissue but the exit of
the sinus beat is unaffected. The APC is thus interpolated between two consecutive sinus beats, although the sinus P-P
interval is usually slightly prolonged.

While an APC produces abnormal atrial activation, conduction below the AV node is usually normal with a resultant
narrowQRS complex, in the absence of preexisting bundle branch block. Aberrant conductionmayoccur, however, as the
impulse may reach the His Purkinje system while it is still relatively refractory from the preceding beat. Refractoriness of
the conducting system is related directly to the preceding cycle length, a slower rate being associatedwith a longer refrac-
tory period. This is in contrast to AV nodal refractoriness, which increases with increasing rate. Aberrant conduction
is therefore most likely to occur when a premature beat with a short coupling interval follows a longer interval, owing
either to bradycardia or to a pause.This is termed the Ashman phenomenon []. For this reason, aberrant conduction
may be seen with atrial bigeminy, where every extrasystolic cycle is preceded by a postextrasystolic pause.The refractory
period of the right bundle branch is generally longer than that of the left and so right bundle branch block (RBBB) is the
commonest configuration seen when an APC is aberrantly conducted (> Fig. .d). Less commonly, left bundle branch
block (LBBB) may occur (> Fig. .e), particularly at faster rates, since at shorter cycle lengths the refractory period of
the left bundle may exceed that of the right [].

In an individual with frequent APCs there is usually a relatively constant interval between the APC and the preceding
sinus beat. Such a constant coupling intervalmay indicate a reentrantmechanismunderlying the premature impulse, such
as intra-atrial or AV nodal echoes. This is in contrast to the rarely seen atrial parasystole [, ] when an automatic
focus produces atrial beats independent of the sinus activity. Since the rate of atrial parasystole differs from that of sinus
rhythm, the APCs have no fixed relation to the sinus beats. Atrial premature complexes commonly occur singly and
sporadically, but may occur following every second or third sinus beat, producing bigeminy and trigeminy, respectively
(see> Fig. .). Multiple APCs may occur consecutively; the occurrence of six or more APCs is considered to be a burst
of nonsustained atrial tachycardia (> Fig. .).

1 s

⊡ Figure .

Ambulatorymonitor tracing showing non-sustained atrial tachycardia.
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. Focal Atrial Tachycardia

.. Overview

Focal atrial tachycardia is usually non-sustained and asymptomatic and is often an incidental finding on ambulatorymon-
itoring. It has a prevalence of .% in the general population and is higher in those with a history of palpitations [].
Symptomatic sustained atrial tachycardia accounts for up to % of patients undergoing electrophysiology (EP) study for
supraventricular tachycardia (SVT), with no sex preponderance [–]. There appears to be a bimodal distribution
with peaks in the pediatric age group and in the elderly. This probably reflects different mechanisms of arrhythmoge-
nesis in these groups, with AT due to increased automaticity being prevalent in the young and micro-reentry being
more common with increasing age [–]. Pharmacological treatment is often unsuccessful, and curative radiofre-
quency ablation should be considered at an early stage. Ablation is associated with success rates of between % and
% [, –], with recurrence rates of % [].

.. The Electrocardiogram in the Diagnosis of Focal Atrial Tachycardia

Focal AT produces a narrow-complex tachycardia (or wide-complex in the presence of fixed or rate-relatedbundle branch
block).The surface electrocardiogram provides clues to the diagnosis and helps differentiate it from sinus tachycardia and
other causes of SVT. Important features are themode of onset and termination, the R-P relationship and the Pwave vector.

Abrupt onset or a short – beat “warm-up” period helps distinguish AT from sinus tachycardia, AVNRT and AVRT.
Similarly, termination is usually abrupt (unlike sinus tachycardia) or displays a short “cool down phase” (unlike AVNRT
or AVRT). Termination with block in the AV node (ending on a P wave) effectively excludes AT [].

AT usually has a long RP interval (defined as >% of RR interval), distinguishing it from typical AVNRT and most
forms of AVRT. This is a useful indicator, but it is important to remember that there are exceptions to this rule. For
example, delay in AV nodal conduction during rapid AT may cause prolongation of the PR interval producing a short-
RP tachycardia. Similarly, atypical AVNRT, and AVRT utilizing a decremental accessory pathway as the retrograde limb,
may produce a long-RP tachycardia. Other features of the RP relationship may help distinguish AT from other forms of
SVT. In AT, AV nodal and ventricular activation are passive and not necessary for tachycardia maintenance. As such, the
relationship between atrial and ventricular activity is not fixed and variation in the RP interval supports the diagnosis of
AT [–] although multiple or decremental accessory pathways may display a similar variation in RP relationship.
Higher degrees of AV block can also occur, for example in digoxin toxicity [, ] where the resulting arrhythmia is
commonly referred to as “paroxysmal atrial tachycardia (PAT) with block.”

Clues may also be gained from the P wave vector. A positive P wave in the inferior leads makes AT more likely, as a
superiorly directed vector is characteristic in AVNRT and common in AVRT. However, a superior vector is seen in focal
AT with origins from inferior structures such as the inferior annuli, CS os or low crista terminalis. All these features may
aid in the diagnosis of AT, but ultimately, differentiation from other causes of supraventricular tachycardia may not be
possible until the time of diagnostic EP study.

.. PWaveMorphology

P wave morphology is determined by point of origin and subsequent pattern of atrial activation. As such, analysis of
the P wave provides information on the site of origin of focal AT, as activation spreads radially with the origin as the
epicenter. However, the spatial resolution of the P wave is only mm [], and as such, P wave morphology can only
be used to localize to a general region of interest. Fortunately, AT foci display characteristic anatomical distributions
with clustering at several structures and therefore localizing to a general area is often sufficient to direct more detailed
mapping at EP study. A useful algorithm has been developed to predict the site of origin of focal AT based on the P wave
morphology, with a reported accuracy of % when compared to the anatomical site of successful ablation [].

The P wave on the surface ECG is often obscured by fusion with the preceding T wave, in some cases giving the
appearance of a junctional tachycardia []. Administration of adenosine or a short burst of ventricular pacing to induce
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Assessment of P wave morphology in atrial tachycardia (AT). In part (a), intravenous adenosine has been administered.

P wavemorphology is clearly seen following transient AV block. The focus is right parahisian with a largely isoelectric P wave

in lead V and positive P wave in the inferior leads. Part (b) illustrates the importance of assessing the initial P wave vector

in determining the origin of an atrial tachycardia. The vertical line represents the onset of the P wave in the limb leads. The

characteristic isoelectric component of V (arrowed) observed in AT from the os of the coronary sinus may have been missed

if the P wave onset was not clearly defined. The ECG shows demonstrates the other features of AT from this site, with typical

negative P wave in the inferior leads and a negative transition across the chest leads.

transient AV block may be necessary to remove T-P fusion (> Fig. .a). It is important to limit analysis to clearly
defined P waves and to include the initial vector which may be isoelectric and easily missed (> Fig. .b). Increasing
the sweep speed to  or mm/s and the amplitude to mm/mV better defines small changes in vector and is a useful
tool when analyzing P wave morphology. Characteristic features of P wave morphology have been described for most
common foci and are a function of the anatomic relationship of these foci and normal propagation away from the focus.
As such, the utility of the P wave in localization is limited in those with structural heart disease or previous atrial surgery
or extensive atrial ablation.

.. Localizing Tachycardia Focus to the Left or Right Atrium

P wave morphology is useful in differentiating left from right atrial foci. This is a function of the anatomical relationship
of the atria, with the left atrium being a more posterior and leftward structure than the right atrium. As such, leads V
and aVL are useful discriminators []. Activation from right atrial foci spread leftwards, and a positive or biphasic P
wave in aVL has a positive predictive accuracy of % and negative predictive value of %. In contrast, a positive P wave
in V is a feature of left atrial foci as activation spreads anteriorly and rightward. It provides a sensitivity and specificity
for a left atrial focus of % and % respectively []. Specificity is reduced by the virtue that foci arising from the high
crista terminalis in the right atrium can display a positive P wave in this lead. Analysis of the sinus rhythm P wave can
help in this situation. As the sinus node complex is located in the high crista [], the tachycardia P wave morphology
should be similar to the sinus P wave if site of origin is the high crista, but will be markedly different if tachycardia focus
is of left atrial origin [].

It is perhaps unsurprising that foci arising from septal structures provide exceptions to these rules, as activation wave-
front progresses both left and rightward and a variety of P wave morphologies have been reported [–]. However,
careful analysis of the initial vector may often help differentiate a right from left atrial origin. For example, tachycardias
originating from the coronary sinus (CS) ostium [] or right septal region [, ] often have an initial negative or
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isoelectric vector in lead V, which is in keeping with a right atrial origin (> Fig. .b). Missing this initial component
may lead to misclassification of the P wave as positive, localizing the focus to the wrong chamber. It is therefore essential
that careful analysis of the entire P wave is performed.

Using this simple tool, it is possible to define the focus to the left or right atrium with a high degree of accu-
racy. However, further localization is possible as specific anatomical locations are associated with characteristic P wave
morphologies, which are discussed below.

.. Right Atrium

... Crista Terminalis

Up to % of right atrial tachycardias arise from the crista terminalis []. This structure extends the entire length of
the right atrium inserting supero-medially into the inter-atrial septum near Bachmann’s bundle and being contiguous
with the Eustachian ridge inferiorly. It is therefore not surprising that there is some variation in P wave morphology
along its length. Low cristal sites are usually associated with an negative P wave in lead V []. However, high and
mid-cristal foci often display a biphasic P wave morphology in V with an initial positive vector followed by a negative
component (> Fig. .a), although, as discussed above, a completely positive morphology is sometimes present and in
this situation one should consider themorphology of the sinus P wave [, , ]. Lead aVL displaysmarked variation
in morphology, but lead I is positive and aVR negative in the majority of cases []. The inferior leads display different
vectors depending on the position of the tachycardia focus along the length of the crista. P waves are positive inferiorly
in high cristal foci and isoelectric or negative in more inferior cristal sites.
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Surface electrocardiograms illustrating focal atrial tachycardias from different right atrial sites. Part (a) shows the charac-

teristic P wave morphology of a high cristal focus being positive/negative biphasic in lead V (arrowed), negative in aVR and

positive in lead I. ApositivePwavevector in the inferior leads localizes the focus to thehigh crista terminalis. Part (b) illustrates

an inferior tricuspid annulus (TA) focus. The Pwave is negative in lead V (arrowed), and positive in lead I. P waves are isoelec-

tric/negative inferiorly, localizing to the infero-anterior TA. Part (c) shows P wave morphology of a right atrial appendage

focus, displaying a negative vector in lead V, becoming increasingly positive across the precordial leads. Pwaves are positive

in the inferior leads. Morphology from this site is similar to the superior TA, given its close anatomical proximity.
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... Tricuspid Annulus

The tricuspid annulus (TA) is a less common site for focal AT, comprising % of right atrial tachycardias in a series by
Morton et al. [].The TA is an anterior and a relatively rightward structure, and as such, the P wave is characteristically
negative in lead V and positive in leads I and aVL [, ], except for the rare cases of tachycardia arising from the
septal TA, where the P wave will have an isoelectric component. The majority of foci arise from the infero-anterior TA
and negative or iso-electric P waves are usual in the inferior leads (> Fig. .b). Positive P waves inferiorly indicate a
superior TA focus.

... CS Ostium

Tachycardias arising from the CS os account for % of all focal atrial tachycardia [] and display a characteristic P wave
morphology similar to that of the flutter wave of typical counter-clockwise isthmus dependent flutter.This is a function of
the close proximity to the usual exit site of flutter with both displaying an initial negative or isoelectric component in lead
V which is characteristic of foci arising from the septum. This initial negative vector is followed by a positive deflection
whichmay becomemore negative across the precordial leads (> Fig. .b).The CS os is an inferior structure, and atrial
activation is therefore in a superior direction with resultant negative P waves in the inferior leads [, ].

... Right Atrial Appendage

The right atrial appendage is an uncommon site for focal AT. Insights into P wavemorphology can be gained from a series
of seven patients by Roberts-Thomson and colleagues []. P waves were negative in lead V in all patients, in keeping
with the relative anterior and rightward position of the appendage. P wave vector became progressively more positive
across the precordial leads and generally displayed an inferior axis (> Fig. .c).

... The Inter-atrial Septum

Focal AT has been described from several septal structures other than the CS os both on the right and left sides.
These include the triangle of Koch, the right and left perinodal regions and the septal insertion of the crista terminalis
[, –]. In general, Pwave duration is relatively short, reflecting a short total atrial activation time due to simultane-
ous activation of both the right and left atria. LeadV displays an initial negative or isoelectric component (> Fig. .a),
followed by a positive deflection with right septal sites, and is usually completely positive in left septal foci. The inferior
leads help further localize right septal sites, with anteroseptal sites displaying a positive P wave, and negative P waves
being a feature of mid-septal sites.

.. Left Atrium

... Pulmonary Veins

Thepulmonary veins are a common site for focal AT, especially the superior veins [, ].The veins are a posterior and
leftward structure and the P wave is characteristically positive in V and across the other chest leads. Left-sided veins are
further from the septum and total atrial activation time is longer than for foci originating in the right-sided veins. As a
result, the P wave in left atrial foci display a longer P wave duration and are characteristically notched in the inferior leads
(> Fig. .a) []. Given the relative anatomical relationship of the veins, the lateral limb leads help distinguish right
from left pulmonary venous foci. Lead I is usually positive in right-sided veins and isoelectric or negative in the left veins.
In contrast, lead aVL is a poor discriminator. The P wave vector in the inferior limb leads help discriminate between the
upper and lower veins, being more positive in superior venous foci.
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Surface electrocardiograms illustrating focal atrial tachycardias from left atrial sites. Part (a) shows the characteristic P wave

morphology froma left superiorpulmonaryvein focus (arrowed) between twosinusbeats(∗). LeadV ispositiveandnotched.
Note the notched positive P waves in the inferior leads. Part (b) illustrates an atrial tachycardia arising from the aorto-mitral

continuity. A burst of ventricular pacing has produced transient AV block which allows clear definition of the P wave (vertical

line). Note the initial negative deflection in lead V (arrowed).

... Mitral Annulus

Focal AT arising from the mitral annulus is well described, with the most common area being the supero-medial aspect
at the aorto-mitral continuity [, ]. In keeping with its fairly midline anatomical position, this site typically displays
a short P wave duration.The P wave in lead V is biphasic with an initial negative deflection followed by a positive vector,
which becomes progressively more isoelectric across the precordial leads (> Fig. .b). P waves are usually negative in
leads I and aVL and weakly positive in the inferior leads [, ].

... Other Left Atrial Foci

P wave morphology of tachycardia arising from the left septum has already been discussed. Other uncommon
sites of tachycardia reported in the literature are the left atrial appendage [, ] and the body of the coronary
sinus [–]. Foci arising from the left atrial appendage display a similar P wave morphology to left sided pul-
monary vein foci given their close anatomical proximity, with the exception of deeply negative P waves in leads I
and aVL. Tachycardias originating from the CS musculature display a positive P wave in lead V and across the
precordial leads.

. Multifocal Atrial Tachycardia

.. Overview

Multifocal atrial tachycardia (MAT), or “chaotic atrial tachycardia,” is characterized by an atrial rate of greater than
 bpm and discrete P waves of at least three different morphologies [, ]. The prevalence of MAT in hospital-
ized patients is .–.%, and it characteristically occurs in severely ill elderly patients, in particular those with acute
exacerbations of pulmonary disease [–]. Other associations include hypoxemia, pulmonary embolism, electrolyte
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disturbance, and administration of theophylline or beta-agonist therapy [, –]. There is a high associated mor-
tality, related to the underlying disease [, , ]. Multifocal atrial tachycardia may also be found uncommonly in
children, where it may occur in the absence of underlying disease [, ]. In children, it is rarely associated with atrial
fibrillation and is commonly self-limiting in nature.

The cornerstones of management are treatment of the underlying condition, correction of hypoxia and electrolyte
abnormalities (in particular, hypokalemia), and discontinuation of medications thought to exacerbate the arrhythmia.
The arrhythmia generally resolves as the patient’s condition improves, but if pharmacological treatment is required, then
the agents with the most evidence of efficacy are metoprolol [] and intravenous magnesium []. Several other
drug treatments have been reported, but generally in small trials, often without adequate control groups (reviewed
by McCord and Borzak []). If MAT is refractory to medical treatment, then the ventricular rate can be controlled
by catheter ablation of the AV junction combined with ventricular pacing [], or catheter ablation to modify AV
conduction [].

MAT is thought to be due to triggered activity caused by delayed afterdepolarizations [, , ]. Although direct
evidence for this is lacking, the fact that MAT is seen in conditions of calcium overload (e.g., high catecholamine states,
and in the presence of phosphodiesterase inhibition), and can be suppressed bymagnesium, supports triggered activity as
the underlying mechanism. Magnesium is thought to have membrane-stabilizing effects, reducing afterdepolarizations.
MAT is not a manifestation of digoxin toxicity [, , ].

.. The Electrocardiogram inMAT

By definition, at least three different P wavemorphologies are seen on the surface ECG, separated by isoelectric intervals,
and there is irregular variation in the P–P interval []. The multiple P-wave morphologies suggest a multifocal atrial
origin, although a single focus with multiple exit pathways or intra-atrial conduction disturbances cannot be excluded.
The irregular rhythm ofMATmaymimic atrial fibrillation.There is a relation betweenMAT and other atrial arrhythmias,
since in about half of patients it is either preceded by atrial flutter or fibrillation, or these arrhythmias subsequently develop
[, ].

. Macro-Reentrant Atrial Tachycardia

.. Overview

In contrast to the point source origin of focal AT with passive activation of the rest of the atrium, macro-reentrant AT
is defined as a re-entrant circuit which can be entrained from at least two sites >  cm apart []. Entrainment is the
transient increase in the rate of the tachycardia to match that of the overdrive paced rate (see > Chap. ) [–].
On termination of pacing, the tachycardia reverts to its basic cycle length. Entrainment provides evidence of a reentrant
circuit which has an excitable gap that can be penetrated by the paced impulse. The paced beat repeatedly resets the
tachycardia resulting in a decrease in the tachycardia cycle length to that of the paced drive cycle. The morphology of
the atrial complexes changes during entrainment owing to fusion beats resulting from collision of the paced impulse with
the preceding tachycardia wavefront. When pacing ceases, the last entrained beat does not manifest fusion since there is
no impulse collision. At a critical paced rate, the pacing wavefront blocks in both directions and the reentrant tachycardia
is interrupted [–].

Macro-reentrant circuits usually have a central barrier to conduction and an area of slow conduction, producing the
excitable gap necessary for macro-reentry. Historically, the classification of atrial macro-reentry, also commonly referred
to as atrial flutter, has been conflicting, and recent attempts have been made to standardize nomenclature [, ].
Scheinman et al. [], propose a classification with three main divisions – right atrial cavo-tricuspid isthmus (CTI)
dependent flutter, right atrial non-CTI dependent flutter and left atrial flutter. The former is commonly referred to as
typical flutter, with the latter two often called atypical flutters.
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Typical flutter (right atrial CTI-dependent) accounts for around % of macro-reentrant atrial tachycardia, with an
increasing prevalence with advancing age to a peak incidence of .% in those over  years [, ]. Atrial fibrillation
andflutter often co-exist, and share the same risk factors, both beingmore prevalent in the elderly, inmales and those with
structural heart disease, hypertension, chronic pulmonary disease or an acute illness [, ]. It may also be associated
with toxic or metabolic conditions, such as alcohol excess or thyrotoxicosis. Right atrial non-CTI dependent flutter or
left atrial flutter, often grouped together as the atypical flutters, are less common and usually patients have a prior history
of atrial surgery, catheter ablation procedures, valvular heart disease or congenital heart disease [, , ], although
spontaneous scarring causing a flutter circuit in the right atrial free wall has recently been reported in the absence of
traditional risk factors [].

The clinical significance of atrial flutter depends on the ventricular rate and the severity of underlying heart disease.
In the acute setting, cardioversion can be achieved by external DC shock, atrial overdrive pacing or pharmacological
agents (reviewed byBlomstrom-Lundqvist et al. [],Wellens [], Lee et al. []). Satisfactory pharmacological control
of the ventricular rate in atrial flutter by blocking AV nodal conduction is oftenmore difficult to achieve than it is in atrial
fibrillation. Chronic therapy with Class Ia, Ic or III antiarrhythmic agents in an attempt to maintain sinus rhythm is only
moderately successful and can be associated with proarrhythmia, such as torsades de pointes (with Class III agents) or :
AV conduction during flutter (Class Ia and Ic agents) [, ].

The recognition of the anatomical substrates for macro-reentry and advances in catheter ablation have revolutionized
the management of atrial flutter in the last – years. Linear ablation to interrupt the macro-reentrant circuit can be
curative, with a high success rate for typical (CTI-dependent) flutter and a low rate of recurrence, particularly if bi-
directional isthmus conduction block is demonstrated [, ]. Ablation should be considered early in the management
of recurrent or persistent typical flutter. Indeed, a randomized comparison of first-line radiofrequency ablation with
antiarrhythmic drug therapy has shown better maintenance of sinus rhythm, fewer hospitalizations, and better quality
of life in those who underwent ablation []. Ablation is also having an increasing role in the management of “atypical”
flutters, facilitated by the development of new endocardial mapping technologies [–].

.. The Electrocardiogram in the Differentiation of Macro-Reentrant from Focal Atrial
Tachycardia

The rate of tachycardia does not help differentiate a focal frommacro-reentrant mechanism.Although focal AT is usually
associatedwith lower rates thanmacro-reentry [], cycle length is highly variable in focal AT and rates can be as high as
 bpm []. Similarly, although macro-reentrant tachycardia usually displays high rates, marked delay in conduction
may produce much slower tachycardia cycle lengths.

Careful examination of the flutter or P wave and analysis of the intervening P-P interval may be of value. They may
be obscured by the QRS or T wave and maneuvers to cause transient AV block may be required to unmask the atrial
activity (> Fig. .). Atrial activation is largely passive in focal AT, but, by definition, there is atrial activation over the
whole tachycardia cycle length in atrial macro-reentry. As such, continuous activity is often seen in the  lead ECG, with
no isoelectric period between the flutter waves (“saw-tooth” waveform, > Fig. .). However, there may be no obvious
discernible isoelectric period in short cycle length focal AT and it is not always present in flutter. Despite these limitations,
a high atrial rate or lack of an isoelectric component should alert the physician to the possibility of a macro-reentrant
mechanism.

... Electrocardiographic Features of Typical (CTI-Dependent) Flutter

Typical flutter is a macro-reentrant circuit confined to the right atrium. It is bounded by the tricuspid annulus anteri-
orly and by the caval veins, the Eustachian ridge and the crista terminalis posteriorly. An obligate part of the circuit is
the cavo-tricuspid isthmus [, ]. Linear ablation within this isthmus by radiofrequency ablation is curative with
a high success rate. In % of patients with typical flutter, activation is counterclockwise around this circuit [], with
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Typical counterclockwise cavotricuspid isthmus-dependent atrial flutter with isoelectric/positive P wave in lead V (arrowed)

and negative “saw tooth”flutter waves in the inferior leads.
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Characteristic flutter wave morphology of clockwise cavotricuspid isthmus-dependent atrial flutter. Part (a) shows negative

flutter waves in lead V and positive flutter waves in the inferior leads. Part (b) shows surface leads I, II, aVF and V, and intrac-

ardiac recordings from electrode pairs (H- to H-) of a -pole “Halo” catheter lying around the tricuspid annulus (see

> Fig. .c), and the proximal poles of a catheter lying in the coronary sinus (CS-). Atrial activation travels in a clockwise

direction from the distal poles of the Halo catheter (H-) to the proximal poles (H-).

the activation wavefront exiting the CTI medially near the CS os [], activating the posterior and septal aspects of
the right atrium in a superior direction, with later inferior activation of the lateral wall. This gives rise to a characteris-
tic appearance on the ECG with negative saw-tooth flutter waves in the inferior leads (> Fig. .). Lead V displays a
pattern similar to that seen in focal AT arising from the CS os [], with an initial isoelectric component followed by
a positive vector. The flutter waves become progressively more negative across the precordial leads. These features are
highly specific for counterclockwise CTI-dependent flutter []. In % of patients with CTI-dependent flutter, acti-
vation is in the opposite direction (clockwise). Flutter wave morphology is reversed with positive saw tooth pattern
in the inferior leads and lead V displaying a negative vector (> Fig. .), although other morphologies have been
reported [].

The atrial rate in typical flutter ranges from  to  bpm, which is often almost exactly  bpm. The AV node
rarely conducts as rapidly and so AV block is usually seen, commonly with : AV conduction, giving a ventricular rate of
 bpm.The diagnosis of atrial flutter with : block should always be considered when a regular tachycardia of  bpm
is identified. Higher degrees of AV conduction block can also be seen, for example in the presence of nodal blocking
agents, with a ratio of :, or rarely : (> Fig. .). The preference for even multiples of conduction – : or : –
may be due to two levels of block in the AV node []. Rarely, very rapid ventricular rates are found as a result of
: AV conduction (> Fig. .). This may arise because of the presence of an accessory pathway with a short refractory
period, but may also occur with enhanced AV nodal conduction [, ], or because of slowing of the flutter rate by
medication.

... Electrocardiographic Features of Atypical (Non-CTI-Dependent) Flutter

The  lead ECG is of less use in localizing other forms of atrial macro-reentry. Flutter wave amplitude is often low in
atypical flutter, regardless of the site of the circuit. Analysis of flutter wavemorphology in leadsV andVmay be of some
use, as left atrial flutters tend to display a positive flutter waves in these leads [].
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. Atrial Fibrillation

.. Overview

Atrial fibrillation has been called the “grandfather of atrial arrhythmias” []. It was first described as a distinct rhythm
in humans in the s [], but irregularities of the pulse associated with valvular heart disease had been recognized
centuries before []. It is the commonest sustained arrhythmia in adults, may occur in normal hearts or as a feature
of all types of cardiovascular diseases, and is associated with significant morbidity and mortality. A number of schemes
for classifying AF have been proposed (e.g., []), but were of limited clinical utility. Current international guidelines
recommend a simple classification, with paroxysmal, persistent and permanent AF []. It recognizes “first detected” AF,
which may present itself in a number of ways – from a clearly defined, symptomatic episode, to an incidental finding
on a routine ECG. If the arrhythmia is recurrent and each episode spontaneously reverts to sinus rhythm within  days,
it is termed “paroxysmal”. If it does not terminate spontaneously, AF is classed as “persistent” (usually lasting >  days).
Persistent AF may respond to electrical or pharmacological cardioversion, or may go on to become “permanent” (e.g.,
lasting>  year)which is resistant to cardioversion.The classification also recognizes “secondary”AF,when the arrhythmia
occurs as a consequence of another condition, for example acute myocardial infarction, pericarditis, cardiac surgery, or
lower respiratory tract infection.

.. Mechanisms of Atrial Fibrillation

The electrophysiological mechanisms responsible for the initiation and maintenance of atrial fibrillation have been the
subject of extensive experimental work []. Insights have been gained at single cell and whole tissue levels, as well as
through computermodeling and clinical studies. Advancements in the understanding of the arrhythmia have led to novel
therapeutic approaches that, in some cases, can offer the hope of a cure.

... Focal Triggers of AF

Recent work has demonstrated that paroxysms of AF are frequently triggered by foci of ectopic activity in the sleeves of
muscular tissue which extend into the proximal portions of the pulmonary veins [].This tissue is in electrical continuity
with the left atrium, and it is proposed that a rapidly firing source within the vein can lead to fibrillatory conduction in
the atrium (“focal trigger”). In some cases, continued activity of the focus may be required to sustain the arrhythmia
(“focal driver”), whilst in others the fibrillation is self-sustaining within the atria. The underlying mechanism of the focal
ectopic activity is as yet unclear, with possibilities including increased automaticity, triggered activity and micro-reentry,
and indeed these mechanisms may not be mutually exclusive. The recognition of these focal initiators has led to the
development of catheter ablation techniques for the treatment of AF. These were initially directed at ablating the ectopic
focus itself, but have now evolved to aim for electrical isolation of all four pulmonary veins, with or without other lesions
in the atria [, ] (see > Chap. ). Focal triggers have also been described in other venous structures, including
the superior vena cava [], the vein of Marshall [] and the coronary sinus [], and these may also be amenable to
catheter ablation.

... Tissue Substrate for Sustained AF

The mechanisms responsible for sustained fibrillatory conduction within the atria have also been the subject of much
research. It has been proposed on the basis of experimental work and computer modeling that fibrillation develops when
a wavefront becomes fractionated and produces multiple random reentrant wavelets [, ]. These wavelets would
generate disorganized, chaotic atrial activity on the surface ECG. This theory requires a critical mass of atrial tissue to
sustain several reentrant waves, and has been supported by the demonstration of such multiple wavelets resulting from
intra-atrial reentry of the leading-circle type []. Further support comes from the observation that a surgical procedure
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to “compartmentalize” conduction in the left atrium (the Maze procedure) can cure chronic AF, presumably by prevent-
ing reentrant waves from being sustained []. However, more recent studies have proposed that in fact a single high
frequency stably rotating spiral wave (“mother rotor”), usually in the left atrium, can lead to the activation pattern seen
in AF (reviewed by Jalife et al. []).

... Atrial Electrical Remodeling

It has been observed that the longer a patient has been in AF, the harder it is to restore and maintain sinus rhythm
[]. This observation has been confirmed in studies employing rapid atrial pacing in goats to induce AF – when AF
was initially induced, it would self-terminate after a short time, but when repeatedly induced it would eventually lead to
sustained fibrillation [].This has been encapsulated in the phrase “AF begets AF,” and the underlying process is referred
to as electrical remodeling. Studies have shown that AF leads to a marked shortening of the atrial effective refractory
period, along with dispersion of refractoriness, and both factors may facilitate reentry within the atria. The underlying
ionic mechanisms for these phenomena have been investigated in animal models and changes in a number of ion channel
conductances have been implicated (reviewed by Nattel et al. []).

... Influence of the Autonomic Nervous Systemon AF

There is a complex relationship between sympathetic and parasympathetic activity and atrial electrophysiology. The
autonomic nervous system has been implicated in the triggering and maintenance of AF, and, by altering AV nodal
conduction, can also affect the ventricular rate. Vagal stimulation can reduce markedly the action potential dura-
tion and effective refractory period of atrial cells [], and this can occur in a spatially heterogeneous fashion
[]. This leads to increased dispersion of refractoriness and conditions which could facilitate wavelet reentry.
In animal experiments, intense vagal stimulation can promote induction of AF by atrial extrastimuli [, ].
Adrenergic stimulation and high catecholamine states can increase atrial ectopy, which may trigger episodes of
AF (reviewed by Olshansky []). This mechanism may be of particular relevance in postoperative patients who
develop AF.

Clinical observations of patients with paroxysmal AF (PAF) lead Coumel to propose that some have “vago-
tonic” PAF, usually initiated during sleep or after meals; while some have “adrenergic” PAF, predominantly occurring
after exercise or other high catecholamine states (e.g., see [], reviewed by Olshansky []). Those classed as
“vagotonic” appear less likely to benefit from catheter-based pulmonary vein isolation as a treatment for PAF [].
Other studies of catheter ablation for AF have shown that in around a third of patients, delivery of radiofrequency
energy to some areas of the posterior left atrium results in intense vagal stimulation (e.g., causing sinus bradycar-
dia, asystole or AV block) and elimination of such reflexes correlates with increased freedom from AF recurrence
[]. These sites may correspond to areas of vagal innervation via ganglia lying within fat pads behind the left
atrium [].

.. Epidemiology of AF

Both the prevalence and incidence of AF double with every decade beyond the age of  years []. The prevalence rises
from .% in the th decade of life to just under % in the th decade [], and the lifetime risk of developing AF
in those over the age of  years is  in  []. At any age, the arrhythmia is commoner in men than in women, and
other significant risk factors include heart failure, hypertension, valvular heart disease, coronary artery disease, diabetes
mellitus and hyperthyroidism [, –]. Atrial fibrillation occurs in about –% of patients with acute myocardial
infarction and is associated with more extensive infarction and higher mortality [, ]. Long-term moderate alcohol
intake does not appear to lead to AF, but higher levels of consumption do significantly increase its incidence [], and
an alcoholic binge can precipitate an acute episode [, ]. In a minority of cases, no associated medical condition is
identified and these patients are considered to have “lone” AF [, ].
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A number of the conditions which predispose to AF may do so through the “final common pathway” of increased left
atrial pressure and consequent dilatation of that chamber [, ]. Given the proposed mechanisms for AF, this step
may be crucial in providing the necessary substrate to sustain the arrhythmia. Several other echocardiographic findings
are commoner in patients with AF (e.g., increased left ventricular size, mitral annular calcification), although often they
are “markers” for other predisposing conditions, rather than risk factors in themselves.However, after correcting for other
risk factors, reduced fractional shortening and left ventricular hypertrophy, as well as increased left atrial size, do appear
to be independent predictors of AF [].

Non-rheumatic atrial fibrillation is associated with a two- to seven-fold increase in the risk of stroke, and in the
presence of rheumatic heart disease, this risk is evenhigher (around  times the risk of age-matched controls) [, , ].
AF is also associated with an increased incidence of heart failure [] and overall mortality is doubled, although some
of this increased risk can be attributed to underlying heart disease [].

.. Electrocardiographic Features of Atrial Fibrillation

Theatrial activity in atrial fibrillation is very rapid and irregular, and is seen on the surface ECG as chaotic fibrillatory (“f ”)
waves at rates of up to  min− (> Fig. .). P waves are absent as no coordinated atrial activity occurs.The amplitude
of the atrial fibrillatory waves may vary, being described as “coarse” or “fine” fibrillation. There is no correlation between
the fibrillatory wave amplitude and atrial size on echocardiography or etiology of heart disease [].

The ventricular rate is dependent on the conduction properties of the AV node and is usually rapid, unless there
is preexisting, or drug-induced, AV nodal conduction delay (> Fig. .). The ventricular rhythm is characteristically
irregularly irregular, which reflects not only the irregularities of the atrial activity, but also the conduction through the
AV node. Some atrial impulses may penetrate the node but are blocked at different levels without being conducted to the
ventricles. The consequent refractoriness influences the conduction of subsequent atrial impulses through the AV node,
the extent of the delay depending on the degree of penetration of the preceding impulse. The effect of such concealed
conduction on ventricular rate is demonstrated by the fact that the ventricular rate during rapid atrial pacing may be
greater than the rate once atrial fibrillation is initiated []. Clinically, regularization of the ventricular rhythm may be
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Ventricular rate in atrial fibrillation. In part (a) there is a controlled rate ( bpm) due to treatment with a beta blocker. Part

(b) shows AF with a slow ventricular response (bpm) in a patient on no cardioactive medication (suggestive of sick sinus

syndrome). A rapid ventricular response ( bpm) is seen in part (c).
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Aberrant conduction in atrial fibrillation due to rate-dependent refractoriness of the conducting system (the Ashmann

phenomenon). An aberrantly conducted beat (arrowhead) occurs close to a beat which was preceded by a long interval.

1 s

aVR

aVL

aVF

II II II

V6

V5

V4V1

V2

V3

II

III

II

I

⊡ Figure .

Preexcited atrial fibrillation in theWolff-Parkinson-White syndrome. The ventricular rate is rapid ( bpm) and the complexes

are broad and preexcited due to conduction down an accessory pathway.

observed with third-degree AV block and a junctional or ventricular escape rhythm or in digoxin toxicity, owing to the
development of a junctional rhythm.

The QRS complex is normally narrow, unless aberrant conduction is present. Intermittent aberrancy (sometimes
called “phasic aberrant ventricular conduction”) presents a particular diagnostic problem in atrial fibrillation since
neither prematurity nor rate may distinguish between aberrancy and ventricular ectopics. Electrocardiographic cri-
teria have been described to differentiate between aberrancy and ectopy based on QRS morphology and axis [].
The aberrant morphology is usually RBBB, reflecting the relative refractory periods of the bundle, and it may exhibit
the “Ashman phenomenon” (> Fig. ., see > Sect. ..). Less commonly, LBBB may occur, but at shorter cycles
and independent of preceding cycle length []. A ventricular complex may be followed by a short “compensatory
pause” even in atrial fibrillation, owing to retrograde penetration of the AV node inhibiting the next conducted
beat [].

An alternative, but less common, reason for broad complexes in atrial fibrillation is conduction via an accessory
pathway in Wolff-Parkinson-White (WPW) syndrome (> Fig. .). This diagnosis is important as the excessively
rapid ventricular rate may lead to ventricular fibrillation, particularly if AV nodal blocking drugs are given which may
enhance conduction down the bypass pathway []. Although reentrant tachycardia is the most common arrhythmia
in such patients, there appears to be an increased incidence of atrial flutter and fibrillation []. Patients with WPW
syndrome who exhibit preserved antegrade conduction via their accessory pathway at short cycle lengths (for example
during exercise or rapid atrial pacing) are at particular risk of sudden death, and the treatment of choice is ablation of the
pathway [].
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. Atrioventricular Junctional Tachycardias

.. Definitions

Junctional tachycardias originate in the AV junction, i.e., the AV node and its approaches [, ]. Tachycardias originating
in the AV junction can be classified into two types according to their underlying electrophysiological mechanism. The
first type is caused by reentry movement in the region of the AV node and the adjacent perinodal tissue. It is therefore
called atrioventricular nodal reentrant tachycardia (AVNRT). The second type comprises tachycardias that are caused by
enhanced automaticity or triggered activity in the AV junction []. The term AV junction refers to a part of the atrioven-
tricular specialized conducting system consisting of the transitional cell zone, the AV node and its extensions, and the
penetrating part of the bundle of His [–]. Approximately one half of narrow QRS tachycardias are due to AV junctional
reentry, and one third is due to reentry over accessory atrioventricular connections [, ]. In the absence of preexcitation
during sinus rhythm, themost frequent cause of regular supraventricular tachycardia is reentrywithin the atrioventricular
junction.

. Atrioventricular Nodal Reentrant Tachycardia

.. Aetiology andMechanism

Atrioventricular nodal reentrant tachycardia (AVNRT) is thought to result from reentry in the region of the AV junction.
However, the precise anatomical site of the circuit and the pathways involved have not yet been established.

.. Conventional Concepts

The suggestion that circus movement in the atrioventricular node can be a mechanism for supraventricular tachycardia
was made as early as  []. The concept of dual AV nodal pathways dates from  when Moe and colleagues []
demonstrated evidence of a dual AV conduction system in dogs. They noted a sudden increase in the AV conduction
time when a premature atrial impulse was delivered at a critical coupling interval after a regular extrastimuli series.

Denes et al. [] in  ascribed episodes of paroxysmal supraventricular tachycardia to AV node reentry due to the
presence of dual atrioventricular nodal pathways. It was postulated that a dual conduction systemwas present, one having
a faster conduction time and longer refractory period and the other having a slower conduction time and shorter refrac-
tory period (> Fig. .). At a critical coupling interval, the premature impulse blocks in the faster pathway and conducts
in the still excitable slow pathway, causing a sudden jump in the AV conduction time. Following this, the impulse returns
to the atria, supposedly via the fast pathway, which has then recovered, and an atrial reciprocal response or “echo” beat or
sustained tachycardia results (> Fig. .) [, ]. Rosen et al. [], usingHis bundle recordings and the atrial extrastimulus
method, demonstrated sudden prolongation of the AH interval in a patient with dual atrioventricular nodal pathways.
These discontinuities in AH conduction can be displayed by plotting A-H conduction times or H-H intervals against
A-A intervals giving the “antegrade conduction curve” (> Fig. .) []. Normally, the AV node displays a gradual con-
duction time prolongation with atrial extrastimulation, thus resulting in smooth conduction curves with a progressive
increment of the AH or HH intervals (> Fig. .) []. A sudden increment of AV nodal conduction time results in a
discontinuous curve. The portion of the curve to the right of the sudden increment was described as reflecting fast (or
beta) pathway conduction time and that to the left as slow (or alpha) pathway conduction (> Fig. .). An increase in
H-H of >ms for a decrease in A-A of -mswas arbitrarily considered conduction “jump” reflecting the presence
of dual AV nodal pathways [–].

Discontinuous refractory period curves, however, may not be present in all patients with AVNRT. Antegrade dual
pathways are demonstrable in approximately % of patients with tachycardia [, ], andAVNRTmay occur in the pres-
ence of continuous AV nodal conduction curves [–]. Conversely, antegrade dual pathways can be demonstrated in
subjects without tachycardia [, ]. In children undergoing electrophysiological studies, up to %may have discontin-
uous curves [, ]. Similarly, people without tachycardia may exhibit discontinuous curves on antegrade or retrograde
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⊡ Figure .

Theoretical depiction of the AV nodal reentrant circuit. During sinus rhythm (a) the impulse penetrates both the fast and the

slow pathway. A premature beat results in conduction block of the fast pathway and propagation through the slow (b). An

earlier impulse encounters more delay in the slow pathway in a way that the blocked fast pathway has recovered when the

now retrograde impulse arrives and tachycardia begins (c).

activation [, ]. It seems, therefore, that mere presence of AV nodal duality even in conjunction with AV echos is not
enough to predispose to paroxysmal tachycardia.

In –% of patients with AV nodal reentry, antegrade conduction is thought to proceed over the fast pathway and
retrograde conduction over the slow pathway and may result in an incessant form of AVNRT [, ]. In these patients,
antegrade conduction curves are not discontinuous. This pattern of conduction as well as the incessant nature can also
be seen in the presence of concealed septal accessory pathways with decremental properties []. Depending on the
orientation of the reentrant circuit, therefore, AVNRT has been traditionally classified into slow-fast or typical form and
into fast-slow or atypical form.

.. Recent Developments

The concept of dual AV junctional pathways can provide explanations for many aspects of the electrophysiological behav-
ior of these tachycardias, but several obscure points remain. These pathways have not been demonstrated histologically,
and the exact circuit responsible for the reentrant tachycardia is unknown [, ]. Recently, exciting information from
the ablation laboratory and the surgical theatre has appeared regarding the nature of the AVNRT circuit, although several
questions still remain unsettled.

There has been considerable evidence that more than two pathways may be involved in the AVNRT circuit. Triple AV
nodal pathways have been described [, ], and dual AV nodal conduction may persist in patients in whom AVNRT
was abolished by catheter ablation []. Indeed, electrophysiologic demonstration of multiple discontinuities in the AV
node conduction curve suggests the presence of multiple anterograde AV node pathways (> Fig. .), although not all
of them are involved in the initiation and maintenance of AVNRT []. In a series of  patients with AVNRT described
by Tai et al.,  patients had multiple anterograde and retrograde AV nodal pathways that constituted the substrates of
multiple reentry circuits []. Hwang et al. [] have also described  patients with the fast-slow or slow-slow forms of
AVNRT in whom the slow-fast form was also inducible. This finding clearly suggests the potential existence of multiple
slow pathways in certain patients in whom several different forms of AVNRT may coexist. There have also been reports
of patients demonstrating evidence of multiple pathways following radiofrequency ablation of both the slow [] and the
fast pathway []. We have also reported on a patient with slow-fast AVNRT in whom, during radiofrequency ablation
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Anterograde jump and initiation of slow-fast AVNRT with atrial extrastimuli. At ventricular pacing cycle length of  s,

a ventricular extrastimulus is delivered at ms (a) with resultant decremental conduction through the fast pathway (AH =
ms). At a coupling interval of ms (b) there is a conduction jump with AH = ms and tachycardia is induced. Note

that atrial electrograms are superimposed on the ventricular ones, but on His bundle – electrogram, the atrial electrogram

preceeds the ventricular one. I: lead I of the surface ECG, HRA: high right atrium, His: His bundle, CS: coronary sinus.
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Anterograde conduction curves froma patientwith “slow-fast”AVNRT. The sudden increase of AH (jump) indicates refractori-

ness of the fast (beta) pathway and conduction through the slow (alpha) pathway. Please see text for details. (FromWard and

Camm []. © Edward Arnold, London. Reproduced with permission.)

of his slow pathway, retrograde activation was continuously alternating from a fast to a slow pathway producing alter-
nating tachycardia cycles during both the anterior and posterior (or slow-slow) (> Fig. .) forms of tachycardia [].
In another report, the initiation of fast-slow AVNRT was dependent on sudden A-H prolongation, indicating antegrade
conduction over a slow pathway that shortened during the ensuing beats []. It seems therefore that, at least according
to conventional definitions, a group of such pathways may be involved in the reentrant circuit [, , ].

There has also been a long debate whether the adjacent atrial tissue constitutes an obligate part of the reentrant circuit
or an “upper common pathway” is present within subatrial nodal structures in the triangle of Koch. Early studies have
demonstrated dissociation of the atrium during AVNRT and provided evidence in favor of the presence of a common
pathway [, ], with decremental conduction properties [], without any participation of the atrium. High-resolution
mapping of the triangle of Koch in canine hearts has demonstrated that reentrant ventricular echo beats did not require
the perinodal tissue [] and AVNRT has been recorded in a patient during atrial fibrillation []. However, observa-
tions based on conventional electrophysiology studies have questioned the confinement of the AVNRT circuit to the AV
node and suggested that the retrograde fast pathway may not involve normal AV nodal tissue. Schuger et al. [] have
shown that after concealed antegrade impulse penetration, the retrograde fast pathway in AVNRT exhibits an abrupt
transition from full excitability to absolute refractoriness unlike AV nodal tissue. This “all or none” type of conduction
had also been described in other studies [–]. Experimental and clinical studies presented evidence of perinodal
involvement in the tachycardia circuit [, ], and slow pathway radiofrequency ablation in patients with AVNRT also
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Normal anterograde conduction curves. Please note the gradual increase of AH intervals with shortening of the coupling

intervals AA. ERP and FRP are the effective and functional refractory periods of the AV node. (From Ward and Camm [].

© Edward Arnold, London. Reproduced with permission.)

resulted in persistent nondecremental retrograde conduction []. McGuire et al. [] have demonstrated two types of
presumed slow-fast AVNRT, corresponding to the A and B types previously described by the same group []. In the
anterior type, the earliest atrial activity was recorded before ventricular activation and recorded near the His bundle,
whereas in the posterior type, ventriculoatrial (VA) intervals were longer and the earliest atrial activity was recorded
near the coronary sinus (CS) ostium. Although the different atrial activation sequences may be explained by intran-
odal circuits with different atrial exits, differences in ventriculoatrial intervals and tachycardia cycle lengths (TCLs) of
the two tachycardias in each patient suggested different circuits for each tachycardia. This implies that a common path-
way of AV nodal tissue is not present above the reentrant circuit and suggests that perinodal atrium forms part of the
circuit. Recent observations have also documented that the majority of patients with AVNRT havemultiple heterogenous
sites of early atrial activation during the arrhythmia rather than a focal breakthrough site, thus arguing against the con-
cept of an anatomically discrete pathway []. It has been therefore postulated that the so-called “proximal common
pathway” is probably a broad area allowing fast and slow pathways to have different retrograde exit sites [, ]. A
recent study with direct recording of the AV nodal electrograms and correlation with histology has showed that the
AV nodal reentry occurs in the complex network of nodal and transitional cells and in the rim of surrounding atrial
cells [].
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Multiple conduction jumps (a) and decrement before tachycardia initiation (b), indicating the presence of more than one

“slow”pathway. I: ECG lead, LRA: low right atrium, RHis: His bundle recorded from the right septum, LHis: His bundle recorded

from the left septum, CS: coronary sinus.

Controversy also exists regarding the so-called lower common pathway, i.e., the tissue between the tachycardia circuit
and the His bundle [, , ].The conduction time over the lower common pathway has been usually estimated by sub-
tracting the H-A interval during tachycardia from that during ventricular pacing at the same cycle length and considered
a measurable interval in the majority of typical AVNRT cases []. Studies utilizing para-Hisian pacing, however, have
failed to detect evidence of a lower common pathway in typical slow-fast AVNRT, as opposed to fast-slow or slow-slow
AVNRT, and have actually used its presence to contribute toward the differential diagnosis between those forms of the
tachycardia [, ].

Finally, the possibility of functional as opposed to anatomic reentry has also been raised. As already discussed, the
demonstration of dual AV nodal characteristics is not a prerequisite for the induction of AVNRT, and successful ablation
of the slow pathway does not necessitate changes in AV nodal duality characteristics and slow pathway electrophysio-
logical parameters [, ]. The AV junction anatomical structure contains the conditions for the existence of functional
pathways. A deep central portion is surrounded by successive layers of myocardium that gradually merge with atrial
myocardium [, ]. In the region located anteriorly to the coronary sinus os, the terminal atrial tissue overlaps the
AV node, showing a smooth rather than abrupt transition []. This area has the lowest velocity among cardiac tissues,
including the node itself, demonstrates a high level of automaticity, and has characteristics of functional longitudinal



  Clinical Electrophysiological Mechanisms of Tachycardias Arising from the Atrioventricular Junction

⊡ Figure .

Anterior slow-fast AVNRT (a) and posterior slow-fast or slow-slow AVNRT (b) with alternating retrograde conduction intervals.

This recordingwasobtainedduringslowpathwayablationand indicatesAVNRTcircuits alternativelyusing twodifferentpath-

ways in the retrograde direction. (From Katritsis et al. []. © John Wiley & Sons. Reproduced with permission.) V: ECG lead,

HRA: high right atrium, His: His bundle, Pol: ablating catheter, DCS: distal coronary sinus, PCS: proximal coronary sinus.

dissociation [, , ]. Jalife [] has shown that conduction jump and reentry can occur in a nonhomogeneous linear
structure if conduction occurs electrotonically across an area of block and has demonstrated dual pathway responses
in isolated Purkinje fibers. It seems that tissue anisotropy, because of fiber orientation heterogenicity and consequent
anisotropic conduction or spatial inhomogeneity of refractoriness, may contribute to different electrophysiological char-
acteristics [, ] as well as pharmacological responses of functional pathways that, given the right conditions, might
constitute the antegrade and retrograde limbs of the circuit [, ].

.. ProposedModels of the AVNRT Circuit

There is now evidence suggesting that AVNRT most probably results from reentry in various locations in the AV
nodal and atrial perinodal area. The old model of the reentrant circuit comprised by two anatomically distinct limbs
confined to the AV node is too oversimplified to represent reality. It is also debatable whether the two antegrade path-
ways seen in the majority of patients with AVNRT are the same two pathways used in the reentry circuit during
tachycardia [].

Wu and colleagues [] have proposed that the slow pathway is the compact node and its posterior input of tran-
sitional cells, whereas the retrograde fast pathway is the anterior superficial group of transitional cells. Keim et al. []
have proposed a more comprehensive model: the AV node, at least in patients with AVNRT, containing fibers capable
of different conduction velocity. The fastest of the fast fibers and the slowest of the slow run at opposite edges of the
AV node, superiorly and inferiorly, respectively, whereas the fibers between them are responsible for normal antegrade
conduction without participation in the arrhythmia. Transitional nodal or atrial fibers constitute the upper connection
of those two fiber sets. Patterson and Scherlag [] have proposed a combined anatomic and functional model based on
several hypotheses: transitional cells are the normal input for the fast pathway, AVWenckebach behavior is due to another
group of transitional cells (mid pathway), and fast pathway AV conduction during sinus rhythm and VA conduction dur-
ing AVNRT are different. Spach and Josephson [] have adopted a purely anisotropic model. The genesis of AVNRT is
attributed to nonuniform anisotropy due to sparse side-to-side coupling between cells in the triangle of Koch. However,
although anisotropic properties of the transitional cells do have a certain role in the genesis of this arrhythmia, anisotropic
reentry as such cannot be accounted for the typical electrophysiologic characteristics of dual AV nodal conduction and
AVNRT [, ].
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.. The Role of Inferior Nodal Extensions

Wehave recently proposed a newmodel based on the description of the inferior nodal extensions [, ]. In , Tawara
described inferior extensions of the AV node in the human heart []. Later Becker and colleagues provided histological
evidence of both rightward and leftward inferior extensions and speculated that they may be involved in slow pathway
conduction [, , ]. The inferior nodal extensions are basically part of the AV node and facilitate atrial inputs that
also contain transitional cells connecting atrial myocardium with the nodal extensions. Recent experimental studies in
the rabbit heart have related the inferior (posterior) extension with slow pathway conduction properties [–], and
histopathologic examination of the septum following successful ablation of the slow pathway in the human has demon-
strated interruption of a long right inferior atrial extension []. We have shown that atrial inputs to the AV node can
be studied in the human and have examined their electrophysiological properties in patients with and without discon-
tinuous AV conduction curves [, ]. Fourteen patients without AVRT (atrioventricular reentrant tachycardia) or AV
conduction jumps were studied by simultaneous recording of right- and left-sided His bundle electrograms during mul-
tisite atrial pacing. When atrial pacing resulted in conduction through the slow pathway, left inferoparaseptal pacing
produced shorter stimulus to His intervals (St-H), as compared to low right atrial pacing. The difference between St-H
at maximum decrement and St-H at constant pacing was significantly smaller during left inferoparaseptal than low right
atrial pacing [].These findings are compatible with the observation that the leftward inferior extension is much shorter
in length than the rightward inferior extension [, ], and suggest that the inferior atrial extensions are involved in
“slow pathway” conduction.We have also studied ten patients withAV conduction jumps and inducible slow-fast AVNRT,
before and after successful slow pathway ablation []. Simultaneous His bundle recordings from right and left sides of
the septumwere made during right and left inferoparaseptal pacing. Longer stimulus to His intervals was measured dur-
ing right inferoparaseptal pacing compared to left inferoparaseptal pacing, at similar coupling intervals during AVNRT
induction. Post-ablation, St-H intervals at maximum AV nodal conduction decrement were similar during right infer-
oparaseptal and left inferoparaseptal pacing, at similar coupling intervals. Pre-ablation, differences between St-H intervals
at AVNRT induction or maximum AV conduction decrement (indicating slow pathway conduction) and constant cycle
length pacing (indicating fast pathway conduction) for rightHis recordingswith right inferoparaseptal pacingwere signif-
icantly greater than differencesmeasuredwith leftHis during left inferoparaseptal pacing. Post-ablation, these differences
disappeared. Resetting ofAVNRTwith a left inferoparaseptal extrastimulus was achieved in seven of ten patients and indi-
cated the presence of an atrio-nodal connection that is operating on the left side of the septum and allows the advancement
of the next His bundle electrogram.

Thus, the electrophysiologic characteristics of the right and left inferior atrial inputs to the humanAV node in patients
with AVNRT and their response to slow-pathway ablation provide further evidence that the inferior nodal extensions
represent the anatomic substrate of the slow pathway. Nodal decremental conduction might represent a fusion between
a decrementally conducting AV node as well as activation through the inferior inputs. The demonstration of a jump
indicates a shift of activation through the inferior extensions that now act as the “slow pathway.” Whether other superior
extensions or the compact node itself [, ] might be responsible for the “fast pathway” is not known. Superior atrial
inputs to the node have not been histologically demonstrated.However, the existence of multiple atrial inputs to the node
is now established [], and one might speculate that yet undefined superior extensions may also play a role in initial
“fast pathway” conduction. There has been now considerable evidence that the right and left inferior extensions of the
human AV node and the atrio-nodal inputs they facilitate may provide the anatomic substrate of the slow pathway, and
a comprehensive model of the tachycardia circuit for all forms of atrioventricular nodal reentrant tachycardia based on
the concept of atrio-nodal inputs has been proposed (> Fig. .) [].

. The Electrocardiogram

Typically, AVNRT is a narrow, complex tachycardia, i.e., QRS duration is less than ms (> Fig. .), unless aber-
rant conduction, usually of the RBBB type, or a previous conduction defect exists. The QRS is normal in contour, but
tachycardia-related ST depression may be seen during and after the event. The RR interval is regular, although some
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(a) Proposed circuit of slow-fast AVNRT. Right- or left-sided circuitsmay occurwith antegrade conduction through the inferior

inputs (slow pathway conduction) and retrograde conduction through the superior inputs (fast pathway conduction). The-

oretical possibilities are for a right-sided circuit, a left-sided circuit, simultaneous right and left circuits, and figure-of-eight

reentry.Overlapping lines indicatepossibilitiesof alternatingoperatingcircuits. Thesiteof earliest retrogradeatrial activation

alsodependson the relative lengthof left and right superior atrial inputs. (b) Proposed circuit of fast-slowAVNRT. Circuitsmay

occurwith antegrade conduction through the superior inputs (fast pathway conduction), and retrograde conduction through

the inferior inputs (slow pathway conduction). Possibilities are as in slow-fast but in the opposite direction. The site of earliest

retrograde atrial activation depends on the relative length of left and right inferior atrial inputs. (c) Proposed circuit of slow-

slow AVNRT. The circuit travels antegradely through the right inferior input and retrogradely through the left inferior input,

although theoretically the opposite might also occur (please see text for details). (Adapted with kind permission from Katrit-

sis and Becker.[]) RS: right superior input, LS: left superior input, RI: right inferior input, LI: left inferior input, CS: coronary

sinus, TV: tricuspid valve, FO: foramen ovale.



Clinical Electrophysiological Mechanisms of Tachycardias Arising from the Atrioventricular Junction  

Slow-slow AVNRT

LS

LI

FO

c

CS

RS

RI

TV

⊡ Figure . (Continued)

variation due to changes in AV nodal conduction time (as mainly determined by the slow pathway conduction
characteristics) may be seen.

Abnormal (retrograde) P′ waves are constantly related to the QRS and, in the majority of cases, are indiscernible or
very close to the QRS complex (RP′/RR < .). Thus P′ waves are either masked by the QRS complex or seen as a small
terminal P′ wave that is not present during sinus rhythm (> Figs. . and > .). In the atypical form of AVNRT (fast-
slow), P′ waves are clearly visible before the QRS, i.e., RP′/P′R > . (> Fig. .), denoting a “long RP tachycardia,”
and are negative in leads II, III, aVF, and V but positive in V. P′ waves are shallow in the inferior leads in the rare form
of anterior fast-slow AVNRT []. Although AV dissociation is usually not seen, it can occur since neither the atria (or,
more precisely, the majority of atrial tissue) nor the ventricles are necessary for the reentry circuit. If the tachycardia is
initiated by atrial ectopic beats, the initial (ectopic) P′ wave usually differs from the subsequent (retrograde) P′ waves.

. Electrophysiologic Study

.. Antegrade and Retrograde AV Conduction Curves

Discontinuous AV conduction curves (A-A/H-H or A-A/A-H) are suggestive of the presence of antegrade dual
AV junctionpathway []. As previously discussed, discontinuous refractory period curvesmaynot be necessarily demon-
strated in all patients with AVNRT. In addition, the mere presence of AV nodal duality is not enough to predispose to
paroxysmal tachycardia. Conventionally, an increase of at least ms (conduction jump) in the AH interval for a decrease
of ms in the coupling interval (A-A) is considered to reflect dual AV nodal (or, more precisely, junctional) pathways.
Failure to demonstrate dual pathways in patients with AVNRT may occur due to several factors as follows.

. The functional refractory period of the atrium limits the prematurity with which extrastimuli can encounter the AV
node [], or the refractory periods of the slow and fast pathways are similar. Stimulation at faster rates or the intro-
duction of multiple extrastimuli is required in these cases in order to decrease atrial refractoriness or merely dissociate
the two pathways [].
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-lead ECG during “slow-fast” AVNRT. Note that small P′ waves that are seen during tachycardia (arrows) are not present

during sinus rhythm.
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Slow-fast AVNRT from the same patient as in > Fig. .. Small P′ waves at the end of QRS correspond to retrograde atrial

conduction (arrows). I: ECG lead, II: lead II of the surface ECG, aVL: lead aVL of the surface ECG, HRA: high right atrium, His: His

bundle, CS: coronary sinus.

. The slow pathway has a longer antegrade refractory period than the fast one, thus preventing the demonstration of a
jump, as happens with the fast-slow variety of AVNRT. Retrograde stimulation curves in these patients may demon-
strate a jump if the retrograde refractory period of the fast pathway exceeds the retrograde refractory period of the
slow one [].
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⊡ Figure .

-lead ECG during fast-slow AVNRT. Note the prolonged R-P′ and the incessant nature of the tachycardia.

Ventricular extrastimulation frequently demonstrates continuous VA conduction curves with either fixed or minimal
prolongation of the VA interval in patients with typical slow-fast AVNRT [–]. This has been traditionally accepted
to reflect retrograde fast pathway conduction []. Decremental conduction or retrograde jumpsmay also occur. During
retrograde stimulation curves, it is often difficult to obtain recordings of the retrograde His bundle potential. In the
literature, retrograde conduction properties of the fast and slow pathways have been derived indirectly by analyzing the
conduction curves (V-V/A-A). Thus, in case of discontinuous retrograde curves, the longest V-V interval in which
conduction fails in the fast pathway is assumed to be the retrograde effective refractory period of the fast pathway, and the
shortest attainable A-A interval on the fast pathway conduction curves (i.e., to the right of discontinuity) is assumed to
be its functional refractory period. Similarly, the analysis of the curves on the left of discontinuity, which represent a slow
pathway conduction, provides the refractory periods of the slow pathway [, ]. This method assumes that no other
causes of discontinuities in VA conduction, such as intraventricular conduction delays, exist.

As a rule, at least two cycle lengths (usually  and ms) should be studied both antegradely and retrogradely.
On certain occasions, the application of two or three extrastimuli may be necessary to expose slow pathway conduction
or to induce critical conduction delay required for the initiation of reentry.

.. Initiation of Tachycardia

The initiation of AVNRT in the electrophysiology laboratory can be accomplished by atrial or ventricular extrastimual-
tion. These modes of induction have been explained according to the conventionally accepted mechanism, although, as
previously discussed, this may not be the case.
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... Slow-Fast AVNRT

According to conventionally accepted mechanisms, the requirements for the induction of AVNRT are blocked in an
antegrade fast pathway conduction with continued conduction in a slow pathway with critical AV nodal (AH) delay,
followed by retrograde conduction over the fast pathway []. A critical AV node conduction is necessary in order to
allow the antegradely blocked fast pathway to recover and resume retrograde conduction, leading to the occurrence of
an atrial echo beat. Depending, therefore, on both critical antegrade delay and retrograde conduction properties, the
echo zones may not coincide with the entire slow pathway conduction curves. Sustained reentry requires the ability for
repetitive antegrade slow pathway and repetitive retrograde fast pathway conduction.

A single atrial extrastimulus can initiate the slow-fast form of tachycardia by producing antegrade block in the fast
pathway while conducting through the slow one (> Fig. .). If the tachycardia is induced during the conduction of
antegradeAV conduction curves, usually a typical decrement (jump) precedes the initiation of tachycardia, but this is not
always seen. If the atrial pacing length has already reached antegrade fast pathway refractoriness, with resultant antegrade
AV conduction exclusively over the slow pathway, tachycardia initiation is associated by smooth rather than discontin-
uous AV node conduction curves. Double or triple atrial extrastimuli or incremental atrial pacing may occasionally be
required for tachycardia induction []. At critical atrial pacing rates, either a jump or an atypical Wenckebach periodic-
ity or even both can be seen []. At faster pacing cycle lengths, the conduction time of one pathway may be prolonged
with simultaneous lengthening of the refractoriness of the other pathway. Consequently, the resultant atrial echo zone
is widened, and self-initiation (i.e., without an atrial extrastimulus) of sustained reentry may become possible at shorter
pacing lengths. Rarely, atrial extrastimuli or even sinus beats may produce simultaneous fast and slow pathway conduc-
tion, resulting in double ventricular responses []. Repetition of such a phenomenon produces a paroxysmal form of
non-reentrant tachycardia [, ].

Ventricular extrastimuli or incremental ventricular pacing may also initiate slow-fast reentry, but much less commonly
than atrial stimulation. In one third of patients, tachycardia can be initiated by ventricular extrastimuli []. This mode
of tachycardia initiation requires that the slow pathway has a retrograde refractory period longer than that of the fast
pathway. Consequently, the ventricular extrastimulus blocks in the slow pathway and is conducted over the fast one, thus
preventing the demonstration of any retrograde jump. Retrograde refractoriness of the His–Purkinje system appears to
be an important limiting factor with respect to initiation by ventricular pacing.

... Fast-Slow AVNRT

Ventricular extrastimuli may cause initiation of tachycardia after blocking the fast pathway and conducted retrogradely
over the slow pathway. After the attainment of a critical VA conduction delay (H-A), the impulse is conducted through
the fast pathway in the antegrade direction and produces a ventricular echo. The ventricular echo zone may or may
not coincide with the entire retrograde slow pathway conduction curves since the ventricular or the His–Purkinje tis-
sue may exhibit conduction delay in response to ventricular extrastimulation, thereby precluding maintenance of critical
H-A delay. When tachycardia is induced during retrograde curves, its initiation is usually preceded by a sudden jump
in ventriculoatrial conduction times. If, however, the ventricular pacing length has already reached retrograde fast path-
way refractoriness with resultant retrograde VA conduction exclusively over the slow pathway, tachycardia initiation is
associated by smooth rather than discontinuous VA conduction curves. Incremental ventricular pacing can also induce
tachycardia of this form with a mechanism analogous to the one described previously for the slow-fast form.

Atrial extrastimuli can initiate tachycardia of this form only if the slow pathway has an antegrade refractory period
longer than that of the fast pathway being incapable of antegrade conduction. Sudden increment of AV conduction,
therefore, is not noted in this case. The critical AV node conduction delay required for the initiation of an atrial echo or
sustained reentry is minimal, since the A-H interval is within the range of antegrade fast pathway conduction times.
When the slow pathway has markedly prolonged antegrade refractoriness relative to that of the fast pathway (wide win-
dow), late atrial premature beats or spontaneous acceleration of the sinus rate can easily induce AV node reentry of the
fast-slow form. This may explain the incessant nature of this tachycardia.
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The initiation of an AV junctional reentry tachycardia of any form is therefore dependent on several factors such
as the effective refractory periods of the two pathways, the functional refractory periods of the atrium or the ventricle,
and the number of the delivered extrastimuli or the cycle length of the basic pacing drive. Both atrial and ventricular
incremental pacing may facilitate initiation of AV node reentry tachycardia of either form []. In certain occasions, iso-
prenaline infusion or atropine may be necessary tomodulate the autonomic tone and allow the induction and sustenance
of tachycardia [].

.. Effect of Stimulation During Tachycardia

A late single atrial extrastimulus may fail to depolarize the entire atria or, if the atria are depolarized, may fail to pen-
etrate the reentrant circuit causing a compensatory pause without affecting the cycle length of the tachycardia. Earlier
extrastimuli may penetrate the reentrant circuit, resulting in premature depolarization of the atria and termination of the
tachycardia. Resetting of the tachycardia may also occur, although rarely, because atrial refractoriness usually does not
allow adequately early extrastimuli. The latter usually happens in AVNRTs with cycle lengths more than ms, unless
the stimulation is carried out very close to the AV node (> Fig. .). Faster AVNRTs usually require two extrastimuli or
rapid atrial pacing to stop.

Ventricular extrastimuli behave in a similar manner. A very important point typical of AVNRTs is the inability of
His-synchronous ventricular extrastimuli to capture the atrium and advance or delay the subsequent atrial activation or
reset the whole tachycardia cycle. Ventricular extrastimulation is very important for the differential diagnosis, as will be
discussed later.

I

His 1–2

His 3–4

CS 1–2

CS 3–4

LIPS Pace

HRA

1000

350 ms
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718 ms736 ms

2000

⊡ Figure .

Resetting of slow-fast AVNRT. The tachycardia cycle length is ms. An atrial extrastimuli is delivered from the left infer-

oparaseptal area very close to the His area, ms following the His bundle activation, and results in resetting of the next

His bundle electrogram. I: ECG lead, HRA: high right atrium, His: His bundle, CS: coronary sinus, LIPS: left inferoparaseptal

pacing.
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. Electrophysiologic Forms of AVNRT

According to the conventional description of a dual AV junctional pathway, AVNRT has been traditionally classified
as slow-fast or typical AVNRT, and fast-slow or atypical AVNRT. The fast pathway of the reentry circuit runs supe-
riorly and anteriorly in the triangle of Koch, whereas the slow pathway runs inferiorly and posteriorly close to the
coronary sinus ostium []. Indeed, detailed endocardial mapping in patients with AVNRT has demonstrated that in
the majority of slow-fast cases of AVNRT, the site of earliest atrial activation is close to the apex of Koch’s triangle,
near the AV node–His bundle junction, i.e., anterior to the node [, ]. Thus, the earliest retrograde A, when-
ever atrial electrograms are separated from ventricular ones, occurs in the His bundle electrogram, followed by the
ostium of the coronary sinus, distal coronary sinus, and high right atrium [, ]. Depolarization of the distal coro-
nary sinus may also be simultaneous or slightly later than in the high right atrium. However, the recognition of the
fact that all forms of AVNRT may present with atypical retrograde atrial activation has made classification attempts
more complicated, and a universally accepted scheme does not exist. Most authors, however, would accept the following
classification:

. In typical or slow-fast form of AVNRT, the onset of atrial activation appears prior, at the onset, or just after the QRS
complex, thusmaintaining an atrial-His/His-atrial ratio A-H/H-A >  (> Fig. .). In particular, the following criteria
are considered as diagnostic for the slow-fast form of AVNRT: an A-H/H-A ratio >  [], a VA interval measured
from the onset of ventricular activation on the surface ECG to the earliest deflection of the atrial activation in the His
bundle electrogram < ms, or a VA interval measured at the high right atrium < ms []. Although, typically, the
earliest retrograde atrial activation is being recorded at the His bundle electrogram, cases of posterior retrograde fast
pathways, i.e., with posterior earliest retrograde atrial activation at the CS [] have been described.

. In atypical or fast-slow form of AVNRT (approximately –% of all AVNRT cases), retrograde atrial electrograms
begin well after ventricular activation with an A-H/H-A ratio < , indicating that retrograde conduction is slower
than antegrade conduction []. The VA interval measured from the onset of ventricular activation on surface ECG
to the earliest deflection of the atrial activation in the His bundle electrogram is > ms, and in the high right atrium>  []. In the majority of fast-slow cases, the site of earliest atrial activation is posterior to the AV node near
the orifice of the coronary sinus [, ]. However, anterior and mid-forms of fast-slow AVNRT have also been
described [, ].

. In the slow-slow form, the A-H/H-A ratio is >  but the VA interval is > ms, suggesting that two slow pathways are
utilized for both anterograde and retrograde activation [, ]. Usually, but not always, earliest atrial activation is at
the posterior septum (coronary sinus ostium) [, ].The so-called posterior or type BAVNRT can be demonstrated
in approximately % of patients with the anterior form of slow-fast AVNRT []. In posterior tachycardia, the VA times
(as measured from the onset of ventricular activity to the onset of atrial activity by whichever electrode recorded the
earliest interval) may be prolonged, ranging from  to ms []. The atrial-His/His-atrial ratio, however, remains
more than one. Some cases of posterior slow-fast AVNRT may actually represent the slow-slow form [, ]. Since
conduction times are sensitive to autonomic changes, attempts to classify the AVNRT forms according to retrograde
atrial activation sequence and the possibility of demonstrating a lower common pathway, have appeared []. We
know now that all forms of AVNRT (slow-fast, fast-slow, and slow-slow) may display anterior, posterior, and middle
retrograde activation patterns []. Heterogeneity of both fast and slow conduction patterns has been well described,
and in certain patients all forms of AVNRT may be inducible [, ].

. Differential Diagnosis

.. Narrow-QRS Tachycardia

In the presence of a narrowQRS tachycardia, AVNRT should be differentiated fromatrial tachycardia or orthodromic atri-
oventricular reentrant tachycardia (AVRT) due to an accessory pathway, i.e., tachycardia using the AV node for antegrade
conduction and the accessory pathway for retrograde conduction.
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... AVNRT versus Atrial Tachycardia

Simple pacing maneuvers can be utilized in order to exclude reentrant or triggered atrial tachycardias. If there is demon-
stration of change in () AA interval when a ventricular extrastimulus is delivered during tachycardia, () tachycardia
termination by a ventricular extrastimulus that did not conduct to the atrium, () constant His-atrial interval of the
return cycle after the introduction of a premature atrial impulse with a wide range of coupling intervals during tachycar-
dia, and () ventricle to atrium to His sequence during retrograde initiation of tachycardia, then the aetiology is other
than atrial tachycardia [–]. In particular, the atrial response upon cessation of ventricular pacing associatedwith :
ventriculoatrial conduction during tachycardia can distinguish between atrial tachycardia and AVNRT or AVRT. Atrial
tachycardia is associated with an A-A-V response, whereas AVNRT or AVRT produce an A-V response []. The dif-
ference in the AH interval between atrial pacing and the tachycardia may also allow differentiation of AVNRT from
atrial tachycardia. A Δ A-H >ms indicates AVNRT, whereas in atrial tachycardia this difference is <msec [].This
concept is discussed later under the differential diagnosis of AVNRT vs. AVRT.

... AVNRT versus AVRT due to Accessory Pathways

The eccentric retrograde atrial activation during ventricular stimulation or tachycardia and the demonstration of contin-
uous AV or VA conduction curves usually characterizing nonseptal concealed accessory pathways, differentiate this form
of atrioventricular reentry from AVNRT. Care is needed, however, since AVNRT is now known to occur with eccentric
atrial activation and, in addition, decremental septal pathways may mimic AVNRT especially of the fast-slow or slow-
slow forms (> Fig. .). Septal pathways may have the property of decremental conduction [, ] and normal atrial
retrograde activation during tachycardia.These tachycardias tend to be incessant [, ].The documentation of preex-
cited beats as well as AV dissociation and the induction of bundle branch block (BBB) during tachycardia may assist the
differential diagnosis. The demonstration of AV block or AV dissociation during tachycardia is characteristic of AVNRT
excluding the presence of an accessory pathway [, ]. Similarly, the development of bundle branch block either spon-
taneously or after the introduction of ventricular extrastimuli during AVNRT does not change the AA or HH intervals.
Although the first VV interval may be prolonged for one cycle due to HV prolongation associated with the development
of BBB, the subsequent cycles of tachycardia are identical to the basic tachycardia cycle length. A significant change in the
VA interval with the development of bundle branch block is diagnostic of orthodromic AVRT and localizes the pathway
to the same side as the block [].

In general, septal ventriculoatrial interval < ms is diagnostic of slow-fast AVNRT provided that atrial tachycar-
dia has been excluded [, ]. In the case of relatively delayed retrograde conduction that allows the identification
of retrograde P waves, ECG criteria can be applied for diagnosis. The presence of a pseudo r′ wave in lead V or a
pseudo S wave in leads II, III, and aVF was indicative of anterior AVNRT with an accuracy of %. A difference of
RP′ intervals in lead V and III > ms was indicative of posterior AVNRT rather than AVRT due to a posteroseptal
pathway [].

In septal decremental pathways, ventricular extrastimuli introduced while the His bundle is refractory during tachy-
cardia may advance or delay subsequent atrial activation (extranodal capture), whereas in slow-fast AVNRT, either
anterior or posterior, atrial activity is not perturbed. Atrial capture at a time when the His bundle is refractory implies
the presence of an accessory pathway (> Fig. .) []. In practice, the extrastimulus has to be delivered coincident
with the His potential or up to ms before this []. Failure to reset the atria (> Fig. .) suggests, but does not
prove, that an accessory pathway is not present or that it is relatively far from the site of premature stimulation (e.g., right
ventricular stimulation in the presence of a left free wall pathway) []. Theoretically, it is possible that resetting of the
atrium might be a result of an increase in conduction time over such a pathway of a magnitude equal to the interval by
which the extrastimulus preceded atrial activation, but such a coincidence is rare. In addition, at the time of His bundle
activation, the accessory pathway may be refractory and resetting by ventricular extrastimuli may not be seen. Failure
to demonstrate resetting, therefore, does not exclude an anomalous septal pathway with decremental properties. Thus,
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⊡ Figure .

-lead ECG during atrioventricular reentrant tachycardia due to a posteroseptal accessory pathway.

resetting or termination of the tachycardia with His-refractory ventricular extrastimuli is a specific but not highly sensi-
tive criterion for differential diagnosis. Additional criteria have therefore been suggested.Using ventricular-induced atrial
preexcitation, Miles et al. [] devised a preexcitation index for the differentiation of AVNRT and AVRT using an acces-
sory pathway. Progressively premature right ventricular extrastimuli (V) were introduced during tachycardia, and the
difference between the tachycardia cycle length and the longest VV at which atrial preexcitation occurred defined the
preexcitation index. Atrial preexcitation occurred in % of  patients with AVNRT compared with % of  patients
with AVRT. A preexcitation index of ms or greater characterized AVNRT, whereas an index less than ms character-
ized AVRT using a septal pathway. Left free wall pathways had indices of ms or greater. In another report of  patients
with AVNRT and  patients with AVRT studied at St. George’s Hospital in London, the ratio between the minimum
ventriculoatrial interval during tachycardia and ventricular pacing was .–. in AVNRT, .–. in AVRT using
a left free wall pathway, .–. in posteroseptal pathways, .–. in anteroseptal pathways, and .–. in right
free wall pathways []. A difference in the VA interval during tachycardia and right apical ventricular pacing > ms
has also been reported to differentiate patients with AVNRT from those with AVRT []. The difference between the
ventriculoatrial interval obtained during apical pacing and that obtained during posterobasal pacing (ventriculoatrial
index) can also discriminate between patients with posteroseptal pathways (> ms) and patients with nodal retrograde
conduction (< ms) [].

Miller et al. [] found the His to atria (HA) intervals to offer more precise discrimination. Their criterion is the
difference between His to atrial intervals during pacing and during tachycardia (ΔHA). In  patients, a retrograde His
was present in % of them and the ΔHA was > ms in AVNRT and < −ms in orthodromic AVRT incorporating
a septal accessory pathway. Thus, an intermediate value of ΔHA = −ms had % sensitivity, specificity, and predic-
tive accuracy in differentiating the two forms of tachycardia. Parahisian pacing and the change in timing and sequence
of retrograde atrial activation between His and proximal right bundle branch capture and noncapture has also been
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Resettingof atrioventricular reentrant tachycardiadue toa left posteroseptal accessorypathway. The tachycardia cycle length

is ms. At ms, a ventricular extrastimulus is delivered at a time when the His bundle is expected to be refractory and

resets the next atrial electrogram (from  to ms). I, II: ECG leads, HRA: high right atrium, RHis: His bundle recorded from

the right septum, LHis: His bundle recorded from the left septum, CS: coronary sinus.
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No resetting of AVNRT. Absence of resetting with para-Hisian pacing from the right septum. I, II, aVL: ECG leads, HRA: high

right atrium, RHis: His bundle recorded from the right septum, LHis: His bundle recorded from the left septum, CS: coronary

sinus, RIPS: right inferoparaseptal area.
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used for differentiation between AV nodal and septal pathway retrograde conduction []. The response is considered
extranodal when the retrograde atrial activation during His bundle capture is the same as during ventricular capture
without His bundle capture. These techniques, however, require recording of both antegrade and retrograde His bundle
activation.

The difference in the AH interval between atrial pacing and the tachycardia may also allow differentiation of atypical
AVNRT from other types of long RP tachycardias. A ΔA-H > ms indicates AVNRT, whereas in atrial tachycardia, this
difference is <msec [].

Right apical stimulation is relatively close to the insertion of a septal accessory pathway as opposed to the AV junction.
Thus, ventricular fusion during resetting or entrainment of tachycardia has been reported to occur in patients with AVRT
due to septal pathways but not with AVNRT []. Michaud et al. [] have proposed two additional criteria for differen-
tial diagnosis. The ventriculoatrial (VA) interval and tachycardia cycle length (TCL) were measured during tachycardia,
and entrainment of the tachycardia was accomplished with right apical ventricular pacing. The intervals between the last
ventricular pacing stimulus and the last entrained atrial depolarization during tachycardia (SA) as well as the post-pacing
interval were considered. All patients with AVNRT had SA-VA intervals > ms and PPI-TCL intervals > ms [].
Conventional entrainment techniques do not take into account pacing induced incremental AV nodal conduction (ie in
the post-pacing A-H) that may alter the PPI. Thus, Gonzalez-Torrecilla et al [], “corrected” the PPI-TCL difference
by subtracting from it the difference: postpacing AH interval minus basic AH interval. The presence of a corrected PPI-
TCL <  msec indicated AVRT. Entrainment through basal RV pacing away from the septum may produce prolonged
PPI-TCL intervals in the absence of a septal pathway due to the distance of the RV base from the AV node (activation
occurs retrogradely through the distal His-Purkinje system) and has been found superior to apical entrainment for diag-
nostic purposes []. A differential (between base and apex) corrected PPI-TCL > msec or a differential VA interval>  msec has been reported to predict AVNRT very reliably []. The main advantage of this technique is that the dif-
ferential VA interval could be calculated from the last paced beat in case the tachycardia was terminated after transient
entrainment.

It should be noted that in clinical practice, pacing or other maneuvers cannot be applied to all cases and
multiple criteria have to be used for the differential diagnosis of narrow complex tachycardias with atypical
characteristics [].

.. Wide-WRS Tachycardia

In the presence of wide-QRS tachycardia, when ventricular tachycardia is excluded, antidromic atrioventricular
reentrant tachycardia should be differentiated from AVNRT with a bystanding accessory pathway, and the pos-
sibilities of AVNRT or atrial tachycardia with aberrant conduction due to bundle branch block should also be
considered.

... AVNRT with a bystanding Accessory Pathway versus Antidromic AVRT

Antidromic AVRT, i.e., tachycardia utilizing the accessory pathway for antegrade conduction and the AV node for
retrograde conduction, may be induced in approximately % of the patients with accessory pathways located in the
left or right free wall, or the anterior septum at an adequate distance from the AV node []. In some cases, atri-
oventricular junctional reentry may be the underlying mechanism of the preexcited tachycardia and the possibility of
AVNRT conducting over a bystanding accessory pathway should be considered in the presence of transition from nar-
row to wide complex tachycardia of a similar cycle length and without disturbing the HH intervals []. In this case,
atrial extrastimuli fail to induce advancement of the following preexcited QRS complex, the next retrograde His bun-
dle deflection where apparent, and the subsequent atrial deflection, as may happen in the presence of a macroreentrant
loop [].
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⊡ Figure .

Junctional tachycardia initiated with atrial pacing. Although there is a prolonged AH interval during tachycardia, the first

tachycardia beat conducts without AH delay. (Reproduced from Hamdan et al. [] with kind permission.) I, aVF, V: ECG

leads, ABL: ablation catheter, His: His bundle, CS: coronary sinus, RV: right ventricle, Stim: stimulation channel.

. Non-Reentrant AV Junctional Tachycardias

.. Non-Paroxysmal Junctional Tachycardias

The term non-paroxysmal junctional tachycardia was initially used to denote junctional rhythms of gradual onset and
termination with a rate between  and  beats/min []. This tachycardia was frequently diagnosed in the past, and
considered to be a typical example of a digitalis-induced arrhythmia [].Non-paroxysmal junctional tachycardia usually
occurs in patients with underlying heart disease, such as myocardial infarction, or after open-heart surgery, although it
can occur rarely in apparently normal persons [, ].

Most cases of non-paroxysmal junctional tachycardia, especially the digitalis-induced, are caused by delayed after-
depolarizations and triggered activity in the AV node []. In these patients, tachycardia can be induced by atrial ectopics
or atrial pacing. Enhanced automaticity can also occur however, as suggested by the ability of this tachycardia in some
patients to accelerate with enhanced sympathetic tone.

. Focal Junctional Tachycardia

Focal junctional tachycardias have been also called automatic junctional tachycardias since the dominant (but not the
only) mechanism is enhanced automaticity [].
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.. Pediatric Population

These tachycardias were first described in the pediatric population as junctional ectopic tachycardias [] or His
bundle tachycardias []. They may occur as a congenital arrhythmia [–] or early after infant open-heart
surgery [, ]. The focus of the tachycardia seems to be localized in the lower part of the AV junction or, most
probably, within the His bundle. They are dangerous forms of arrhythmia refractory to medical therapy, overdrive
pacing, and DC cardioversion. Diagnosis is made on the ECG, which shows a narrow QRS tachycardia with slower
and dissociated P waves. In electrophysiology study, there is a normal HV interval and normal AV conduction
curves [, ].

.. Adults

In adult patients, the tachycardia is associated with a structurally normal heart and the prognosis is usually benign
[, ].

The usual electrocardiographic finding is a narrow QRS tachycardia with AV dissociation. Occasionally, the tachy-
cardia might be irregular, thus resembling atrial fibrillation. In the electrophysiology laboratory, the arrhythmia is not
inducible by programmed electrical stimulation, thus making reentry an unlikely mechanism. It is, however, sensi-
tive to isoproterenol administration, and in some cases, rapid atrial or ventricular pacing may result in tachycardia
induction, suggesting abnormal automaticity or triggered activity as the other possible mechanism. During tachycardia,
there is a normal or increased HV interval with atrioventricular dissociation that is interrupted by frequent episodes
of ventriculoatrial conduction with earliest atrial activation in the posteroseptal, anteroseptal, or midseptal regions.
At times, the mode of tachycardia induction resembles a double AV nodal response that is characteristic of AVNRT
(> Fig. .) [].
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Atrioventricular Dissociation  

. Introduction

.. Definitions

The atrioventricular (AV) conduction system has the property of anterograde AV conduction in case of supraventricular
activation of the heart, and in many instances of retrograde VA conduction, in case the heart is dominated by ventric-
ular activation. AV dissociation is the phenomenon of independent activation of the atria and the ventricles. Different
mechanisms for its occurrence exist, but the common denominator is the absence of the usual antegrade AV relation
or retrograde VA relation. AV dissociation can be () complete or incomplete, () continuous or intermittent, and ()
structural or functional. When AV dissociation is incomplete, occasional AV or VA conducted beat is termed a capture
beat (> Fig. .). AV dissociation is not synonymous to AV block, the latter being just one of the mechanisms for AV
dissociation [].

.. Types

Three types of AV dissociation can be differentiated.

(a) AV dissociation may be found in the presence of a slow sinus or atrial rhythm, where the atrial rate is below the AV
junctional or ventricular escape rhythm in combination with second-degree or incomplete block in the anterograde
and retrograde direction. If the AV dissociation is incomplete, this could be the result of intermittent anterograde
capture of sinus (or atrial) impulses or of intermittent capture of retrogradely conducted ventricular (> Fig. .)
or AV junctional escape beats. Complete AV dissociation is diagnosed when complete block in both directions is
present.

(b) The second type is found in the presence of an AV junctional or ventricular rhythm with rate above the sinus (or
atrial) rate in combination with second (> Fig. .) or third (> Fig. .) degree block in the retrograde direction.
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⊡ Figure .

The ladder diagrams illustrate incomplete AV dissociation during ventricular tachycardia. Part (a) demonstrates occasional

atrial capture of the ventricle (arrow), while part (b) shows occasional ventricular capture of the atrium (arrow). In (a), there

is retrograde block of the atrioventricular conduction system (AV) during ventricular tachycardia (cycle length ms). The

second atrial impulse from the left is able to capture the ventricle, because at that time there is no retrograde invasion of

the AV conduction system. Part (b) shows the opposite. Anterograde conduction of atrial impulses is not possible during the

existingventricular tachycardia.However, a retrogradecapture (fourthventricular impulse) canarise if concealedanterograde

penetration of the atrial impulse is absent. In this illustration, it can be seen that this impulse gives an echo beat back to the

ventricle due to a dual AV nodal pathway.
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⊡ Figure .

The ladder diagrams illustrate intermittent capture (arrows) during sinus bradycardia: (a), anterograde capture and (b), retro-

grade capture. In (a), the ventricular escape rhythm isnot able to conduct in the retrogradedirection. Becauseof the feasibility

of anterograde conduction, the second beat from the left of the slow atrial rhythm captures the ventricle. In (b), anterograde

conduction of the slow atrial rhythm is not possible. No retrograde conduction is present in the third and sixth ventricular

escape beats. The fifth and eighth ventricular beats from the left are able to capture the atrium (arrows) because at that time

anterogradeconcealedpenetration fromtheatrium isabsent.Noechobeat is seen, because there is nodualAVnodalpathway

as was present in> Fig. ..
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⊡ Figure .

Simultaneously recorded five-channel ECG and a right-atrial endocavitary recording illustrating a rather rare example of :

retrograde VA conduction in a patientwith ventricular tachycardia. As canbe seen in this case, leads II andV are often helpful

in detecting P waves on the surface ECG (RA: right atrium, a: atrial endocavitary signal).
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⊡ Figure .

This five-channel ECG shows a tachycardia with a rate of  beats min− (bmp). The endocavitary atrial recording (HRA) indi-

cates complete AV dissociation with a ventricular rate higher than the atrial rate. The Pwaves are also clearly visible in lead II.

The finding of complete AV dissociation is extremely suggestive of the presence of ventricular tachycardia.

In the presence of normal anterograde conduction, capture beats can frequently be seen at lower rates of the accel-
erated ventricular (or AV junctional) rhythm (> Fig. .). Higher ventricular (or AV junctional rates usually do
not allow anterograde conduction (complete AV dissociation). This form of AV dissociation is clinically important
in tachycardias with a wide QRS complex. It helps to differentiate a supraventricular tachycardia with aberrant con-
duction from a ventricular tachycardia []. AV dissociation in wide QRS tachycardias is diagnostic of ventricular
tachycardia. Approximately % of ventricular tachycardias have complete AV dissociation. In the other %, :,
:, or Wenckebach type, VA conduction is present [–]. Capture or fusion beats are also of help in differentiating
supraventricular tachycardia with aberrant conduction from ventricular tachycardia. However, their occurrence is
rare (%) [].

(c) The third andmost important type of AV dissociation is AV block. Block describes delay or failure of impulse propa-
gation. Varying degrees of block exist. AV block is usually classified as first-, second-, or third-degree block according
to the severity of the conduction disturbance []. AV block will be discussed in detail, because it is the most frequent
cause of AV dissociation and its presence has important clinical implications.

. History of Atrioventricular Block

In , Robert Adams [] opposed Morgagni’s hypothesis [] that the brain was the cause of seizures in patients with
bradycardia. He stated that perhaps the heart was the cause of the bradycardia and the neurological symptoms were
the subsequent result. Many disagreed with Adams, but William Stokes [] concluded in  that Adams’ concept was
correct. The term heart block was introduced by Gaskell [, ] in . Einthoven [] demonstrated the first case of AV
block on an electrocardiogram. Wenckebach [], Hay [], and Mobitz [] described and classified several types of AV
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⊡ Figure .

Recording of a ventricular tachycardia with a rate of approximately  bmp. The HH intervals are ms. The fifth beat from

the left is a little earlier than expected with an HH interval of ms. The QRS configuration is also different. The intracardiac

recordings indicate that this premature beat is a fusion between an anterogradely conducted (capture) beat and impulse

formation in the ventricle (HRA, high right atrium; CSd, distal coronary sinus; HIS, His bundle; CSp, proximal coronary sinus).

block. In the following years, many other clinical and experimental studies were published [–]. The introduction of
intracardiac recordings [] made possible more precise determination of location of block in humans.

. Classification of Atrioventricular Block

.. First-Degree AV Block

This represents a prolongation of the AV conduction time (PR interval) beyond . s. However, every atrial impulse is
conducted to the ventricle.Therefore the term block should be avoided.These criteria can be applied only in the presence
of a regular sinus or atrial rhythm.The normal PR interval is age-dependent. In younger patients, the PR interval is shorter
due to sympathetic tone.The PR interval is also shortened during exercise.

.. Second-Degree AV Block

This is diagnosed when some of the atrial impulses are not conducted to the ventricle. Second-degree block can be
subdivided into the following categories.

... Mobitz Type I (Wenckebach) Block

In this form of second-degree AV block, the PR interval in several successive beats becomes progressively prolonged,
resulting in the dropping on one ventricular depolarization due to failure of conduction. The subsequent PR interval is
shortened (> Fig. .) [, , ].
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⊡ Figure .

Six-channel ECG recording illustrating a Mobitz type I AV block in the AV node or His bundle (narrow QRS complex).

Statistically, there is an : chance that the block is situated in the AV node.

... Mobitz Type II Block

In this type of second-degree AV block, there is a sudden failure of one or more atrial impulses to be conducted during
maintenance of a constant PR interval (> Fig. .) [–].

... Higher Degree AV Block

In : AV block, every second atrial impulse is not propagated to the ventricle (> Fig. .). High-degree or advanced AV
block, such as : or : block, or occasional conducted impulses can exist [].

... Third-Degree (Complete) AV Block

In third-degree (complete) AV block, no atrial impulses are propagated to the ventricle (> Fig. .).

. Methodology for Determining the Site of a Block

The conduction defect can be present in the AV node, His bundle, bundle branches, or at multiple sites. Determination
of the location of the type of block has important consequences in terms of prognosis and treatment.
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Twelve-lead ECG of a patient with Mobitz II block in acute anteroseptal infarction. The third P wave in the left panel and the

second Pwave in the right panel are suddenly blocked. TheQRSwidth is narrow, suggesting a conduction problemwithin the

His bundle.
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⊡ Figure .

In this recording, leads III, V, high rate atrium (HRA), and His-bundle lead (HIS) are shown. On the left side of the figure,

sinus tachycardia at a rate of bpmwith : conduction is present. First-degreeAVblock is seenwith anAH interval of  ms

(normal –ms) and an HV interval of ms (normal –ms). The sudden change from : to : AV block develops

without further prolongation of the preceding HV interval. The His recording proves that AV block is located distal to His,

because every atrial activation is followed by a His signal. The presence of block in the bundle branches is suggested by the

QRS width (±ms) in the surface ECG. The configuration in lead V indicates the presence of a right bundle branch block

and the negative QRS complex in lead III is in favor of a left anterior fascicular block.
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This ECG shows an extensive acute infero posteriorwallmyocardial infarctionwith third-degree block situated in theAV node

and anAVnodal escape rhythm (narrowQRS complexes) of  bpm. In acute inferiormyocardial infarction, AVblock can occur

due to vagal stimulation. Usually, the sinus rate is then also low. In this illustration, the sinus rate is approximately  bpm,

which makes it unlikely that the AV conduction disturbance is caused by vagal influences.

.. The Value of the Electrocardiogram

... PR Interval

The PR interval is the time between the beginning of the P wave and the beginning of the QRS complex, and as such,
gives an indication of AV conduction.

AV conduction delay or block can be present in the atrium, AV node, His bundle, bundle branches or Purkinje fibers,
but the actual site cannot be determined from the surface ECG. PR prolongation of more than . s is very suggestive of
conduction delay in the AV node, but a PR interval between . and . s has no indicative value as to the site of block.
Block can also be simultaneously present at different levels of the conduction system.

... QRS Complex

Puech et al. [], Narula [], and Schuilenburg [] found in their studies that the width of the conducted QRS complex
gives an indication of the site of block.

... Conducted Beats: Narrow QRS Complexes

QRS complexes of less than . s usually signify that the block is located in the AV node or His bundle (> Fig. .).
A rare exception of a narrow, conductedQRS complex in the presence of trifascicular disease is the coincidence of identical
conduction delay in both bundle branches, resulting in PR prolongation and a narrow QRS complex.
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Leads I, II, III, V, andV are shown in combinationwith the intracardiac recordings fromhigh right atrium (HRA) andHisbundle

(HIS). Paper speed is mm/s. First-degree AV block is present. Because of the prolonged AH time of ms, the conduction

delay is located in the AV node. This might have been expected from the surface ECG because of the narrow QRS complexes

(. s).

... Conducted Beats: Widened QRS Complexes

QRS complexes �. s do not allow any conclusions to be drawn as to the site of block. A significant group of patients
has a combination of AV nodal or intra-Hisian block associatedwith an intraventricular conduction defect (> Fig. .),
while others have block in the bundle branches (> Fig. .). However, AV block with widened QRS complexes in the
setting of an extensive anterior wall infarction is frequently associated with bilateral bundle branch block (> Fig. .)
[–].

... Escape Rhythm

In patients with third-degree block situated in the AV node, % have an escape rhythm with a narrow QRS complex,
while % have a wide QRS complex [–]. All patients with trifascicular block have a wide QRS escape rhythm.

Although Adams–Stokes attacks cannot be predicted on the ECG, patients having wide QRS complexes with a slow
escape rate are most prone to syncopal attacks, because distal block has a slow (– bpm) and unreliable escape rhythm
with long periods of asystole (>Fig. .) [].The escape rate in the AVnode is usually higher and reliable (–bpm).
Sometimes the escape rhythm is faster than expected (> Fig. .). These accelerated idioventricular rhythms (AIVR)
have rates between  and  bpm, and are commonly seen in the reperfusion phase of an acute myocardial infarction.
AIVR is a very specific reperfusion arrhythmia with a specificity of more than % and a positive predictive value of more
than % [–]. AIVR is probably caused by reperfusion damage. It is a transient, self-terminating arrhythmia that does
not need treatment. It usually has no major hemodynamic consequences, and it is not a precursor of more malignant
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Five surface and four intracardiac recordings illustrating that the first-degree AV block arises from conduction delay at two

levels. The AH interval is slightly prolonged (ms). The most important delay is present in the distal conduction system (HV

interval = ms). This last finding is an indication for pacemaker implantation.

arrhythmias. Engelen et al. [] showed a relation between the number and duration of AIVR’s and the recovery of left
ventricular function following reperfusion. In that study, it was also found that after percutaneous coronary intervention,
AIVR was less frequent than after reperfusion due to fibrinolytic treatment.

.. The Value of Diagnostic Interventions

... Noninvasive Methods

Noninvasive interventions can be useful for detecting the location of block. These interventions include the following.

Atropine

Atropine, when given intravenously in a dosage of .–mg, has an accelerating effect on the sinus rate, which can produce
further deterioration of AV conduction. On the other hand, the drug improves impulse conduction through the AV node
[]. Because of the delicate balance of these two effects, it is not surprising that the outcome of atropine administration is
not completely predictable, since it depends on the variable responses of impulse formation and conduction (> Fig. .).
When given to patients with AV nodal conduction problems, atropine can shorten the PR interval or diminish the degree
of block. In patients with a conduction problem below the AV node, no effect on conduction is seen although sometimes
a more severe degree of block is provoked by the increase of the sinus rate.

Ajmaline

A latent conduction defect, present in the bundle branches, can be uncovered by ajmaline (mg intravenously) because
this drug depresses conduction below the AV node [–].

This test is dangerous, however, because it can result in ventricular asystole (for explanation see > Sect. ...).
Ajmaline should be given only after introducing an external ventricular pacemaker. The second rare, but more serious,
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Twelve-lead ECG of a patient with an extensive anteroseptal myocardial infarction and trifascicular conduction problems

which were acquired during the infarction. Lead V shows a QR pattern typical of septal involvement of the infarct in com-

bination with a complete right bundle branch block. Right axis deviation suggests block in the posterior fascicle of the left

bundle, while the PR prolongation (. s) is most likely caused by additional block in the third bundle – the anterior fascicle

of the left bundle. Intracardiac recordings showed a normal AH interval and a prolonged HV interval indicating that conduc-

tion delay indeed was located below the His bundle. Mortality is extremely high (%) due to the extensive muscle damage,

which can be indirectly derived from the above-mentioned conduction defects.
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⊡ Figure .

ECGrecordingdemonstrating third-degreeAVblock inapatientwithLev’sdisease. Theexternal pacemaker ratewasgradually

turned down and switched off. After the last paced beat, long periods of ventricular asystole can be seen.



Atrioventricular Dissociation  

I

II

III

aVL

aVF
V1

V2

V3
V4

V5

V6

1s

aVR

⊡ Figure .

Left panel. Twelve-leadECGof apatientwith anacute anteroseptal infarction. Right panel. Accelerated idioventricular rhythm

(AIVR)witha configurationsuggestinganorigin in thebasal septalpart of the left ventricle, that is, the infarctedarea. Typically,

AIVR in this setting starts with a long coupling interval and has regular R–R intervals.
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⊡ Figure .

Six surface ECG leads of a patient with distal AV conduction disturbance. In (a) third-degree block is present. Because of the

narrow QRS escape rhythm, the conduction problem is located in the AV node or the His bundle. P–P interval is ms and

R–R interval ms. In (b) carotid sinus massage (CMS) is performed. In proximal AV block, further depression of AV nodal

conduction would therefore be expected. However, the significant slowing of the sinus rate allows the AV node to propagate

every P wave to the ventricle and to restore normal conduction. In (c) atropine was given. In proximal AV block, atropine

improves AV nodal conduction. In this case, the important decrease in P–P interval (ms) prevents normal conduction. The

two opposite effects result in second-degree AV block. It can be deduced that the second beat from the left is conducted

because it comes earlier than expected and its configuration is identical to that in the conducted beats in (b) and different

from the escape beats in (a). The rate of the escape rhythm has increased slightly with the R–R interval shortening from 

to ms.
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⊡ Figure .

Twelve-lead ECG showing a complex arrhythmia due to distal conduction disease in a patient after aortic valve replacement.

Advanced AV block present with the first  QRS complexes show incomplete right bundle branch block and left axis deviation

(anterior fascicular block). The d QRS complex is conductedwith a prolonged PR interval and shows left bundle branchblock.

A fourth beat with the initial configuration is seen, followed, due to carotid sinusmassage (CSM)–induced mild slowing of the

sinus rate, by : conduction with prolonged PR intervals and left bundle branch block.

complication that has been described is ventricular fibrillation. Therefore, sound advice is to restrict this test to special
cases only.

Vagal maneuvers

Vagal maneuvers, such as carotid sinus massage, have the opposite effect to atropine and produce further prolongation
of the PR interval or provoke second-degree block in the AV node, whereas no effect is seen in distal block []. However,
the vagal maneuver can give concomitant AV nodal conduction delay in those patients having conduction problems in
the His–Purkinje system []. Furthermore, conduction may be restored in both types of block because of slowing of the
sinus rate (> Figs. . and> .).Therefore, vagal maneuvers are of less value for differentiation among various sites
of block.

Vagal maneuvers can depress, and atropine or exercise can accelerate, the escape rhythm in the AV node during
third-degree block. They do not usually have much influence on escape rhythm below the AV node.

Exercise

Exercise has an adrenergic effect on the heart, which is comparable to atropine. During exercise, sinus rate increases and
AV nodal conduction improves. In patients with conduction problems in the His bundle or bundle branches, exercise
may enhance the degree of block due to increase of the sinus rate (> Fig. .). Occasionally, in patients with bridging
of one of the coronary arteries, block can also develop during exercise [].

... Invasive Methods

Atrial pacing

Atrial pacing will produce further prolongation of the PR interval, and can result in a higher degree of AV nodal
block in patients with AV nodal disease. In contrast to this, the effect of atrial pacing on infranodal block is
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Six-lead ECG of a -year-old male, who exercised on a treadmill. A sudden change from : to : AV conduction was found at

sinus rates more than  bpm, as well as a change to : AV conduction at sinus rates above  bpm. In this patient, the His

bundle is the most likely location of block, because the PR interval of the (probably) conducted P wave remained constant

(. s) and the QRS complex was narrow (. s).

minor. Patients with first-degree block in the His–Purkinje system will usually maintain : conduction at high atrial
rates [].

The escape rhythm can be suppressed by ventricular stimulation in patients with third-degree AV block in or distal
to the His bundle (> Fig. .). The escape rhythm in AV nodal block is not so easily suppressed by ventricular pacing.

There is no difference in respect of the reaction to atropine, exercise, and artificial pacing of the atrium in a normal
heart [–]. The same holds also for the diseased heart. This is true for first-degree as well as for second-degree block
[–].

The His-bundle ECG

The most appropriate method for determining the site of block is His-bundle recording [, , –]. Using
this approach, the intra-atrial (PA) conduction time can be measured. This is the time between the onset of the
P wave on the surface ECG (or the intracavitary high right-atrial ECG) and the first rapid deflection of the atrial
wave in the His-bundle recording (see > Fig. .) AV nodal conduction is measured as the AH time (the time
between the atrial wave and the beginning of the His-bundle spike on the His-bundle recording). The HV time is
the time from the beginning of the His-bundle spike to the earliest onset of activation of the ventricle. PA time
varies between  and ms, AH time between  and ms and HV time between  and ms. The width of the
His-bundle potential is –ms [, , , –]. A full discussion on His-bundle ECG recording is presented in
> Chap. .

Electrophysiological investigations are of great help in the presence of AV block and widened QRS complexes. Such
recordings allow us to find the exact location of block (> Figs. . and > .), to predict the likelihood of asystole,
and to determine the reliability of the escape rhythm. His-bundle recordings may be required to identify those patients
at risk of developing complete block, because in patients with bifascicular block, abnormal conduction of the remaining
fascicle may also be present. It has been shown that AV conduction delays may exist in the absence of PR prolongation
or other electrocardiographic abnormalities [].

AHis-bundle recording is, however, not a routine procedure because it is a time-consuming and invasive investigation
[]. The level of the conduction defect can roughly be estimated by studying the PR interval, QRS duration, and AV
relationship on the surface ECG in the majority of cases [–].
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This recording is taken from a patient with Adams–Stokes attacks due to paroxysmal complete AV block. It shows five sur-

face leads and five intracardiac recordings. The His-bundle electrogram shows that every atrial signal is followed by a His

deflection, indicating that block is located distal to His. The rate of the ventricular escape rhythm is only  bpm. The second

escape beat is retrogradely conducted to the His bundle. The next atrial event is blocked proximal to the His bundle because

of retrograde concealed penetration of the AV node (HRA, high right atrium; RV, right ventricle; HIS, His bundle; CS; coronary

sinus; LRA, low right atrium; interval given in milliseconds).

For the clinician, a knowledge of whether the site of the block is above or below the His bundle is probably suffi-
cient. Invasive and noninvasive methods for determining the site of block will be discussed in detail for all three types of
conduction disturbances.

. Incomplete Block

.. First-Degree AV Conduction Delay

In the following discussion, the term first-degree AV “block” will be avoided, as there is no block but rather delay in
conduction.

In first-degree AV conduction delay, the site of the delay is most frequently located in the AV node, but can also be
found infranodally (> Table .). Some patients have PR prolongation due to intra-atrial conduction delay. The P wave
will then be widened and markedly diminished in voltage []. In these cases there may be no impaired conduction in
the AV nodal or His–Purkinje system. However, intra-atrial conduction delay is often related to atrial arrhythmia [].

PR prolongation greater than . s has no value as far as locating the site of block is concerned. However, a PR inter-
val greater than . s is very suggestive of a delay within the AV node. Narula et al. [] stated that in % of all cases
with prolonged PR interval, the conduction delays were located at more than one site, although the AV node was the
dominant site of delay (%). Delay at a single site was noted in the atrium in %, in % in the AV node, and in the
His–Purkinje system in %. Puech et al. [] reported conduction disturbances at multiple sites in only % of their
cases.

A narrow QRS complex suggests that block is located in the AV node (> Fig. .). First-degree AV conduction
delay in combination with a wide QRS complex is most commonly associated with a conduction defect in the bundle
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⊡ Table .

Incidence of the location of block in first degree AV-block []

AV node Intra-Hisian Bundle branches

Narrow WRS compex (< . s) % %

Wide QRS complex (� . s) % % %

branches (> Figs. . and > .). However, frequently (%) block is present at two levels, especially in those with
left bundle branch block [, , , , , ]. When PR prolongation and left bundle branch block are found together,
block is predominantly located in the common bundle (> Fig. .) [, , ]. Complete right bundle branch block
with first-degree AV conduction delay, without extreme right or left axis deviation, is associatedwith conduction delay in
the left bundle branch in only % of the cases. All other patients have additional conduction problems in the AV node
or His bundle. The combination of first-degree AV conduction delay and bifascicular block (right bundle branch block
and left anterior or posterior fascicular block) is commonly a result of a conduction delay in the third bundle branch
(> Fig. .), although in rare cases the conduction delay can be located in the AV node [, ].

In patients where the ECG shows a PR prolongation and a wide QRS complex, His-bundle studies should be per-
formed. HV intervals of more than ms are an indication for pacemaker implantation [, ], because in patients with
these findings, total AV block and syncope will probably shortly appear due to progressive disease of the conduction
system. In contrast to this, first-degree AV nodal delay carries a good prognosis. In such cases, pacing is not indicated.

It has to be realized that occasional prolongation of PR time is found in apparently normal subjects [, , ]. PR
intervals up to . s were found in .% of , healthy aviators [, ]. A -year follow-up study showed that none
of these people had progression of their first-degree AV block [].

Interventions such as atropine (> Fig. .) and exercise will decrease PR interval in patients with AV nodal
conduction delay. On the other hand, carotid sinus massage produces further prolongation of the PR interval, or can
give second-degree block when the conduction delay is present in the AV node. Carotid sinus massage, when performed
in patients with first-degree block in theHis–Purkinje system,does not generate second-degree block. In patients with AV
nodal disease, atrial pacing at rates above  bpm will either produce further prolongation of the PR interval or second-
degree block. In the presence of HV prolongation, atrial pacing at rapid rates usuallymaintains : AV conduction without
further prolongation of the HV interval. Only occasionally does second-degree infranodal block develop.

.. Second-Degree AV Block

> Table . presents the incidence of second-degree block at the various sites.

... Mobitz Type I (Wenckebach) Block

The classic type I second-degree block is characterized by a progressive lengthening of the PR interval until a P wave
is blocked. The PR interval is longest in the beat preceding the blocked P wave and the shortest after the dropped beat.
The maximumPR increment occurs between the first and second conducted beat. In the following conducted cycles, the
increment of PR interval gradually diminishes, resulting in a lessening of the PR interval increment (> Figs. . and
> .).

The explanation for this type of conduction defect is probably that the progressive delay is caused by increasing fatigue
of the AV node or distal conduction system until a block occurs. Presumably, each impulse arrives earlier in the relative
refractory phase of the conduction system (see > Chap. ). Therefore, the impulse is conducted more slowly, until it
reaches the absolute refractory phase. After the dropped beat, the conduction system has partially recovered, resulting
in a shorter PR interval.The Wenckebach phenomenon can be observed in any portion of depressed conduction system
[, , –]. However, this classic pattern of Wenckebach block is seen infrequently (%) [, ]; it is seen more
often in patients with higher conduction ratios such as : or :. Conduction ratios such as : are normally associated
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⊡ Table .

Incidence of the location in second-degree AV block []

AV node Intra-Hisian Bundle branches

Mobitz type I (Wenckebach) % % %

Mobitz type II % %

: block % % %
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⊡ Figure .

Part (a) represents a typical :Wenckebach sequence. Progressive lengthening of theAV interval is present. The increment of

the AV interval becomes smaller frombeat tobeat, decreasing from  to msover the first four cycles. This results in short-

ening of the R–R intervals. Part (b) also shows a Wenckebach sequence. The behavior of this block is atypical. In other words,

although there is a gradual prolongation, the AV interval changes unpredictably from beat to beat. The atypical behavior of

the Wenckebach sequence is in this case caused by the change in atrial rate.

with an atypical behavior.They show progressive PR prolongation with unpredictable changes in increment.This is called
atypical Wenckebach (> Fig. .).

The explanations for the atypical Wenckebach behavior have been described by Langendorf and others [–], and
are as follows.

(a) Changes in sinoatrial rate which influence the PR interval. This is probably the most important explanation. The
change in sinoatrial rate could be caused by a change in cardiac output caused by the Wenckebach sequence.

(b) Interpolated atrial premature contractions causing changes in AV conduction [].
(c) Reentry or premature impulses giving rise to concealed premature depolarization of conduction tissue [–, –

]. Concealed conduction may lead to an unanticipated prolongation of PR interval or blocked P waves after a
Wenckebach pause, because partial penetration of an impulse into the conduction system influences the subsequent
impulse conduction. The degree of penetration of a blocked impulse can sometimes be inferred from its effect on
subsequent events. Atypical Mobitz type I block is seen intranodally as frequently as infranodally [].

Location of type I block is rather unpredictable and requires His-bundle studies, especially when the conduction distur-
bance is associated with wide QRS complexes [, ]. Minimal increment in the PR interval suggests distal block, but it
is not diagnostic.

Significant prolongation of the PR interval during the Wenckebach cycles suggests AV nodal block. Second-degree
block located in the AV node has a relatively benign course in patients without organic heart disease and does not produce
syncope [, ]. In contrast to this, distal second-degree block requires pacemaker implantation [].

First-degree and second-degree type I block can be present in normal subjects especially during sleep [, –].
A % incidence of spontaneousWenckebach periods during sleep has been reported in healthy studentswithout apparent
heart disease. In none of these subjects were symptomsor progression of block observed in a -year follow-up period [].
The same was found in athletes, where there was a % incidence of Wenckebach periods [, –, ]. However, the
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benign prognosis of this type of block is not confirmed in all studies. During prospective analysis of  infants with
second-degree type I AV block, seven of them had progression to third-degree block, and one of these seven experienced
syncopal attacks [].

Intervention procedures are not helpful for the differential diagnosis between normal and diseased subjects [–].

... Mobitz Type II Block

Mobitz type II second-degree AV block is characterized by a sudden failure of a P wave to be conducted to the ventricle
without PR prolongation in the preceding beats (> Figs. . and> .).This type of block is always located below the
AV node (>Table .).The nonconducted Pwavewill be followed by aHis-bundle signal. Sometimes a “split” His can be
seen in the His-bundle recording in the presence of His-bundle disease. In the rare case of a proximal His-bundle defect,
theHis signal will not be seen after the Pwave, but preceding everyQRS complex thereby fallaciously simulatingAVnodal
block [, , ]. In patients having disease of the bundle branches, widened QRS complexes are present [], while
the PR interval is usually normal or slightly prolonged []. One-third of the cases of chronic second-degree block have
the typical behavior of Mobitz type II AV block. A finding of Mobitz type II block is always an indication for pacemaker
implantation, because it is usually permanent and often progresses to complete AV block [].

With respect to interventions during second-degree Mobitz type I or II AV block, atropine and exercise can enhance
AV conduction and restore : conduction. Such a finding is suggestive of AV nodal block. If distal block is present,
sometimes the reverse effect can be seen and progression of block will appear because of an increase in sinus rate without
improvement of conduction of the His–Purkinje system []. The opposite is seen after carotid sinus massage.

In AV nodal block, atrial pacing will produce further progression of AV block, while in His–Purkinje system block,
minor changes are seen in PR and HV intervals.
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⊡ Figure .

Twelve-lead surface ECG combined with intracavitary recordings from the same patient, as in > Fig. ., shows the location

of the block distal from the His bundle.
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Differentiation between type I and II is important with respect tomanagement, because type II block is always indica-
tive of distal disease.Distinction between types of block can be difficult if there is only aminimal increment in PR interval
before and after a dropped beat or in the presence of : block. In these patients, exercise or atropine may clarify the situa-
tion by provoking Wenckebach periods due to higher sinus rates. Vagal maneuversmay produce a higher degree of block
and indicate which is the underlying type of block.

... : or Higher Degree AV Block

Several terms are used for this type of block such as advanced AV block [] and severe or high-degree block []. In
: block, every second P wave is conducted to the ventricle (> Fig. .). These cases cannot be distinguished as type
I or type II unless two consecutively conducted beats are seen, such as during temporary : block or : conduction
(> Fig. .) []. Changes in conduction can be secondary to slight alterations of the vagal tone [].

With respect to interventions in this group, carotid sinus massage, if applied with caution, may be clinically useful
in indicating the site of block. Increase of block in the AV node is suggestive of an AV nodal conduction problem, while
decrease of block indicates distal block because of slowing of the sinus rate. In rare cases with bradycardia-dependent
distal block (phase  block – see > Chap. ), carotid sinus massage aggravates block [, ]. Atropine and exercise
have the opposite effect to vagal stimulation [, , , ].

The interesting phenomenon of ventriculophasic arrhythmias in digitalis intoxication should be mentioned. Excess
of digitalis can produce all three types of block in the AV node [, ]. Second-degree AV block as a manifestation
of digitalis intoxication most commonly shows the Wenckebach type of block or a constant type of :, :, or : block.
During : AV conduction, the P–P interval embracing the QRS complex [] differs from the P-P interval without a
QRS complex []. This is possibly the result of a change in autonomic tone during the cardiac cycle [, ].

. Complete Block (Third-Degree AV Block)

In complete block, no atrial impulses are propagated to the ventricle. Third-degree or complete AV block can be located
at all three sites of the conduction system [, , ]. (> Table .). The location of block cannot be predicted from
the escape rhythm. However, during the acute phase of a myocardial infarction the site of infarction provides indi-
rect information as to the site of block. Myocardial infarction located in the inferior wall can give AV nodal block
(> Fig. .), while damage located in the anteroseptal wall indicates that the conduction disorders are in the bundle
branches (> Fig. .) [, , ]. If the rate of the escape rhythm is more or less the same as the atrial rate, it can be
difficult to distinguish this “isorhythmic dissociation” from sinus rhythmwith : conduction to the ventricle. An example
of such a problem is given in > Fig. ..

Interventions can be performed in patients where the origin of block is unclear. In contrast to findings during distal
block, exercise and atropine [, ] can increase rate in the AV node significantly or can restore first- or second-degree
AV block [, , , –]. Atrial pacing does not help in further differentiation between sites of block. Ventricular
pacing has to be carried out with caution because subsidiary pacemakers are readily suppressed by ventricular stimulation
and can produce long episodes of asystole. Such a finding is suggestive of distal block. Carotid sinus massage may slow
the AV nodal escape rhythm, but can produce second-degree block instead of third-degree block in distal conduction
disturbances due to slowing of the sinus rate with late arrival of the impulses at the distal conduction system, giving them
more time to recover [, ].

⊡ Table .

Incidence and location of block in third-degree AV block []

Escape rhythm AV node Intra-Hisian Bundle branches

Narrow QRS complex (<. s) % %

Wide QRS complex (�. s) % % %
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⊡ Figure .

The rhythm in this tracing is either sinus rhythm with first-degree AV block or “isorhythmic dissociation,” that is, a situation

where, in the presence of complete block, rates at atrial and ventricular level are more or less identical. In this registration,

careful measurement will show that the PR intervals of the first two beats are longer than the other PR intervals, which could

fit with an isorhythmic dissociation. However, the sinus rate of the first two beats is higher, causing further lengthening of

PR interval. The key for making the correct diagnosis is that the R–R interval of the first beats is also shorter. Therefore, a

relation between atrium and ventricle must be present. If complete block were present, the ventricular rate would not have

been influenced. This proves that sinus rhythm with first-degree AV block is the correct diagnosis.

. Etiology of Atrioventricular Block

Multiple pathological processes can affect the conduction system.The common causes of AV block are the following.

.. Fibrosis

The most frequent cause of AV block (–%)[] is fibrosis of the specialized conduction system due to progressive
sclerosis of the ventricular septum and the surrounding tissues [, –]. This is also called Lenègre and Lev disease.
It is a typical disease of the elderly. These patients can have normal coronary arteries [–].

.. Ischemic Heart Disease

The second important cause of AV block (%) is ischemic heart disease. Two out of five occurrences are chronic []
and three out of five can be found in the setting of an acute myocardial infarction (> Figs. . and > .) [–].
In approximately % of patients having an acute myocardial infarction, AV block develops (% first degree, % second
degree and % third degree) [–]. Only a few patients have exercise-related ischemic AV block.

.. Drugs

Digitalis [, , –] can create different degrees of AV nodal block, especially when given in a toxic dosage
(> Fig. .). Other drugs which can create AV nodal block are verapamil, amiodarone, diphenylhydantoin [], and
beta-blocking agents []. Quinidine and other class I drug [] can produce block in the His–Purkinje system.

.. Vagal Influences

Not uncommonly, vagal reactions, for example, due to pain (> Fig. .) or during carotid sinus massage, can produce
complete AV block, sometimes with longer ventricular asystole [–]. In elderly patients, the presence of hypersen-
sitive carotid sinus syndrome can produce profound fall in arterial pressure and marked slowing in heart rate either by
slowing of the sinus rate and/or the development of second-degree or third-degree AV block [, , ]. This may or
may not be combined with a vagal vasodilatory effect.
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⊡ Figure .

Atrial tachycardia with : AV conduction in digitalis intoxication. After dissipation of the digitalis compound from the blood,

sinus rhythm with normalization of the AV conduction and the ST segments reoccurred.

.. Valvular Disease

Disease of the aortic or mitral valve with a calcified valve ring (rheumatic, congenital bicuspid, or other) can give rise to
block in the His bundle.This is frequently seen in aortic stenosis. When the aortic valve is severely calcified, the deposits
can extend down into the ventricular septum and advanced or complete block may develop (> Fig. .) [, , ].

.. Postsurgery

Replacement of a calcified aortic or mitral valve [], closure of a ventricular septal defect, or other surgical traumas can
result in AV block [, , –].

.. Congenital Disease

Complete AV block may also be congenital occurring as an isolated finding or, in half of the patients, in association with
congenital malformations of the heart [, , –]. Most patients with congenital block have their conduction
disturbance in the AV node and some of them in the His bundle [, , , ]. Microscopic studies suggest that there
is a failure of the atrial myocardium to contact the AV region or a congenital separation between the AV node and the
His–Purkinje system caused by an alteration in the development of the AV node [, , , , , –].

.. Cardiomyopathy

Any type of block can coexist with any type of cardiomyopathy as in amyloidosis, sarcoidosis (> Fig. .) [], and
hypertrophic obstructive cardiomyopathy [, , –].
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⊡ Figure .

Twelve-lead ECG of a male with documented cardiac sarcoidosis, involving the distal conduction system. Sinus rhythm is

present with complete AV block and a slow escape rhythm suggesting an origin in the inferior part of the right ventricle.

.. Myocarditis

Myocarditis can be bacterial, like acute rheumatic fever, diphtheria or Lyme disease, or viral [–]. AV block
developing in this setting is a sign of a poor prognosis in the evolution of the disease [, ].

.. Potassium

High potassium levels [, ] can create AV block at plasma levels above .mEq− .

.. Others

An association of AV block with muscular and neuromuscular heredodegenerative syndromes is known [, , –
]. In myotonic muscular dystrophy, Kearns–Sayre syndrome [], Erb’s dystrophy (limb-girdle), and peroneal
muscular atrophy with or without symptoms of pacemaker implantation should be considered because there may be
unpredictable progression of AV conduction disease [, ]. Cardiac tumors, primary [] or metastatic [], after
chemotherapy [] and radiation [], cysts [, ], myocardial bridging [], and traumas [, ] have been
described as rare causes of AV block. Also in the congenital long QT syndrome the conduction system may be involved
and functional : block and bundle branch block was described [].

. Age and Sex

Campbell [] found in patients with chronic third-degree AV block that age varied between  and  years and that
males predominated in a ratio of :. In Ide’s series [], peak incidence occurred between  and  years of age and the
ratio of males to females was :. Elderly women are predilected to distal lesions due to degenerative calcified infiltrations
in that area. They are three times more likely to have block in that region compared to men [, ].

. Clinical Features

Clinical features are dependent on ventricular rate during the presence of AV block. First-degree and most types of
second-degree AV block do not produce symptoms. An exception is the Mobitz type II second-degree AV block, where
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sudden longer episodes of ventricular asystole can produce syncope. Higher degrees of second-degree block (: or : AV
block) with lower ventricular rates may give symptoms similar to those of third-degree block. These patients can develop
dizziness or syncopal attacks (Adams–Stokes attacks). Syncope is usually caused by transient ventricular asystole, but
ventricular tachycardia or fibrillation can also be the etiology of the complaints [, , , –]. Fatigue, dyspnea or
cardiac asthma, and angina can be present in patients with marginal myocardial reserve or coronary circulation at rates
of – bpm or lower [, , –]. Generally, in contrast to the patients with chronic and stable third-degree block,
those with paroxysmal episodes of third-degree block have most complaints.

. Therapy

Only in those patients who are symptomatic, or whowill have a high chance of becoming symptomatic, is therapy needed.
This can be atropine, isoproterenol, or artificial pacing. Atropine and isoproterenol are useful for short-term treatment.
Atropine can be given to patients having a severe vagal reaction which, for example, is not uncommon in the acute stage
of an inferior wall infarction (> Fig. .). In the other patients, a temporary or permanently implanted pacemaker may
be indicated. When drugs play a role in the presence of the AV block, the drug should be discontinued, or at least the
dosage should be lowered or a pacemaker implanted if it is important to continue the use of the drug. Isoproterenol is
sometimes helpful as an acute temporary treatment prior to insertion of a temporary pacemaker in patients having bock
in the His–Purkinje system.

AV block located below the AV node, that is, in the His bundle or bundle branches, is associatedwith a high incidence
of sudden asystole [–]. Most investigators agree that patients with bifascicular block with HV prolongation and
neurological symptoms should be paced [–]. If the HV interval exceeds ms, pacing is indicated even without
the presence of neurological complaints [].

Each patient should be evaluated individually. If any doubt exists, other possible causes of syncope must be excluded
prior to pacemaker implantation []. In patients with syncopal attacks due to AV conduction problems, long term
ambulatory rhythm monitoring is very useful to confirm the diagnosis (see > Chap. )

Approaches to treatment of patients with chronic AV conduction disturbances can be summarized as follows [].

.. Normal PR Interval

The HV interval can be prolonged in patients with a normal PR interval.The HV interval should be measured in symp-
tomatic patients with bifascicular block. If the HV interval is prolonged, pacemaker implantation should be considered.
The incidental finding at electrophysiological study of amarkedly prolonged HV interval (greater than or equal to ms)
in asymptomatic patients is a class IIa indication for pacemaker implantation.

.. First-Degree AV Delay

Asymptomatic first-degree AV delay is treated conservatively. Even asymptomatic conduction delay with bifascicular
block is considered a class III indication for pacemaker insertion. First-degree AV delay with symptoms suggestive of
pacemaker syndrome and documented alleviation of symptoms with temporary AV pacing is a class IIa indication for
pacemaker treatment [, ].

.. Second-Degree AV Block

No pacemaker is indicated in asymptomatic type I second-degree AV block at the supra-Hisian (AV nodal) level not
known to be intra or infra-Hisian. Type II second-degree AV block is a pacemaker indication. Also the non-physiological
induction of distal AV block at electrophysiological study is a class IIa indication. After the acute phase of myocardial
infarction, transient advanced second-degree AV block and associated bundle branch block should be treated with a
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pacemaker. If the site of block is uncertain, an electrophysiological study may be necessary. Persistent second-degree
block at the AV nodal level is considered a class IIb indication for a pacemaker.

.. Third-Degree AV Block

A pacemaker must be used in case of intermittent or permanent third-degree AV block and also in alternating bundle
branch block. Also, after the acute phase of myocardial infarction, distal AV block is a pacemaker indication.

. Prognosis

The prognosis of heart block depends on the causative factor. Before the existence of artificial pacemakers, the average
life expectancy following discovery of complete chronic heart block varied between . and  years [, , ]. Since
restoration of the heartbeat by artificial pacing was made possible, the prognosis of patients having chronic AV block is
much better []. At the present time, pulse generators last well beyond – years.The prognosis of patients with serious
underlying cardiac or other diseases is therefore related to this disease [, –] while the pacemaker patient without
serious underlying disease has the same mortality rate as the general population [].

In patients with ischemic heart disease, inferior wall infarction is the most frequent cause of AV block; less often
it can be found in extensive anterior wall infarctions. In patients with an inferior infarct, block is located in the AV
node [, ].When third-degreeAVnodal block develops, the patients usually have a reliable escape rhythmand are not
threatened by asystole. In nearly all cases, the conduction disturbance disappears within – weeks. In the prereperfusion
era the in-hospital mortality of patients with inferior wall infarction in combination with second- or third-degree AV
block was % compared to % in patients with an inferior infarct and normal AV conduction or first-degree AV block
[, –]. This difference in mortality is probably a result of larger infarct size.

Patients with an extensive anterior wall infarction have a conduction problem in the bundle branches. This is asso-
ciated with a poor prognosis. Block can be fatal, because of long periods of asystole due to an unreliable escape rhythm
arising in the ventricle when third-degree block is present [, , , ]. However, the major cause of death is the
extent of the myocardial damage [, , , ]. Cardiac pacing will, therefore, not change the mortality but it can
prevent Adams–Stokes attacks [, ]. In the prereperfusion era development of right bundle branch block in setting
of such an infarct had an in-hospital mortality of %, right bundle branch block in combination with left anterior fas-
cicular block %, and in combination with left posterior fascicular block % (> Fig. .). Ninety-five percent of the
patients with trifascicular block died []. The incidence rates of complete heart block resulting from AMI have not
changed over time [, ]. Early reperfusion either by thrombolytic therapy or percutaneous coronary intervention
can reverse ischemia related conduction disturbances, but they remain an indicator of higher risk [–].

In the general population, asymptomatic subjects with bifascicular block statistically carry little risk of developing
total block and dying. Conduction studies are not necessary [, ]. In the selected group of hospital inpatients with
this phenomenon, however, prognosis is compromised.This is probably related to the prognosis of the underlying disease.
In a retrospective study, McAnulty et al. [] found a -year morality of %. Narula [] and Gupta [] also stated
in their prospective studies that there was a positive correlation with both mortality and complete block inpatients with
bifascicular block.

In another prospective study, Kulbertus recorded in % progression to complete block in  years []. He found
that although bifascicular block is related to a high incidence of death, it is not related to the conduction disturbance
itself, but to other (e.g., cardiac) causes.
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Ventricular Tachycardia  

. Introduction

Ventricular arrhythmias are an important topic in cardiology and are frequently observed in clinical practice.Theypresent
in different forms ranging frombenign ventricular extrasystoles to ventricular tachycardia and fibrillation whichmay lead
to sudden death.

The latter group has been the focus of major interest in recent years. Such arrhythmias are usually observed as a
complication of coronary artery disease and are responsible for about , deaths a year in North America. Autopsy
findings often show minimal lesions or chronic scars, which suggest that some of these deaths are entirely the result of
an arrhythmia and that the treatment of these severe ventricular arrhythmias should be one of the major objectives of
modern electrophysiology. This is especially true now that significant advances have been made in the following areas:

● The synthesis of new antiarrhythmic drugs
● The effectiveness of implantable defibrillators
● The benefit of catheter ablation techniques

This chapter on ventricular arrhythmias has been arbitrarily divided into two parts: the first deals with ventricular
extrasystoles and the second, with ventricular tachycardia and fibrillation. This is, of course, an artificial distinction and
the same pathological situations may be discussed according to whether they present clinically as a form of isolated
ventricular extrasystoles or ventricular tachycardia. This latter form is not necessarily a sign of disease’s progression, as
patients may show one or the other arrhythmia from the beginning.

It might be necessary to consider first the electrophysiological mechanisms of these arrhythmias. It should be
emphasized that there are probably significant differences between those observed in an electrophysiological bath with
microelectrodes in normal animal tissues placed in artificial electrophysiological conditions, and those which are the sub-
strate of human pathology. Although the relationship between these two approaches remains uncertain, both the cellular
electrophysiological and clinical aspects will be discussed.

.. Cellular Electrophysiological Mechanisms of Arrhythmias

The electrophysiological mechanisms of cardiac arrhythmias at cellular level can be divided into three main groups;
namely, increased automaticity, triggered activity, and reentry.

.. Increased automaticity

Increased automaticity corresponds with an increase in the normal phenomena of automaticity, and is the result of a slow
diastolic depolarization in phase  of the action potential []. The activation of the adjacent nonspecific myocardium is
the result of an electrotonic effect occurring when the resting potential of the automatic cells reaches its threshold. In
abnormal automaticity, the resting potential is less negative (−mV) than in normal His-Purkinje fibers (−mV).
In pathological conditions, every ventricular myocardial fiber [] may exhibit this abnormal rapid automaticity. At these
low potentials, which correspond to partial depolarization, the rapid sodium channel is inactivated.The ionic mechanism
on which this abnormal activity is most dependent may be influenced by a number of factors. In particular, myocardial
ischemia, which increases the extracellular potassium concentration,may lead to this type of abnormal automaticity when
a certain level of myocardial depolarization is reached.

In addition, the partial depolarization which inactivates the rapid sodium channel can cause a conduction defect
which suppresses the physiological inhibition of automatic activity by a more rapid rhythm arising from the sinus node.
This is the case in complete atrioventricular block [].
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.. Triggered activity

Triggered activity is the term used to describe a possible mechanism whereby, a cardiac arrhythmia does not occur
spontaneously in resting fibers, but arises only after electrical stimulation []. It is immediately apparent that this cel-
lular electrophysiological phenomenon, which is distinct from re-entry, may pose a diagnostic problem in clinical
electrophysiology where the same property of triggering and termination is considered to be a criterion of re-entry.

Two types of triggered activity have been described [, ] and have been restudied and developed in cellular
electrophysiology [, ]. One is the result of early after-depolarization occurring on the plateau phase of the action
potential, or in phase , corresponding to the T wave of the surface ECG [, ]. The other is owing to delayed after-
depolarization occurring at the end of phase  or the beginning of phase  of the action potential, corresponding to the
end of the T wave, or the remaining part of the diastolic period. The latter has been particularly well studied in atrial
tissues [].

Early after-depolarization has also been observed in myocardial ischemia as a result of hypoxia or increase in the
partial pressure of carbon dioxide. It is characterised by an abrupt “hump” in the action potential at the end of phase ,
which may trigger another action potential. This action potential therefore may occur at a low or at a high membrane
potential level although the initial potential of the first stimulated beat had a normal resting potential (− to −mV).
Early after-depolarization is, however, considered as being “triggered” because it is only observed if a stimulated potential
which initiates the sequence is present. This phenomenon is facilitated by slow pacing while fast pacing can abolish it.
After the triggered action potential at a low resting membrane potential, repetitive activity, known as oscillatory after-
depolarization becomes possible [].

Low level early after-depolarization occurs at low membrane potentials suggesting intervention of the calcium
window current underlie by L-type Ca+ channel, triggering slowly conducted action potential. High level early after-
depolarization occurring at high membrane potentials are triggered by an increase of the window sodium current often
giving rise to bursts of fast conducted re-excitations [, ]. Following the formation of thrombus in cardiac cavities or
coronaries, the serine protease thrombin is formed and can reach the myocardial tissue by the active process of extrava-
sation. It was recently shown that thrombin markedly increases the window sodium current, and thus may induce high
level EAD that underlies Torsades de pointes [].

Sodium channelmutations (EK and ΔKPQ) responsible for a familial form of long QT syndrome (LQTS-) result
in notable increase in window sodium current []. Activity arising from low level early after-depolarisations is generally
short-lived as the fibers return to a normal potential after a few oscillations.

Delayed after-depolarization is observed at the end of repolarization of the stimulated potentials in fibers placed under
special electrophysiological conditions in which the presence of steroid or glucoid cardiotonics seem to play an important
role (> Fig. .). The stimulated action potential is first followed by depolarization, but it then returns to an even more
negative value of resting potential than the basal resting membrane potential (hyperpolarization). This is followed by a
wave which comprises the delayed after-potential or several oscillatory potentials and which has a less-negative value
that may return to the value of the fiber’s resting potential if its amplitude is small. If the amplitude is large enough, the
peak of the wave created by the delayed after-depolarization will reach the threshold level and an action potential will be
initiated. Depending on local conditions, these potentials may fade away, after having initiated a new depolarization and
another delayed after-depolarizationwhich is unable to reach the threshold of depolarization. However, if the threshold of
depolarization is reached, a second action potential will be triggered and so on. Once triggered, this repetitive activity can
continue for a long period of time (several hours). A warming-up phenomenon is often observed with an acceleration
of the rate of depolarization. It is the activity related to this delayed after-depolarization which can cause diagnostic
difficulties with tachycardia resulting from re-entry.

There are differentmeans bywhich a delayed after-depolarizationmay reach threshold level. Itmay result from the rate
of stimulation; that is, if the first stimulus induces an after-depolarization which does not attain the threshold value, there
will be no propagation. However, the following stimulation, if sufficiently early in the cycle, will produce an increase
in the amplitude of its after-depolarization which may or may not reach the threshold value. The next stimulus will
again increase the amplitude of its after-depolarization, until eventually it reaches the threshold value, thereby gener-
ating a propagated action potential. That is to say that acceleration of the pacing rate will increase the amplitude of
the delayed after-depolarization and the number of the propagated triggered action potentials, and will decrease their
coupling interval: the faster the pacing rate, the faster the rate of the triggered rhythm.
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⊡ Figure .

Delayed after-depolarization occurring in sheep Purkinje fibers following hypokalemia (. μmol l−l) and the addition of

a toxic amount of ouabain. The first oscillation is subthreshold, the second one reaches threshold and is followed by the

beginning of triggered action potentials (Courtesy of Dr F. Fillette).

The same sequence of events may be observed after a premature stimulation during an artificially driven rhythm.
The amplitude of the delayed depolarization and its prematurity both increase when the stimulus is delivered earlier in
the cycle. This is a notable feature and will be referred to later in the discussion on the mechanism of arrhythmias in
clinical electrophysiology. It explains the warming-up phenomenon; its action potential gives rise to a new delayed after-
depolarization earlier in the cycle and of greater amplitude, which then plays the same role as an extrastimulus for the
following potential.

At the cellular level, delayed-after-depolarizations are favoured by high intracellular calcium load and are due to the
activation of calcium-dependent transient inward current (Iti). Various ionic conductances can underlie Iti [, ]. It
can be a calcium-activated nonselective cationic channel [], or calcium-dependent chloride current [] but in most
cases it is the Na-Ca exchanger when it removes calcium from the cytosol that generated Iti [, ].Themolecular nature
of Iti takes into account that both the occurrence and amplitude of delayed-after-depolarization increase in conditions
characterized by an enhanced intracellular calcium load such as rapid stimulation rate or beta-adrenergic stimulation.
In failing myocardium, the altered excitation-contraction coupling process results in an abnormal intracellular calcium
homeostasis that can favour delayed-after-depolarization [].

.. Re-entry

The third fundamental mechanism of arrhythmias is the re-entry phenomenon []. Well known in clinical studies of the
Wolff-Parkinson-White (WPW) syndrome, it has been extended to the field of ventricular tachycardia, as themyocardium
behaves in a similar way during programmed pacing [].There are three essential conditions for the initiation of re-entry,
as follows:

● The presence of two separate conduction pathways with different functional electrophysiological properties.
● Unidirectional block (usually induced by the preceding beat and located at the junction between healthy and

pathological myocardium).
● A conduction delay hindering the activation front from encountering excitable myocardium beyond the site of

the block.
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Reentry phenomena have different clinical expressions, depending on whether they have microreentry (between Purk-
inje fibers and healthy myocardium), or macroreentry circuits (involving the bundle branches in case of dilated
cardiomyopathy and/or a larger amount of myocardium) [–].

At that time, it was difficult to accept that conduction could be sufficiently delayed for the propagation time of the
activation front to exceed the duration of the refractory period of the tissues located distal to the block. This was because
calculations showed that it required delays about  times the normal value for this phenomenon to be possible []. In
fact, this was only demonstrated partially by the recording of delayed potentials occurring in the diastolic period ms
after the onset of QRS complexes in experimental acute ischemic tissue []. These delayed potentials were observed
in the animal and later in humans in diverse pathological conditions, and their behavior during premature stimulation
showed unusual phenomena commonly observed in the nodo-Hisian conduction system [, ].These time-dependent
properties support the explanation of the mechanism of ventricular tachycardia initiation; that is, the prematurity of the
extrastimulus increases the conduction time in abnormally slow conducting fibers, so allowing the most delayed poten-
tials to transmit the activation to adjacent myocardium in the same way that stimulation of fibers in a zone of markedly
delayed conduction enables reactivation of the adjacent myocardium [–]. Experimental studies have demonstrated
the phenomenon of reentry by mapping the first cycles of an ischemic ventricular tachycardia [, ].

These mechanisms are important in clinical arrhythmias because ventricular tachycardia can be initiated and termi-
nated by programmed pacing, or by bursts of rapid pacing. However, the demonstration of triggered activity unrelated
to reentry has raised the problem of distinguishing between these two mechanisms.

It has also been demonstrated that programmed pacing is able to initiate ventricular arrhythmias in only a small
number of cases in the acute phase of myocardial infarction, a situation in which it was thought that both increased
automaticity and reentry could play a role.

On the other hand, intraventricular reentry is probably the only operativemechanism in sustained chronic ventricular
tachycardia in the chronic phase aftermyocardial infarction. In clinical practice, the phenomena of extrasystoles, and even
ventricular tachycardia can be triggered by pacing methods in severe digitalis overdose. However, pacing methods are
often used to prevent bradycardias or atrioventricular blocks induced by digitalis [].

Finally, focal reexcitation phenomena may be observed when the repolarization of adjacent fibers is asynchronous, a
condition favored by beta-adrenergic stimulation or acute ischemia [].

A delayed activation of normal myocardium after pacing in a zone where late potentials were recorded was reported
in  by Fontaine et al []. This again reinforced the concept of reentrant phenomenon in heart muscle and definitely
excluded themechanism of triggered activity. In patients at the chronic phase ofmyocardial infarction, De Bakker demon-
strated the presence of a “zig-zag” slow conduction pattern, in which wave fronts could travel perpendicular to the fiber
direction ensheathed by collagenous septa [].

.. Criteria for Discriminating Between Cellular Electrophysiological and Clinical
Mechanisms of Tachycardia

Themain difficulty concerning the respective mechanisms of reentry and phenomena of triggered activity is the paucity
of discriminating methods which can be used both in cellular and clinical electrophysiology. It was noted above that the
induction and termination of tachycardia by programmed stimulation may be observed in both situations, but there is
one way of differentiating the two mechanisms. In tachycardias triggered by delayed after-depolarization, the coupling
interval of the first propagated potential decreases with increasing prematurity of the initiating extrasystole. Indeed, the
moment at which delayed after-depolarization reaches the threshold becomes more premature as the coupling interval of
the extrastimulus decreases. Conversely, in reentry, the coupling interval of the first propagated potential which initiates
the tachycardia increases as the prematurity of the extrastimulus increases.This is owing to the conduction-time increase
in the zone of delayed conduction.

Using these criteria, a retrospective study of  patients investigated in the authors’ clinical electrophysiological
laboratory in which tachycardia could be initiated and terminated by programmed pacing, showed that in  patients
tachycardia originated in the atrium, whilst in  patients the point of origin was ventricular. Seven patients with atrial
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tachycardia and only one with ventricular tachycardia had positive evidence in favor of a mechanism of triggered acti-
vation. In addition, in five of the patients with atrial tachycardia and in the patient with ventricular tachycardia, the
administration of intravenous verapamil terminated the tachycardia and prevented its reinitiation.

These results suggest that the role played by a triggered activity in the clinical situation is quite modest especially as
far as the ventricular arrhythmias are concerned [].

. Ventricular Extrasystoles

Ventricular extrasystoles (VES) result from premature depolarization of the myocardium distal to the atrioventricular
junction; that is, below the bifurcation of the His bundle. They may, therefore, arise from either of the two ventricles or
from the interventricular septum. Recently, triggers of VES and of ventricular fibrillation (VF) were found in various
locations within the Purkinje network in patients presenting with recurrent VF without underlying cardiac disease and
were successfully treated by radiofrequency catheter ablation [].

.. Clinical features

From the clinical standpoint it is useful to distinguish between asymptomatic VES detected during clinical examina-
tion and confirmed by ECG, and symptomatic VES which are not necessarily the most dangerous, but which can have
important effects on the quality of life.

Ventricular extrasystolesmay be totally asymptomatic, but often they cause symptoms such as palpitations, a sensation
of a missed beat, of cardiac arrest or of strong beats. Less commonly, when VES are frequent or in salvos, the patient may
experience dizziness, angina, hypotension and finally tachyarrhythmia cardiomyopathy.

It is important to inquire about the patient’s general health and lifestyle, in order to assess as accurately as possible
the functional disturbance and the frequency of symptoms, as well as to detect any predisposing factors such as exercise,
anxiety, stimulants (tobacco, alcohol, coffee, and so on), sleep disturbances, hypoxia, physical stress, drug administration,
and so forth.

On examination, VES cause an irregular heart beat and changes in the intensity of the heart sounds. A systolicmurmur
may be detected. Organic aortic systolic murmurs decrease in intensity during the extra systolic beat but are accentuated
during the following systole (contraction produced by the strong normal beat following the compensatory pause).

The hemodynamic effects of VES include the following []:

● Reduction in left ventricular systolic pressures (prematurity dependent)
● Increase in the length of diastole (postextrasystolic compensatory pause) resulting in an increase of stroke volume of

the following systole (> Fig. .)
● Abnormal valve motion (premature closure, mitral valve prolapse, decreased valve opening, and so on) clearly

demonstrated by echocardiography

... Relationship to the P wave

Diagnosis and study of VES depend on the analysis of the ECG. Ventricular extrasystoles are premature, wide QRS com-
plexes (usually > ms) followed by a T wave with an axis opposite to that of the QRS. Characteristically, VES are not
preceded by P waves. As the P wave is not easily detected in some leads, simultaneous multichannel recordings are useful
in distinguishing VES from atrial and junctional extrasystoles with aberrant conduction. As a rule, VES are completely
dissociated from the preceding atrial activity but they may be followed by a retrograde P wave (> Fig. .).

A bipolar sternal lead recording with the “right arm” electrode on the manubrium and “left arm” electrode on the
xiphoid process may help to show the P waves. Another more sensitive method of recording the atrial activity is to use
an esophageal or an endocardial lead (> Fig. .).
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⊡ Figure .

Left ventricular extrasystole recorded during an endocardial study: CS, coronary sinus showing the atrial and the ventricular

component of theECG; RV –, RV–,Quadripolar catheter positioned in the infundibular area; LV, left ventricle showing that

the activation commences first in this ventricle; RVa, apex of the right ventricle; AP, arterial pressure recorded on the radial

artery. The second arrow indicates the drop of end-diastolic blood pressure.

... Morphology

It is often difficult to distinguish VES from supraventricular or junctional extrasystoles with ventricular aberration
resulting from a decrease in conduction in the intraventricular conduction system. Conversely, VES arising just above the
division of the His bundle will give rise to narrow QRS complexes, suggesting supraventricular activity []. In addition,
an extrasystole occurring at the appropriate time may lead to a narrow QRS complex in the case of fusion with a normal
ventricular activation, but showing bundle branch block ipsilateral to the site of origin of the extrasystole.

The morphology of VESs may generally indicate their site of origin. Appearances of right bundle branch block are
observed in left ventricular extrasystoles. The arrhythmia arises within the right ventricle or septum when left bundle
branch block appearances are recorded, the site being apical when the QRS is negative in leads I, II and III, and basal
when positive in these leads []. Right-sided VES always give rise to appearances of left-sided delay whilst left-sided
VES (base of interventricular septum) could show appearances of right- or left-sided delay [].

The morphology of VES may be unchanged from one extrasystole to the next (> Fig. .), or they may vary
(> Fig. .), in an unpredictable manner (polymorphic extrasystoles). Polymorphism must be distinguished from possi-
ble fusion between very late VES and normal depolarization (QRS complex preceded by a normal P wave with shortened
PR interval and an intermediate QRS morphology).

... Chronology

Ventricular extrasystoles may be divided into two types according to their relationship to the preceding QRS complex;
namely, those with a short coupling interval occurring near to or on the peak of the T wave (R-on-T phenomenon) and
late VES with long coupling intervals (> Fig. .). These intervals may be fixed (varying less than ms) suggesting
parasystole (> Fig. .) [, ]; that is, the interectopic interval is approximately a multiple (>) of a fixed interval.

The following types of VES may be distinguished from the analysis of their relationship to the sinus beats.
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Bigeminy is visible at the beginning of the tracing. Tracing A represents the endocardial atrial electrogram. In this case, atrial

activity is not modified by the extrasystoles which are therefore followed by a full compensatory pause. On the right, there

is atrial pacing (St A) at a period longer than the coupling interval of extrasystoles, resulting in complete disappearance of

extrasystoles. A fusion beat F is observed at the beginning of atrial pacing.
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⊡ Figure .

Polymorphic ventricular extrasystoles recorded during open chest surgery. Note the existence ofmultiple fragmented poten-

tials on the epicardial leads E-E preceding runs of extrasystoles which end with highly fragmented complexes (stars). RV is

the potential recorded from the epicardium of the right ventricle. Note themajor asynchrony between the two ventricles. RA

is the atrial endocardial lead. Each atrial activity is preceded by the stimulation artifact.

● VESwith a compensatory pause (> Fig. .) is themost common type.The interval between the sinus beat preceding
the extrasystole, and the VES itself added to that following the VES, corresponds to two normal periods (retrograde
conduction to the atrium and normal anterograde depolarization are blocked).

● In VES with retrograde conduction which recycles the sinus node, the pause following the VES is equal to the normal
sinus period (> Fig. . (b)).

● Interpolated VES do not affect the normal period. These VES are not conducted to the atrium and the normal sinus
depolarization which follows is not blocked in refractory, junctional tissues (> Fig. . (a)).
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⊡ Figure .

The top panel illustrates an extrasystole with a relatively short coupling interval. The bottom panel shows an extrasystole

with a relatively long coupling interval initiating a run of sustained ventricular tachycardia.

⊡ Figure .

Parasystolic focus interfering with sinus rhythm. The interval measurements demonstrate that this focus is not completely

protected from the supraventricular beats. The strips are continuous running from top to bottom. The arrows indicate

fusion beats.

Other ECG appearances may also be observed []:

● The VES may be followed by AV junctional escape (> Fig. . (c)).
● TheVES may have a visible retrograde conduction. In this case, a P′ wave, usually negative in lead II, is situated in the

ST segment or T wave.
● TheVESmay have a ventricular echo. Here, the abnormal activation is conducted retrogradely to the atrium and then

returns to the ventricle without the intervention of sinus node activity. Ventricular extrasystoles are followed by either
a normal or widened (aberration) ventricular complex with a fixed coupling interval which may be preceded by a P′

wave and is often followed by a compensatory pause.
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⊡ Figure .

Part (a) illustrates an interpolated extrasystole; part (b) shows an extrasystole with an atrial retrograde conduction (arrow)

and part (c) shows an extrasystole folowed by a junctional escape.

Finally, when VES are repeated with a fixed coupling interval, it is possible to record the following:

● Ventricular bigeminy when one ventricular extrasystole follows each normal complex (> Fig. .).
● Ventricular trigeminy when one ventricular extrasystole occurs following every two normal beats (in fact, trigeminy

literally corresponds to one normal complex following every two VES).
● A salvo defined as three or more successive VES (> Fig. .).
● Whenmore than three successive VES are recorded, it is sometimes called ventricular tachycardia (VT), or a burst of

VT (> Fig. .).

.. Endocavitary studies

Electrophysiological investigations (> Chap. ) are rarely indicated for the study of VES in themselves, but the latter
could be undertaken during electrophysiological studies indicated for other reasons. Ventricular extrasystoles always
precede theHpotential onHis-bundle recordings. In case of ventriculoatrial conduction, they are followed by a retrograde
atrial electrogram.

However, it could be important to study the behavior of VES during atrial pacing. In some, cases, the VES are sup-
pressed beyond a critical pacing rate. This rate is not stable with time, but an appropriate level could be found in certain
patients and this could be used to prevent VES in the long-term, using an atrial pacemaker system (> Fig. .).

Pace mapping [] is a technique of endocavitary pacing, which may be carried out in sinus rhythm (and some-
times during tachycardia). Its object is to duplicate the configuration of VT and so define its site of origin. However, this
technique also has its limitations [].

.. Management

Management is the major problem of VES. The prognosis is closely related to the presence of underlying cardiac disease,
especially ischemic cardiomyopathy. Although the vast majority of VES are benign, even in cases with underlying cardiac
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⊡ Figure .

Difficulties in the definition of ventricular tachycardia are exemplified in these ECGs. There are salvos of three (a) or four (b)

ectopic ventricular beats; a burst of extrasystoles, alternatively regarded as a short run of ventricular tachycardia is seen in (c)

and the beginning of a sustained episode of ventricular tachycardia in (d).

disease, others are markers of potentially dangerous arrhythmias and indicate a high risk of sudden death. Investigation
and treatment must take these two facts into consideration.

Some investigations provide information about the arrhythmia itself, whilst other, mainly noninvasive, techniques
(echocardiography, angiography, exercise-stress testing, Holter monitoring and scintigraphy) may provide clues to the
underlying cause of the arrhythmia. As a general rule, only cases of potentially lethal arrhythmias, or patients with his-
tory of cardiac arrest or “resuscitated sudden deaths” are referred for electrophysiological investigation and coronary
angiography for evaluation of the risks of ventricular tachycardia or ventricular fibrillation (VF).

.. VES in normal subjects with apparently healthy hearts

Ventricular extrasystoles in “normal” persons are often called “idiopathic.” The widespread use of Holter monitoring
(> Chap. ) has shown that this arrhythmia is very common andmay be observed in nearly all cases when the period of
observation is long enough (% in  h monitoring) [–].The frequency of VES increases with age and other factors
which must be considered when assessing the prognosis.

A number ofworkers, including Rosenbaum [] have described the following characteristic features of “benign”VES:
vertical axis, left bundle branch block pattern, large R waves in leads II and III, fixed, long coupling intervals, secondary
ST-T wave changes (sloping ST depression and T wave of opposite polarity to the QRS), isolated and infrequent VES.

Electrophysiological studies and epicardial mapping have shown that these VES arise in the upper part of the right
side of the interventricular septum (> Fig. .), also called right ventricular outflow tract VES. They usually disappear
on exercise and are only recorded on Holter monitoring when the spontaneous rhythm slows [, ].
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⊡ Figure .

Spread of activation is shown on epicardial maps during normal sinus rhythm on the right, and on the left during an extrasys-

tole arising from the upper part of the septum. The latter could lead to paroxysmal episodes of extrasystoles or runs of

ventricular tachycardia, which could in some very rare cases be treated by a surgical approach if antiarrhythmic therapy had

failed. In sinus rhythm, epicardial activation is first seen in the free wall of the right ventricle in the anteroparaseptal area.

On the left, the earliest epicardial activation is noted at the origin of the left anterior descending (LAD) coronary artery. In all

maps, the time interval between isochrones is ms.
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This concept of “benign” VES must be interpreted with caution but it remains useful when the arrhythmia is totally
asymptomatic in patients without apparent cardiac disease. Treatment is unnecessary [] in most cases but therapy may
be required for psychological reasons in some patients.These VES are particularly common in women andmay be poorly
tolerated. To complicate matters, most classic antiarrhythmic drugs are ineffective. This explains the use of drugs aimed
more at relieving symptoms than at treating the arrhythmia; formerly, patients were prescribed sedatives, or usually,
as second-line therapy, relatively weak antiarrhythmic agents such as beta blockers or verapamil. Nowadays, the use of
radiofrequency ablation [] or powerful antiarrhythmic drugs (class I, like flecainide) which are easy to use in healthy
hearts, has completely transformed the lives of these patients.

Identical VES have been reported to come more rarely from the left ventricular outflow tract, the aortic sinus of
Valsalva or the trunk of the pulmonary artery [].The VES morphology in precordial leads, especially the presence of a
transition complex, is a good first approximation regarding the location of the successful ablation site [].

Ventricular extrasystoles observed during the period of awakening, or during or immediately after exercise in appar-
ently normal patients, are also very common. The autonomic nervous system is thought to play a major role in their
initiation [–]. The frequency of this type of VES varies with age []. They are observed on Holter recording when
the patient awakes, and tend to become more frequent on exercise but disappear during sleep. This arrhythmia does not
seem to be a marker for a latent coronary artery disease and is not associated with an increased risk of sudden death [,
, , ].

Treatment is based on the underlying physiopathogenic mechanism of the arrhythmia and so beta blockers are con-
sidered appropriate first-line drugs. As most patients require long-term therapy, beta blocker with a  h duration of
action, some of which also have weak class I antiarrhythmic effects, are to be preferred.

Even in patients with “normal” hearts, short coupling intervals [], changing morphologies, complex interaction
(bigeminy, ventricular tachycardia) and predisposing factors (sleep, exercise, postexercise) may be observed without
higher risk of potentially lethal arrhythmia or sudden death [], especially when the VES are infrequent and the patients
are young [–, , ].

Nevertheless, frequent (over /h or / sinus beats) and/or polymorphic VES, aggravated by exercise in patients
over  years old are suggestive of coronary artery disease, even in the absence of cardiovascular risk factors.They appear
to be associated with a higher risk of sudden death and coronary events [, , , –] although this premise is not
universally accepted [, ].

The presence of cardiovascular risk factors increases the predictive value of these VES especially that of complex VES
[–, –].

.. VES and coronary artery disease

It is useful to distinguishVES occurring in the acute phase of myocardial infarction (the first  days) from those observed
in chronic coronary insufficiency (with or without previous infarction).

... Acute phase of myocardial infarction (Lown’s classification)

Electrocardiogram monitoring in the coronary care unit has shown that VES are very common and are nearly always
present [–]. Different classifications have been proposed for assessing the prognosis but the best known is that of
Lown [, ], as shown in > Table ..

This classification distinguishes dangerous arrhythmias (grade  and over) from apparently benign arrhythmias.
Although some points are debatable, especially the significance of grade , this classification is still used [, , ].

High-grade VES (that is, frequent and repetitive VES) do not seem to be related to the site of infarction but are related
to its size [, ]. These VES (especially grade ) seem to increase the risk of VT [], but effective treatment of them
has not been shown to prevent VT or VF as these particular arrhythmias seem to have different triggering factors.

No significant correlation has been found between ventricular arrhythmias (VES, VT and VF) observed in the acute
phase and those observed after hospital discharge (after  weeks) [], probably because they have different mechanisms;
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⊡ Table .

Lown’s classification of ventricular extra-systoles (VES) [, ]

Grade Type of VES

 no VES

a isolated, rare VES

(>mn- or > h)
b infrequent VES

(>mn- but <h)
 frequent monomorphic VES

(>h)
 frequent polymorphic VES

a Couplets

b triplets or salvos > 
 R-on-T phenomenon

namely, reentry in the chronic phase and increased automaticity in the acute phase []. However, the more serious
repetitive VES observed in the acute phase are also probably as a result of reentry [].

The treatment in the acute phase is now well established.When the arrhythmia exceeds grade  (l b for some authors)
treatmentwith intravenous (IV) lidocaine is recommended [, ].This drug is effective and has only a slightly depressive
effect on contractility and conduction. In addition, its time of action is short. Therefore, this drug is easier to handle in
the case of negative inotropic effects. On the other hand, IV administration with an electric pump is mandatory in order
to have a constant infusion rate.

In the rare cases of complete or relative inefficacy or major side effects (usually owing to overdosage), drugs with the
least-negative inotropic effects are to be preferred. In the authors’ experience IV amiodarone is very useful as it has both an
antianginal and powerful antiarrhythmic action without depression of the activation process or myocardial contractility.
It may be administered intravenously by continuous infusion ( g in  h). Bolus injection is dangerous because of the
hypotensive effect of the excipient. Oral administration with high loading doses (. g per day for the first  days) is also
well tolerated and reduces the delay of onset of action [].

Other antiarrhythmic agents, especially the class I drugs were used in the s but their negative inotropic effects must
not be overlooked. They are best administered by slow IV infusion, preferably with an electric syringe, again to ensure a
constant infusion rate.

... The chronic phase

The problem of management of VES is more difficult at the chronic phase of myocardial infarction.
There is a need to determine the following:

● The best means of detecting the VES and assessing their severity;
● Themost appropriate moment after infarction at which to perform the study;
● The prognosis of the arrhythmia detected and the risks of sudden death or progression of the coronary artery disease;
● The best treatment and effective prophylaxis against more serious arrhythmias.

Some of these questions have now been answered. Most workers agree that all patients at risk should undergo at least
one  h Holter ECG before hospital discharge, sometimes associatedwith an exercise test. If repeated or performed after
the third week postinfarction, the test does not seem to provide any additional information [] despite the fact that the
frequency and complexity of VES may increase up to the sixth month [].
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It is more difficult to assess the severity and prognosis. Lown’s classification remains useful: grade  or more complex
arrhythmias must be carefully managedwhile complex VES are associatedwith a higher risk of suddendeath [] [–]
or cardiac death [, , ].

Holter monitoring seems to be more useful than exercise-stress testing in the evaluation of these arrhythmias but the
twomethods are complementary [, ]. Exercise testing may show an increase in the number of VES as well as changes
in the ST segment.

In order to assess the prognosis, the arrhythmias must be interpreted in a wider context, taking into account a number
of other factors. First, factors related to the cardiac rhythm must be considered. These are as follows.

● Low ejection fraction and raised left ventricular end diastolic pressure [, –];
● The frequency of VES appears to be proportional to the mean sinus rate [, ];
● Aggravation during exercise has been known to be a poor prognostic factor for a long time [] but is not a constant

finding in uncomplicated myocardial infarction without global left ventricular dysfunction [];
● Second, cardiac factors should be considered: the severity of coronary artery disease is difficult to dissociate from

ventricular arrhythmias. The following factors play a role;
● Previous myocardial infarction;
● ST changes on exercise-stress testing have been shown to be more sensitive than Holter monitoring [, , ];
● Segmental abnormalities of wall motion [, , , ];
● The number of diseased vessels [], although this factor is not universally accepted [, ].

On the other hand, the site of infarction does not seem to be important [] although some workers do not agree [].
Finally, the clinical context and the patient’s mental condition have to be taken into consideration. The roles of the auto-
nomic nervous system and of certain hormonal and humoral factors, though not fully understood, are certainly not
completely divorced from the mechanism of some arrhythmias [].

The presence of complex and frequent VES after myocardial infarction seems to be associated with higher mortality,
especially as a result of sudden arrhythmic death, and also appears to be independent of other factors [, , , , ,
, ]. The risk is maximal during the first six months and then gradually decreases [, ].

A cooperative study on a group of  cases [] studied by Holter monitoring was able to indicate, after univariate
analysis, that it was possible to classify these patients into three groups at risk of sudden death over a two-year period.
Two electrocardiographic markers are considered: number of VES per hour and the presence or absence of runs (i.e.,
three or more VES in a row). In the first grade, defined as patients having less than three VES per hour and no runs, the
two-year mortality rate is %; in the second, which consisted of patients havingmore than three VES per hour, or having
runs, the mortality rate increases to %; in the third group, composed of patients having more than three VES per hour
and runs, the mortality rate increases to %.

Other investigators have proposed electrophysiological studies shortly after the acute phase of myocardial infarction
for these high-risk patients. The recording of repetitive ventricular responses to a single extrastimulus may help identify
the subgroup with a high risk of sudden arrhythmic death [].

About % of complex VES can now be effectively controlled by antiarrhythmic drugs, the number of which is con-
tinually increasing []. However, the role of VES in the induction of more severe arrhythmias is still not clear, and the
suppression of VES has not been shown to protect patients from sudden death [, , , ]. Some drugs suppress VES
without reducing the risk of sudden arrhythmic death. Other drugs seem to reduce the risk with only a partial but perhaps
adequate, effect on the VES [, , , ]. Beta blockers belong to this latter group.

It is, nevertheless, rational to treat patients with complex, frequent, repetitive VES at rest or at exercise, irrespective of
whether they are associated with other bad prognostic factors such as previous infarction and poor ventricular function
[, , , ].The benefits of treatment are less obvious in patients who have suffered small, uncomplicated infarcts and
who have rare, monomorphic VES [, , ].

Patients in whom an effective antiarrhythmic treatment is most useful are included in the subgroup with salvos or
short coupled VES []. In a study of  patients including two thirds with coronary artery disease, the suppression of
salvos andmost of the isolated extrasystoles led to a marked decrease in the annual rate of sudden arrhythmic death from
 to .%. This result was even more impressive in the subgroup of patients with a reduced ejection fraction in which
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Computerized bedside monitoring report showing premature ventricular contraction (VES min−), in a patient with ventric-

ular extrasystoles after myocardial infarction. The vertical arrows indicate that during the awakening period (. a.m.), the

basic cardiac rate (lower curve) increases, to be followed by a concomitant increase in the frequency of premature ventricular

contractions. (V.Fib, ventricular fibrillation.)

the control of ventricular arrhythmias led to a decrease in the annual risk of sudden arrhythmic death from  to less
than %.

Several methods of evaluating the efficacy of treatment have been proposed, all based to a certain degree on repeated
bedside or Holter monitoring and/or exercise-stress testing (> Fig. .).These investigations are used to determine the
most effective drugwith least side effects. Beta blockers in combinationwith amiodarone have the advantage of associating
an antianginal and an antiarrhythmic effect (> Fig. .) [].

.. Chronic coronary insufficiency without infarction

Spontaneous or exercise-induced VES are generally recognized as having an important predictive value in patients with
coronary artery disease. VES induced or aggravated by exercise are usually associated with more severe, multivessel dis-
ease [, , ] often associatedwith abnormalities of regional-wall function [].The risk of sudden death or of further
ischemic events is higher. A reduction in the frequency of VES on exercise also seems to have the same significance [].
It is, therefore, logical to treat these arrhythmias especially when they are complex and associated with ST changes on
exercise-stress testing. Infrequent monomorphic VES, on the other hand, require only regular follow-up.

.. Other cardiac diseases

Most cardiac diseases are associated with a higher risk of ventricular arrhythmias and sudden death. The relationship
between these two factors has often been studied and the efficacy of antiarrhythmic therapy evaluated.Three main types
of cardiac disease may be distinguished: cardiomyopathies, mitral valve prolapse, and aortic valve disease.
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⊡ Figure .

A study of the effect of two opposite antiarrhythmic methods in the treatment of premature ventricular contraction (VES

min−) in twopatients in the chronic phase ofmyocardial infarction. In (a), ventricular extrasystoles are suppressed by increas-

ing the patients cardiac rate from  to min− by a temporary pacemaker. In (b), sinus tachycardia related extrasystoles (on

the left) are suppressed after administration of acebutolol which produces a decrease in the cardiac rate from  to min−,

with complete disappearance of the premature ventricular contractions.

... VES and cardiomyopathies

The study of ventricular arrhythmias in cardiomyopathy is difficult because of the poor definition of the frontiers of
this condition. Cardiomyopathy may, however, be broadly divided into three subgroups: hypertrophic cardiomyopathy
(HCM), dilated cardiomyopathy (DCM), and restrictive cardiomyopathy (RCM).

Hypertrophic cardiomyopathy has been studied in more depth than the other forms. The incidence and prognosis of
arrhythmias seem to be the same, whether the hypertrophy is diffuse or localized to the interventricular septum (asym-
metric septal hypertrophy), with or without obstruction (HOCM). Ventricular extrasystoles are common, especially on
Holter monitoring, and the incidence varies from  to % [–]. The arrhythmia is severe (frequent and/or poly-
morphic, grade  or more in Lown’s classification) in about half the patients [–].There is little correlation between
symptoms and the severity of the arrhythmia. Ventricular arrhythmias are commonly asymptomatic and often occur at
night [–]. Holter monitoring is the investigation of choice for detecting these arrhythmias, the presence of which,
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in the experience of most workers increases the risk of sudden death [, , , ]. A family history of sudden death,
especially in young patients, and asymptomatic VT on Holter monitoring are two factors which help identify a subgroup
of patients at high risk [, , ] requiring antiarrhythmic therapy or a prophylactic implantation of an ICD [].
The classical treatment of HCM is beta-blocker therapy but it is not % effective in preventing sudden death [, ].
Of note, verapamil is the gold standard treatment of atrial fibrillation in hypertrophic cardiomyopathy [].

Ventricular extrasystoles are also more frequent and complex in DCM and RCM than in so-called “normal” hearts.
They become more severe as the disease progresses in association with the increased risk of sudden death. However,
the presence of ventricular arrhythmias does not appear to be an independent prognostic criterion [–], and its
treatment remains subject to caution. Numerous mutations have been reported, encoding for sarcomeric protein genes,
some conveying either favorable or adverse prognosis [].

... Mitral valve prolapse

Mitral valve prolapse is the most common form of valvular disease ( to % of the general population) and is easily
diagnosed by echocardiography. Ventricular arrhythmias are commonly observed in association ( to % of cases)
and they may be complex. In the majority of subjects this is an obviously benign condition, but a small number are at
high risk from of severe arrhythmias. Holter monitoring is a more sensitive means of identifying these patients than the
standard ECG [, ]. There is no correlation between the severity of the arrhythmia and the clinical symptoms or the
valvular lesions [–]. High-risk patients may show ST-T wave changes in the posterior and/or lateral leads [, ]
and frequent VES (over  per  h) [].The clinical context seems to play an important role.

The arrhythmias often seem to be influenced by the sympathetic nervous system, with a reduction of the number
of VES during the night and an increase on exercise []. Considering the high incidence of mitral valve prolapse, it is
probable that a number of cases of sudden death in young asymptomatic patients are the result of high-grade ventricular
arrhythmias, especiallyVF [], but this hypothesis has never been clearly demonstrated [] andno consistent predictor
of sudden cardiac death (SCD) has been found. However, the presence of a myocardial dysfunction or a severe mitral
regurgitation is correlated with a poor outcome.

Antiarrhythmic treatment is logical in high-risk patients. Beta-blockers are indicated in obvious adrenergic-induced
arrhythmias.

... Aortic valve disease

The frequency and complexity of VES in aortic stenosis or regurgitation without associated coronary artery disease are
comparablewith those inHCM.Ventricular extrasystoles are usually asymptomatic [], and unrelated to the transvalvu-
lar pressure gradient in aortic stenosis, or to the severity of the leak in aortic regurgitation []. Arrhythmias seem to be
more common in dilated ventricles [] when the ejection fraction is low and the peak systolic stress increases [, ].
The frequency of these VES seems to paradoxically increase after valve replacement. This behavior is not related to any
preoperative feature of the disease.

Myocardial dysfunction is thought to be an important causal factor [], but the treatment of these arrhythmias
remains controversial. Some authors believe antiarrhythmic therapy to be mandatory [] while others question its
efficacy in this type of pathology [].

In conclusion, themanagementof VES is clearly dependent on the type and severity of the underlying cardiac disease.
An accurate assessment of the risk of “degeneration” of the arrhythmia is essential in each condition and each patient.
This remains difficult and further study of the mechanisms involved in the initiation of life-threatening arrhythmias, the
cause of most sudden deaths, is required.
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. Ventricular Tachycardias

Ventricular tachycardia is defined as a tachycardia originating below the bifurcation of the His bundle and consist-
ing of at least three successive complexes, occurring with a frequency between  and  per minute (> Fig. .)
[, ].

.. Diagnosis

The diagnosis of ventricular tachycardia is generally established by study of the ECG recording. In most cases, this
diagnosis is relatively simple. However, at times, it can be extremely difficult or misleading even for experts. The most
common problem is distinguishing ventricular tachycardia from supraventricular tachycardia with aberration or more
complex situations like the involvement of an accessory pathway. As the consequences of these alternative diagnoses
may be very different from a therapeutic point of view, it may sometimes be necessary to confirm the diagnosis by
esophageal recordings, or by endocavitary investigation [–] without delaying the DC shock in case of poorly
tolerated arrhythmia.

... Electrocardiographic features

The characteristic features of VT are the following:

● Regular tachycardia with a rate usually between  and  beats/min,
● Wide deformed monomorphic ventricular complexes (QRS > . s), and
● Anterograde atrioventricular dissociation.

Atrial activity

The atrial rhythm depends on the sinus node and is usually slower than rapid rhythm of the VT (> Fig. .). However,
retrograde ventriculoatrial conduction is often observed with the ventricular activation conducted : to the atrium, or
with retrograde block of different degrees.

In order to confirmVT, the Pwaves capable of capture or fusionmust be carefully identified.Thismaybe difficult using
classical surface recordings and a bisternal lead or an esophageal recording may help in the diagnosis.This occurrence of
fusion indicates that a ventricular focus has been modified by an external influence, usually supraventricular, but which
may also be of ventricular origin. Capture of the ventricle by the supraventricular rhythm with a normal QRS complex
implies an atrial origin of the activation. However, extrasystoles arising from the contralateral site of origin of the VT can
also normalize the QRS width.

There are exceptions to the above. Atrial rhythm is not always slower and dissociated from the ventricular rhythm.
This may be the case in two situations:

● There may be retrograde conduction. Therefore, ventricular tachycardia should be differentiated from atrial or
junctional tachycardia with : conduction with either functional bundle branch block or preexcitation.

● The atrial activity may be atrial fibrillation or an isorhythmic atrial tachycardia.

Conversely atrial activation at a slower rate dissociated during tachycardia with wide QRS complexes, is not always a
ventricular tachycardia. A tachycardia originating in the His bundle associated with bundle branch block and retrograde
block may also give the same appearances.
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An episode of sustained ventricular tachycardia recorded during epicardial mapping. El, E, E are the epicardial leads. The

atrial rhythm (A) is completely dissociated from the ventricular rhythm (V) recorded on the anterior aspect of the right ven-

tricle. In this patient with arrhythmogenic right ventricular dysplasia, themoving epicardial probe (E) records a phenomenon

of :  Mobitz II block in the ventricle. The delayed potential stressed by the upward directed arrows appears on one of the

other beats, and follows a normal synchronous beat indicated by the downward oriented arrow. U is the unipolar recording

from the bipolar roving probe.

V1

⊡ Figure .

Accelerated idioventricular rhythmwith a fusionbeat owing to simultaneous activationbetween the supraventricular activity

and the ventricular rhythm. The strips are recorded continuously, beginning with the top panel.
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Ventricular activity

The ventricular rhythm may be as follows:

● Irregular (ventricular tachyarrhythmia), posing the difficult differential diagnosis of a Kent bundle with a short
refractory period in atrial fibrillation (pseudoventricular tachycardia);

● Slower (<  beats/min), in cases of accelerated idioventricular rhythm (> Fig. .) or on account of treatment; or
● Faster (>  beats/min), with a regular large-amplitude sinusoidal wave called “ventricular flutter.”

... Electrocardiographic discrimination between VT and SVT

In the case of a wide complex tachycardia (WCT), a SVT may simulate a VT because of:

● A rate dependent bundle branch block aberration
● An accessory pathway with fast atrioventricular conduction
● Some electrolyte disorders (i.e. hyperkalemia) or antiarrhythmic drugs widening the QRS complex (especially class I).

Many algorithms based on ECG features have been published in the last two decades [, ] to improve the differential
diagnosis between SVT andVTwhenmajor criteria like capture and fusion phenomenon or atrioventricular dissociation
are missing or dubious. Before using these complex algorithms, the first step of clinical evaluation is to look for the
presence of the following abnormalities on previously recorded ECGs (in sinus rhythm) if available:

– LBBB or RBBB
– Ventricular preexcitation
– VES with the same morphology as the WCT.

Other criteria like QRS axis and QRS duration generally provide a small contribution to the diagnosis. However, a QRS
axis rotation between−○ and−○ is considered as very specific of a ventricular origin, whereas other deviations can be
achieved by both VT and SVT. Concerning QRS duration, a value above ms was found to have a very high specificity
for VT, even if antiarrhythmic drug administration (class Ia and Ic especially) during SVT or conduction through an
accessory pathway may widen the ventricular complex up to –ms. Conversely, VT arising from the ventricular
septum or from the His-Purkinje system in patients without structural heart disease is known to give relatively “narrow”
WCT. These data suggest that there is no reliable measure able to discriminate SVT from VT, even if a QRS duration of
more than ms has a high specificity in the absence of antiarrhythmic drugs or Wolff-Parkinson-White syndrome.

Themain step in the differential diagnosis is ultimately based on the analysis of QRSmorphology duringWCT, which
can be divided into LBBB or RBBB pattern according to the polarity of QRS in lead V:

● When V has a RBBB morphology, monophasic R wave or biphasic qR and Rs patterns are very suggestive of VT
whereas a triphasic ventricular complex like rSr’, rsr’, rSR’ or rsR’ is more consistent with an aberration in conduction.
At the same time, an R/S ratio <  in V is expected during a WCT related to SVT. Classical patterns for VT in V are
rS, QS or an R exclusive wave (> Fig. .).

● WhenV has an LBBBmorphology, the discrimination criteria aremainly based on the beginning of theQRS complex.
When the depolarization is transmitted from the atrium to the ventricle through the His-Purkinje network, the QRS
complex keeps a sharp onset even in the presence of aberrant conduction. Conversely, the ventricular depolarization
of a VT through undifferentiated or scar tissue is supposed to give a slow rising or descending wave at the onset of
the QRS complex. Criteria like R wave duration longer than ms or an interval between the onset of the QRS to
the S wave nadir of at least ms in V, are highly correlated with a ventricular origin []. In V, the common
pattern encountered during SVT is R exclusive or RR’, with the lack of an initial q wave. In the case of VT, the usual
morphologies are QR or QS (> Fig. .).



Ventricular Tachycardia  

V1 V1

V6 V6

⊡ Figure .

Classical morphologies of QRS in V and V encountered in case of SVT (left patterns) and VT (right patterns) with a RBBB

pattern.
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Classical morphologies of QRS in V and V encountered in case of SVT (left patterns) and VT (right patterns) with a LBBB

pattern. R duration above ms and interval between the onset of the QRS to the S wave nadir of at least ms in V

suggest VT.

This analysis of QRS morphology during WCT may seem so difficult to carry out that some authors have suggested to
look for more simple features like:

● lack of RS complex in precordial leads, highly suggestive of a VT according to Brugada [], especially in the presence
of a long interval between the onset of the QRS to the S wave nadir of at least ms in V (specificity = %);

● negative or positive concordance from V to V (all precordial leads predominantly positive or negative) is very
uncommon in SVT except in the presence of an accessory pathway.

In case of an uncertain diagnosis, especially during administration of antiarrhythmic drugs (given the risk of false positive
criteria for VT), the ultimate step forWCTdiscrimination is the use of vagalmaneuvers (carotid sinusmassage or valsalva
maneuver for instance) of parasympathomimetic drugs.
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... Results of endocavitary investigations during VT

Endocavitary electrophysiological investigations can be of diagnostic and therapeutic value when the VT is well tolerated
and does not require immediate cardioversion. Electrophysiological studies usually confirm the diagnosis of VT, and in
addition define the atrial rhythm (sinus, retrograde, ectopic).

In the His-bundle recording in VT, the His potential H’ is dissociated from P waves and related to the QRS complex.
The timing of H’ with respect to the QRS is variable, but it is usually situated within or just after the QRS complex.
This is an argument in favor of VT. However, a WPW syndrome with reciprocating tachycardia involving Mahaim fibers
in the retrograde direction may pose a difficult differential diagnosis with VT.

A programmable stimulator is used to deliver ms pulse duration stimuli at twice the diastolic threshold (around
mA), this amplitude being sometimes increased up to five times the threshold value. The stimuli can be directed to
any of the three catheters through a remote-controlled switch box. Two stimulators should be available, one preset for
tachycardia interruption and the other for programmed pacing during the investigation.

Ventricular tachycardia may be initiated by either atrial or ventricular pacing. In the former, the maneuvers involve
introducing two or three atrial extrastimuli with increasing prematurity into a basal sinus cycle. When this is ineffective,
coupled extrastimuli at increasing prematurity are introduced on a fixed atrial paced rhythm. Finally, overdrive pacing
up to the Wenckebach point can be used. Ventricular pacing, includes the following:

● Asynchronous ventricular pacing at an increasing rate, from  to  beats/min;
● Coupled ventricular stimulation, then paired ventricular extrastimuli during sinus rhythm at increasing prematurity

until the effective refractory period (erp) is reached and eventually three to five premature stimulations up to the erps
(> Fig. .);

● Paired ventricular stimulation which is repeated at fixed basic ventricular rate at ,  and  beats/min;
● Bursts of rapid ventricular pacing with each stimulus eliciting a ventricular response for a period of – s;
● Pharmacological injection of isoproterenol [].

In fact, protocols and definitions of VT vary from group to group. Selected protocols have been summarized in
> Table .. Some groups use different intensities of stimulation or different sites of stimulation [, ]. However,
these protocols are very controversial [, ] especially as some groups use them to test the effectiveness of treatment.

Different sorts of response may be elicited by the above pacing maneuvers.These include the following:

● Simple repetitive ventricular responses with an identical configuration to the paced beat. This type of response is
physiological and corresponds to re-entry from branch to branch and has no pathological significance [].

● Initiation of sustained (≥  s) or nonsustained (<  s) VT that comprises at least three successive complexes. The
frequency, configuration and electrical axis enable VT to be classified as “clinical” when identical to the spontaneous
recordedVT, or “nonclinical” whenotherwise. However, nonclinical VTmay in fact correspond to a clinical VTwhich
has not been recorded.

● Rapid and poorly toleratedVT or ventricular fibrillation must be defibrillatedwhen the patient has lost consciousness.

.. Etiologies

The cause of VT may be deduced from clinical examination of the patient and from the results of different comple-
mentary investigations. In patients without clinically obvious cardiac disease, investigations may be limited to standard
electrocardiography, stress testing, echocardiography, and eventually myocardial scintigraphy. In patients with obvi-
ous underlying cardiac disease, it may be necessary to perform right and left ventriculography, as well as coronary
arteriography. The most common pathologies are outlined in the following subsections.



Ventricular Tachycardia  

I

aVF

V1

V6

RV1 St

RV2

RV3

LV

S1 S2 S3

280 ms

425 ms 280 ms

⊡ Figure .

Induction of sustained ventricular tachycardia by three premature stimuli S, S, S during sinus rhythm, in a patient in the

chronic phase ofmyocardial infarction. RV, RV, RV are recorded from the right ventricle. LV indicates the endocardial bipo-

lar lead in an abnormal zone of the left ventricle showing fragmentation, both during sinus rhythm and during programmed

pacing. When ventricular tachycardia is elicited, note the fragmentation of delayed potential bridging diastole (stars).

... Coronary artery disease

Coronary artery disease occurs in about % of cases. Acute myocardial infarction is often complicated by polymorphic
ventricular arrhythmias which explained the highmortality previously associatedwith acutemyocardial infarction [].
Ventricular arrhythmias may also be observed after a delay of  to  years following the initial infarct and may be the
only clinical sign of a ventricular aneurysm [, ]. In this group of patients, the association with cardiac failure is a
poor prognostic factor.

During the last decade, several major studies have clearly demonstrated the benefit of the ICD in the secondary
[–] and primary prevention [–] of sudden cardiac death compared with an optimal treatment including
ACE and beta-blockers, sometimes completed with an antiarrhythmic drug strategy guided by an electrophysiologic
testing. A major challenge in the management of patients with CAD remains the definition of subgroups at high risk of
SCD. Major criteria in this risk stratification strategy are, a previous history of SCD or spontaneous sustained VT, and
left ventricular ejection fraction of % or less one month after an acute coronary syndrome. Conversely, prevention of
ventricular arrhythmias by ICD or drugs in patients with preserved systolic function still remains unclear.

During the early phase after myocardial infarction ( days), ICD shows no benefit in terms of survival among high
risk patients with reduced left ventricular ejection fraction of % or less and depressed heart-rate variability.

According to these trials, indications for ICD implantation [] in patients with a coronary heart disease are:

● Spontaneous sustained VT with impaired left ventricular ejection fraction,
● Syncope of undetermined origin with clinically relevant, hemodynamically significant sustained VT or VF induced

at electrophysiological study when drug therapy is ineffective, not tolerated, or not preferred (bad compliance on
long term),

● Coronary disease, prior myocardial infarction, left ventricular dysfunction, and inducible VF or sustained VT at
electrophysiological study that is not controlled by a Class I antiarrhythmic drug,

● Spontaneous sustained VT that is not amenable to other treatments,
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⊡ Table .

Protocols of programmed pacing and definition of ventricular tachycardia (VT)

Study Programmed pacing Definition of VT

Mason and Winkle [] A atrial stimulation V ventricular
stimulation extrastimulus V, V-V,
V-V-V, V-V-V-V V,V,V stimulation
burst of VT RV + LV isoproterenol

Sustained for >  s Nonsustained: –
complexes.

Mann et al [] ventricular stimulation (apex + septum)
extrastimulus V, V-V, V-V-V,
V-V-V-V stimulation (ms) +
extrastimulus burst of VT.

sustained for > min or necessitating
intervention for termination (poor
hemodynamic tolerance) nonsustained > 
beats, spontaneous termination within one
minute.

Doherty and Josephson [ ] atrial A, A-A, A-A-A, stimulation
extrastimulus V, V-V, V-V-V
ventricular pacing V, V-V other site
isoproterenol

Ruskin et al [] atrial A, A-A, stimulation V ventricular
stimulation extrastimulus V, V-V burst
(RV) of VT

sustained VT:  narrow nonspontaneous
complexes nonsustained VT >  complexes
and <  complexes repetitive ventricular
response,  or  extrasystoles.

Vandepol et al [] V, V-V, V-V-V during sinus rhythm
burst (multiple site) of VT

sustained VT > min, nonspontaneous
termination nonsustained VT >  complexes
< min, spontaneous termination

Perrot et al [] A-A, A-A, -A atrial stimulation
ventricular stimulationwith V-V,
V-V-V extrastimuli pacing from  to
min-.

nonsustained VT >  complexes at a rate of
> min- for < min, spontaneous
termination, sustained VT > min, frequency
> min-.

Livelli et al [] A-V, A-V-V atrial stimulation V-V,
V-V-V during sinus rhythm burst (apex,
infundibulum RV) of VT.

sustained VT: nonspontaneous termination
(necessitate intervention) nonsustained VT
>  complexes, but spontaneous
termination.

Fisher [] A-A, A-A-A atrial stimulation+
V-V-V, V-V-V-V burst of VT
isoproterenol

VT >  ventricular complexes with a
frequency > min-.

Josephson et al [] A-A, V-V-V during sinus rhythm and
pacing (multiple sites, sometimes right
sided, sometimes left sided).

sustained VT >  s or termination by
extrastimuli or shock (when poorly
tolerated) nonsustained VT: spontaneous
termination before  complexes.

Breithardt et al [] V-V, V-V-V during sinus rhythm and
ventricular pacing (, , , min-)
burst of VT from  to  s ( to
min-).

sustained VT >  s or necessitating
intervention for termination nonsustained
VT: spontaneous termination within  s.

● Patients with left ventricular ejection fraction ≤%, at least one month post myocardial infarction and three months
post coronary artery revascularization surgery.

... Dilated cardiomyopathy

Dilated cardiomyopathy (% of cases) is generally associated with normal coronary arteriography []. Ventricular
arrhythmias, especially VT and ventricular fibrillation, are some of the lethal complications of this condition. These
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arrhythmias may be very varied, usually polymorphic, and have a poor prognosis. Sudden death is commonly observed
an average of three years after the clinical onset of the arrhythmias, unless the natural outcome is shortened by other com-
plications of this condition such as embolism and chronic heart failure. However, some cases of dilated cardiomyopathy
(DCM) progress very slowly, with some patients surviving more than ten years. Some of these cases of dilated cardiomy-
opathy may be of viral origin []. In patients with DCM, primary prevention of SCD is more and more based on ICD,
often combined with a resynchronization device [, ]. Indications are comparable with those concerning CAD.

... Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is generally diagnosed in young and apparently healthy subjects, some of whom
may practice sport at a high level, which may explain some of the sudden deaths in this group []. Some investigators
[] reported an incidence of % of severe ventricular arrhythmias and % of sustained VT in a series of  patients
with hypertrophic cardiomyopathy. During a three-year follow-up period, six cases of cardiac arrest were observed, two
of which were the result of ventricular fibrillation. The annual mortality of patients with VT was .% compared to only
% in patients without this arrhythmia. Arrhythmias were more commonly observed at night time, perhaps because of
nocturnal sinus bradycardia. Another form of hypertrophic cardiopathy has been described [] involving only the apex
of the ventricle, characterized by deeply inverted T waves in the left precordial leads (see > Chap. ). The diagnosis is
confirmed by angiography which shows characteristic obliteration of the apex of the left ventricle. Although ventricular
arrhythmias were reported for a long time in patients with HCM, the magnitude of ventricular arrhythmias and their
relation with SCD have become more fully understood following a larger use of ICDs [].

Current indications from both the American College of Cardiology and the European Society of Cardiology [] for
ICD implantation are listed below:

● Cardiac arrest
● Spontaneous sustained VT
● Family history of SCD and HCM
● Unexplained syncope
● Extreme LV hypertrophy with septal wall thickness ≥ mm
● Hypotensive blood pressure response to exercise
● Nonsustained VT (Holter).

The significance of LV outflow tract obstruction has been demonstrated aftermany small studies had previously reported
conflicting results. In , Maron et al published a large study of  patients followed for a mean of . ± . years
[]. Patients with obstruction (defined as a basal gradient of at least mm Hg) have an increased risk of SCD (RR =
.; p = .), but the low annual rate of death (.% vs .%) gives a poor predictive value to this criterion beside risk
stratification and is not sufficient alone to justify an ICD implantation.

Management of HCM may also change in the next few years in terms of risk stratification with the contribution of
genetics and in terms of treatment due to a more widespread use of percutaneous alcohol septal ablation. However, the
impact of this recent technique on the general course of the disease is unknown.

... Mitral valve prolapse

Mitral valve prolapse (Barlow syndrome) is commonly complicated by ventricular arrhythmias. Ventricular extrasys-
toles are observed in almost % of cases []. Salvos of extrasystoles and sustained VT may also be recorded. However,
although mitral valve prolapse is a relatively common condition, ventricular arrhythmias leading to VT are rare. Nev-
ertheless,  cases of sudden death were reported in one review in  []. The typical presentation is a woman of
about  years of age with polymorphic VES and VT with a right bundle branch block configuration. The ECG shows
characteristic ST-segment changes with inversion of the T wave in the left precordial leads. These forms of mitral valve
prolapse are usually associated with mitral regurgitation.
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No clinical or electrocardiographic criterion appears to be valuable in determining patients with a high-risk of SCD.
The only indication for an ICD implantation is in secondary prevention [].

... Arrhythmogenic right ventricular dysplasia

Arrhythmogenic right ventricular dysplasia [–] arises from an abnormality in the development of a part of the
right ventricular myocardium. There is a progressive alteration of the subendocardial and mediomural fibers leading to
fibroadipose degeneration.The general structure of the myocardium is usually preserved but the adipose cells seem, pro-
gressively, to replace the myocardial fibers.The disease progresses very slowly in most cases with preservation of strands
of healthy or partially degeneratedmyocardial fibers within the adipose tissue, interconnecting with some strands in the
subendocardial layers. The network of fibers may be the site of delayed conduction and the origin of delayed potentials
favoring the initiation of VT by reentry (> Fig. .). Major complications are ventricular arrhythmias, mainly VT, with
the risk of sudden cardiac death, and congestive heart failure. This appears when right ventricular enlargement impairs
left ventricle filling or when left ventricle itself is directly affected by the disease,masquerading as a dilated cardiomyopa-
thy. Factors defining the prognosis have been clearly described by Hulot []:  patients were followed during . ± .
years -  deaths occurred of which  were of a cardiovascular origin (progressive heart failure for  patients, sudden
death for the remaining  patients). Multivariate analysis showed that right ventricular failure, left ventricular dysfunc-
tion and ventricular tachycardia identified high-risk subjects. Treatment strategy remains unclear in the absence of large
prospective studies and a combined therapy is generally required, based on anti-arrhythmic drugs and catheter ablation
[], sometimes coupled with an ICD. Indications for defibrillator implantation are still debated except in cases of sec-
ondary prevention []. Two retrospective, non randomized studies have recently been published which demonstrated
a better outcome in high risk patients implanted with an ICD [, ]. In case of frequent episodes of VT requiring
external or post ICD implantation defibrillation shocks, radiofrequency catheter ablation or DC ablation remains the
therapy of choice []. At the time of symptomatic congestive heart failure, heart transplantation or right ventricular
cardiomyoplasty [] has to be planned.

... Uhl’s anomaly

Uhl’s anomaly [] is an anatomically similar condition to arrhythmogenic right ventricular dysplasia, but is associated
with severe dilatation of the right heart and characteristic thinning of certain zones of the free wall of the right ventricle.
The latter occurs to such a degree that, in some cases, nomyocardium is observed between the epicardial and endocardial
layers. Severe forms of this condition have been described as “parchment heart” and are associated with a very poor
prognosis, with death intervening in the first days or weeks of life. However, there are some rare adult forms which may,
like arrhythmogenic right ventricular dysplasia, lead to attacks of VT and sudden death.

... Brugada syndrome

Brugada syndrome, recently described in , is characterized by a “coved” ST segment elevation in right precordial leads
in generally young patients with structurally normal hearts. It is correlated with a high incidence of sudden arrhythmic
deaths related to ventricular fibrillation [].This specific ECGpattern is the consequence of amutation on a gene encod-
ing for the sodium channel, leading to an imbalance between the outward potassium current and the inward sodium
channel generating an electric gradient between epicardial and endocardial layers during ventricular repolarization. Sud-
den cardiac death risk is predicted by personal and familial presentation and by the onset of ventricular fibrillation
during programmed ventricular stimulation. Screening parents and siblings is mandatory due to the autosomal dom-
inant transmission of mutations described. In high-risk patients and in secondary prevention, an ICD implantation is
required [].
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Epicardialmap showing the activation pattern in a patientwith arrhythmogenic right ventricular dysplasia. The first activated

area () is situated on the posterodiaphragmatic aspect of the left ventricle. The second area () of excitation appears also

abnormally on the anterior aspect of the left ventricle. The right ventricle shows major delay of conduction as indicated by

tightly packed isochrones. The latest activated area is locatednear the AVgroove in the area indicated by theminus sign. This

place was also the area where the VT originated. LAD indicates the left anterior descending artery.

... Idiopathic VT

Idiopathic VT is observed in clinically normal hearts and is generally the only symptom present. The arrhythmia starts
as VES which become progressively more frequent, leading to sustained VT of the same configuration. These VES and
VT mainly arise from:

● the right ventricular outflow tract (RVOT), giving a pattern of LBBB with a normal QRS axis [] and less frequently
from the left ventricular outflow tract (LVOT) or the aortic root with a RBBB pattern [].These are themost common
type of VES or VT, occurring generally in young patients in the absence of overt cardiac disease, especially after having
excluded an arrhythmogenic right ventricular cardiomyopathy which gives VES with the same morphology. Long
term prognosis is generally good, except for the risk of developing a tachyarrhythmia cardiomyopathy, but medical
treatment including class I or class II anti-arrhythmic drugs is required in symptomatic patients or in case of repetitive
VES. These forms of VT are frequently very difficult to initiate and impossible to terminate by programmed pacing
but are sensitive to isoprenaline infusion. Radiofrequency catheter ablation is performed when drugs are ineffective
or badly tolerated, with a high level of success [].

● the left Purkinje network system, also called “fascicular VT”, usually seen in young patients with clinically normal
hearts experiencing episodes of VT with a particular ECG pattern showing right bundle branch block with left axis
deviation.This arrhythmia is frequently misleading suggesting at first sight a supraventricular tachycardia with func-
tional aberration. Electrophysiological studies, however, demonstrate a typical VT. This arrhythmia could in many
cases be triggered by ventricular or even atrial pacing. Endocardial mapping shows that the origin of the VT is located
in the left inferior paraseptal area, with a presystolic potential recorded on the Purkinje system []. It is surpris-
ing that this arrhythmia can be reproducibly stopped by an IV verapamil (mg) injection. Radiofrequency catheter
ablation is required in case of drug refractory VT.
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... Cardiac tumors

Cardiac tumors []may present with recurrent VT.They are rare in adults but should be suspected in cases of childhood
VT. The tumors are more commonly primary than secondary. They usually give rise to polymorphic forms of VT, the
clinical characteristics of which depend on the site of the lesion. Prognosis is usually very poor except in rhabdomyoma
in which some cases of spontaneous regression have been reported. Cardiac fibromas are basically benign tumors but
local extension of the lesion may lead to death. Surgery may be possible in some cases, but it may be very difficult or
impossible to resect the tumor from the interventricular septum.

... Catecholamine-induced polymorphic VT

Catecholamine-induced polymorphic ventricular tachycardia is usually seen in childhood [].This is a rare form of VT
which occurs in clinically normal hearts, almost exclusively on effort, despite a normal QT interval. These arrhythmias
always occur in identical conditions after acceleration of the sinus rhythm owing to exercise or emotion. Sinus tachycardia
leads to a junctional tachycardia and then VES or bigeminy which trigger polymorphic and often bidirectional VT. This
finally degenerates to rapid polymorphic VT at a rate of about  beats/min accompanied by syncope. The arrhythmia
may be reproduced during an exercise-stress test or isoproterenol infusion, and can cause sudden death.The treatment of
choice seems to be beta blockade and amiodarone. Nevertheless, further studies are required to assess long-term results
of this treatment.

a

b

c

⊡ Figure .

Twoepisodesof Torsadesdepointes recordedat avery slowspeedwhichshows thecrescendo typeof ventricular arrhythmias.

First, in (a), there are two single extrasystoles, and then two extrasystoles following each sinus beat. Thereafter, the typical

features of Torsades de pointes, which ends spontaneously, can be seen. Note the giant Twave on the last three beats before

the re-establishment of the basic rhythm. The same pattern is also observed on tracing (b) recorded in the same patient. Trac-

ing (c) is froma different patient. Note the huge deformation of the last part of the Twave, denoted by an asterisk, sometimes

leading to an extrasystole. These giant waves are the harbingers of Torsades de pointes.



Ventricular Tachycardia  

... Torsade de pointes (TdP)

The term Torsade de pointes (TdP), chosen by Dessertenne, corresponds with a continuously changing morphology of
the QRS (> Fig. .) during a VT run, with a cyclic decrease in the amplitude of the ventriculograms with a periodic
rotation of QRS axis []. Such a polymorphic VT occurs in patients with long QT syndromes, induced by drugs or
genetically inherited, with the risk of syncope during the episode and the possibility of conversion into ventricular fibril-
lation. Endocardial recordings show fragmented potential duringQRS complexes initiating TdP, then followed by twisting
electrograms with a pattern of double spikes at the time of QRS axis rotation []. The first hypothesis reported was the
presence of two foci of activation firing simultaneously with varying degrees of fusion, but subsequently the spiral wave
activity theory was confirmed following the in vitro experiments led by Davidenko []. Using high resolution optical
mapping, he demonstrated that the core position of the arrhythmia was moving at every beat in a single direction, giving
a pattern of TdP, or in various directions, leading to VF. Good results have been reported with IV injection of magnesium
sulphate to prevent recurrence. It appears to be as effective as isoproterenol but without the undesirable side effects of the
latter []. “Quinidine-like” (class I) antiarrhythmics are contraindicated in torsades de pointes with long QT intervals.
Similarly, defibrillation is indicated only when torsades de pointes degenerates into VF.

... Congenital long-QT syndrome

The congenital long-QT syndrome is a rare condition which may lead to attacks of polymorphic VT described as tor-
sade de pointes, preceded by a very abnormal lengthening of the corrected QT (QTc) interval (calculated from Bazett’s
formula), associated with a U wave leading to a dimpled appearance at the end of the T wave.

Two subgroups have been defined:

● The Lange-Nielsen syndrome, described in , which associates ventricular arrhythmias and ST changes with
deafness, transmitted in the autosomal recessive mode; and

● TheRomano-Ward syndrome, in which deafness is absent and which is transmitted in the autosomal dominantmode.

These congenital long QT syndromes correspond with mutations involving sodium or potassium channels and are clas-
sified into seven types from LQT to LQT []. However, sporadic cases do occur without a familial context. Syncope
occurs during exercise or emotion. The QT interval is prolonged during the appearance of VES at the end of the repolar-
ization associated with alternating changes in amplitude of the ST segment.This leads to very rapid bursts of tachycardia
with cardiovascular collapse and loss of consciousness. Electrophysiological studies show prolongation of the refractory
period with a large variation in its value from one point to another in the ventricle. The prognosis, conditioned by the
symptoms, the QTc duration and the mutation identified, varies from less than % of major cardiac event at  years under
treatment to more than % in high risk patients []. Treatment strategy is based on beta-blocker therapy for every
patient with a long ST syndrome, avoiding QT prolonging drugs and sports. ICD implantation is required in secondary
prevention or in case of bad observance or poor efficacy of beta-blockers []. Permanent cardiac pacing has limited indi-
cations, and is mostly used for rate support in cases of symptomatic bradycardia under treatment. Parents and siblings
should be screened by ECG and genotypic analysis is mandatory.

... Bouveret VT

“Bouveret ventricular tachycardia” (Parkinson-Papp) affects young patients without obvious myocardial disease []. It
comprises runs of monomorphic VT, suggesting a point of origin in the upper part of the interventricular septum, as
has been shown by epicardial mapping performed in a few cases. This diagnosis can only be retained after a complete
cardiological checkup to exclude any other cardiac disease, remembering that sometimes VTmay be the only presenting
symptom of a cardiac disease for many years.
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The classification of some idiopathic right ventricular tachycardias with left bundle branch block configuration and a
normal or right axis, is imprecise. The prognosis is usually good []. However, some patients may be very disabled by
these episodes of tachycardia.

.. Treatment of ventricular tachycardia

All forms of VT should be treated to restore sinus rhythm. The clinical tolerance of VT depends, above all, on the
underlying myocardial condition, a factor which partially determines the urgency of treatment and therapeutic choice.

... Terminationmethods

Pharmacodynamic methods

The most widely used intravenous antiarrhythmic agents (> Tables . and > .) are beta blockers, procainamide,
disopyramide and amiodarone (if VT is well tolerated). Lidocaine and mexiletine are mainly used to prevent VT in the
acute phase of myocardial infarction, suppressing, or at least decreasing, the frequency of VES.

Endocavitary pacing

Ventricular tachycardia may rarely be terminatedby atrial extrastimuli but one, two or three right ventricular extrastimuli
are usuallymore effective.This is an elegantmethod of terminatingVT and has the advantage that it can be used to predict
the efficacy of antiarrhythmic therapy (no negative inotropic effect).

Defibrillation and cardioversion

External DC shock is normally used when the patient has lost consciousness or after a short-lasting general anaesthetic.
The electrical energy delivered ranges from  to  J []. When VT has a tendency to recur, during transport or
in the operating theatre, adhesive defibrillation electrodes may be used which reduce the discomfort and increase the
margin of safety. Repetitive shocksmust be used with caution in patients with a low ejection fraction, especially in dilated
cardiomyopathy and acute myocardial infarction. In all cases, the lowest amount of electrical energy possible should be
used, to avoid local changes in ionic concentration and cellular damage.

... Termination strategy

The strategy used to terminate attacks of VT depends mainly on the condition of the patient on admission to hospital.
If VT is very rapid, and poorly tolerated with cardiovascular collapse and syncope, immediate direct current shock is
required, with or without anaesthetic, depending on whether or not the patient is conscious.

When VT is better tolerated, with the risk of cardiac failure in the short term, an antiarrhythmic agent with a rapid
onset of action has to be used, despite the possibility of a negative inotropic effect and the need for cardiovascular
resuscitation.

When VT is well tolerated, the drug of choice is amiodarone which has the great advantage of having no negative
inotropic effects, providing that it is injected over a –min period at a dose of –mg. However, if VT is well
tolerated and an electrophysiological laboratory is available, electrical stimulation techniques are to be preferred to drug
therapy. Endocavitary catheters can be used to confirm the diagnosis of VT and then terminate the majority of attacks by
programmed pacing techniques. A catheter left at the apex of the ventricle allows better control if VT occurs.

... Prevention of recurrence

Once an attack has been terminated, measures must be taken to prevent a recurrence and to assess the effectiveness
of antiarrhythmic therapy. A distinction should be drawn between VT in the acute phase of myocardial infarction
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⊡ Table .

Properties and administration of beta-blocking agents

ISAa

ESAb

(quinidine-like) Drug

Proteic

binding

(%)

Daily dosage

(mg)

Interval

between

successive

doses (h)

 + + + propranolol  – 

+ + acebutolol  – 

++ + alprenolol  – 

++ + oxprenolol  – 

 ± timolol  – 

  atenolol  – 

  metoprolol  – –

  nadolol  – 

+ + +  pindolol  – –

  sotalol  – > 
  labetalol

a ISA, intrinsic sympathomimetric activity. b ESA, extrinsic sympathomimetric activity.

⊡ Table .

Classification of antiarrhythmic drugs []

Class Mechanism Example

Ia Sodium channel blockade quinidine, ajmaline, procainamide

Ib Sodium channel blockade lidocaine, mexiletine, tocainide

Ic Sodium channel blockade flecainide, propafenone

II Beta blockade propranolo, metorprolol

III amiodarone, sotalol

IV Calcium channel blockade verapamil, diltiazem

and chronic VT which occurs usually after the first week following infarction, but which may also be observed in
cardiomyopathy, ventricular dysplasia, idiopathic aneurysm, mitral valve prolapse, tumors of the heart, and so forth.

Palliativemethods

Cellular electrophysiological techniques have been used to classify the different antiarrhythmic drugs into four main
groups [], as shown in > Table .. A full discussion on the drug therapy for the treatment of VT is beyond the
scope of this book. However, commonly used drugs are outlined below and further references to the advantages and
disadvantages (side effects) of each are provided.

Amiodarone is widely used [] having some advantages, such as a long half-life, but with commonly occurring side
effects [–].

Although beta blockers do not have a direct antiarrhythmic effect, apart from sotalol, they may prevent extrasystoles
induced by the autonomic nervous system by decreasing the heart rate; for example, VES occurring on waking or during
exercise have a reduced frequency when treated with beta-blocking agents [].

Verapamil [] is a calcium antagonist which has no effect on VT except in the special case described above where
VT occurs in young patients with right bundle branch block and left axis deviation.
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... Strategy for the use of palliative methods for the treatment of chronic recurrent VT

Ventricular tachycardia is a potentially dangerous arrhythmia which has to be controlled by antiarrhythmic therapy.
Patients may be divided into two groups. The first group are those considered as low-risk cases, in whom the arrhythmia
is perceived, is not too rapid, is infrequent and monomorphic. In these moderately symptomatic cases, amiodarone may
be given at a moderate dose from –mg daily, before reducing to the maintenance dosage. The common class I
antiarrhythmic drugs are selected by successive therapeutic trials. Treatment is prescribed orally and its effectiveness
confirmed by Holter monitoring.

When VT is life-threatening, that is, there are frequent attacks of rapid polymorphic VT, degenerating to VF and
associated with syncope or functional angina, the patient should not be discharged from hospital until the arrhythmia is
well controlled. As the frequency of attacks may be greatly variable, it is not practical to wait for spontaneous recurrence
of the arrhythmia and, therefore, provocative methods are used to trigger an attack, essentially by programmed pacing
maneuvers.

Electrophysiological provocation tests are performed under the same conditions as those in which VT could be
induced initially [, , , –], bearing in mind that these are not the usual conditions in which the patient
lives. The choice of the most effective drug is made on the results of repeated provocative-pacing tests during drug ther-
apy, which implies that VT can be inducible. Different criteria are used by different groups of workers which makes
comparison of results difficult. First of all, there is no agreed definition in a recurrent tachycardia of its sustained or
nonsustained character. Different protocols for electrical stimulation are used, stimulating different zones and cardiac
chambers (> Fig. .).

Nevertheless, in the subgroup of patients at high risk, programmed pacing methods seem to havemade an important
contribution to their treatment. However, the pacing protocol must be performed under clearly defined conditions. Some
groups have based their results on studies performed in the electrophysiological laboratory with antiarrhythmic drugs
administered parenterally. A judicious selection of these drugs allows assessment of two or three of them at each inves-
tigation. However, the eventual effectiveness of the same drug administered orally may be different. Therefore, it may be
preferable to test antiarrhythmic drugs given only orally, which implies retesting the patient after each therapeutic trial,
when the concentration of the drug has reached therapeutic levels.This is time consuming and expensive.

I

aVF

V1

I

aVF

V1

S1 S2 S3a

b

⊡ Figure .

Part (a) shows the induction of nonsustained ventricular tachycardia by two premature stimuli S and S, following a regular

driven cycle. The tachycardia stops after  s. On tracing (b), recorded in the same patient, the same protocol induces a sus-

tained episode of ventricular tachycardia. This suggests that each procedure has to be repeated several times, taking into

consideration only the highest-grade arrhythmia obtained.
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In addition to electrophysiological investigation, the authors’ policy is to perform exercise-stress testing. This allows
an evaluation of the antiarrhythmic effect on remaining VES and, above all, aims to confirm the absence of VT during
exercise.

The absence of VT on repeated -hour Holter recordings during antiarrhythmic therapy seems to be a reliable
prognostic factor [].This is an important investigation as the patient is assessedunder everyday living conditions [].

Whatever the results with the different antiarrhythmic drugs used, there seem to be twomajor factors which influence
the risk of sudden or cardiac death as follows:

● Myocardial function, which may be assessed by the New York Heart Association functional classification – patients
in stage IV have a higher risk of sudden and cardiac death [, ];

● The ability to trigger VT despite antiarrhythmic therapy [, ].

However, several points must be remembered. First, all antiarrhythmic drugs may aggravate or even provoke ventricular
arrhythmias. This has been reported with quinidine, procainamide [], amiodarone [], disopyramide, propranolol,
pendolol, mexiletine, tocainide, aprindine, propafenone [, ], encainide [] and flecainide [, ]. Secondly,
most antiarrhythmic agents have potentially dangerous hemodynamic effects, especially in severe cardiac disease.The risk
is even higherwhen several antiarrhythmics are used in association []. Finally, any exacerbation of a stable arrhythmia
should alert the physician to an aggravation of myocardial function.

Inefficacy of antiarrhythmic therapy

A number of precautions must be observed before confirming that an antiarrhythmic drug is inefficient. Sufficient time
must be allowed for the plasma concentrations to reach therapeutic levels. When drug dosage is not readily available,
this interval is estimated to be about five times the drug’s half-life. In the case of amiodarone, which has a very long
half-life compared to other antiarrhythmic drugs, the delay would be unacceptably long and so measures are taken to
shorten it by using loading doses (up to mg of amiodarone per day). When an antiarrhythmic agent is judged to be
ineffective, drugs of a different group should be tried if necessary in association with drugs of another group or subgroup
(e.g., quinidine, mexiletine or beta blocker, flecainide, etc.) [].

The implantable defibrillator

The implantable defibrillator is a considerable technological achievement. It was originally designed to prevent sudden
death due to ventricular fibrillation, but it is now often used to treat rapid resistant VT [, ]. This device is capable
of storing energy of – J in a capacitor which charges when the arrhythmia occurs. An internal electric shock is
delivered after an interval of less than  s following the onset of the arrhythmia. The theoretical total capacity is 
shocks. Several improvements have beenmade to the original design. Defibrillation was initially performed using a spring
electrode positioned in the superior vena cava and another patch-shaped metallic electrode positioned at the apex of
the left ventricle. This design has been replaced by two epicardial patches, and since , by an intracardiac coil-shaped
electrode, including bipolar sensing and pacing distal electrodes for tachycardia interruption and bradycardia prevention.
A microcomputer stores the number of shocks delivered, the electrograms of each arrhythmia detected, and the amount
of energy remaining. The use of this device is indicated for patients with ventricular arrhythmias which start as VF, and
for VT interruption.

When the patients cannot be treated by antiarrhythmic drugs, surgical ablation of the arrhythmogenic substrate,
the first radical treatment, is seldom used nowadays, due to its risks of complications. It has been superseded by
transcutaneous catheter ablation techniques [, ].

... Radical treatment

There are two radical methods of treating VT: surgery and by definitive medical treatment, namely, catheter ablation
using radiofrequency methods, or sometimes fulguration.
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485 ms
210 ms

100 ms

I

aVF

V1

RV 1–2

RV 3–4

LV

⊡ Figure .

Endocardial mapping during ventricular tachycardia using a bipolar catheter located inside the left ventricle. Fragmented

activity is seen on this lead (LV). A large potential is observed ms before the onset of the surface QRS complex. Note

also that fragmented activity is also obtained ms before QRS complexes. The right ventricle is activated later, confirming

that the tachycardia originates on the left side of the heart. RV – and RV – are two bipolar tracings from a bipolar right

ventricular lead.

Surgery

The surgical treatment of VT is reviewed by Fontaine et al. []. The classical treatment of VT complicating coronary
artery disease involved twomain techniques: aneurysmectomybased on the perioperative findings andmyocardial revas-
cularization by coronary bypass grafting (saphenous vein or mammary artery). However, these two methods were not
always effective as VT recurred in  to %of operated patients. New surgical techniques have been developed in the late
seventies, based on the result of preoperative endocardial and perioperative epicardial mapping (simple ventriculotomy,
encircling endocardial ventriculotomy, subendocardial excision, cryosurgery, and perioperative laser).

The site of origin of VT is determined either preoperatively or perioperatively.The former uses an endocardial record-
ing catheter. The results depend on the thorough manipulation of the catheter within the left ventricle, usually around a
myocardial scar. This method involves the following processes:

● the recording of fragmented low-amplitude diastolic potentials usually detected in the zone of the aneurysm [, ]
which indicate areas of abnormal conduction but which do not actually determine the site of origin,

● the recording of the earliest potential during induced VT (> Fig. .), and
● the reproduction of the morphology of the documented VT by stimulation at different points within the ventricle.

The perioperative method involves endocardial mapping and, above all, endocavitary recording during induced VT to
determine the earliest potential during the arrhythmia (> Fig. .) (during normothermia). The point of breakthrough
of VT can thereby be determined with more accuracy in order to guide the surgical action (> Figs. . and > .).

The use of techniques based on electrophysiology should be adapted to the type of anatomopathological lesion. An
important case is the ventricular aneurysm []. After opening the aneurysm, endocavitary mapping is performed.This
may be followed by various alternatives as follows:

● Encircling endocardial ventriculotomy [, ] with the aim of interrupting the reentrant phenomenonwithout too
much damage to the healthy myocardium;
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● Subendocardial resection;
● Cryosurgery aimed at destroying or excluding the zone of abnormal conduction by freezing; and later,
● The use of preoperative laser treatment with the same objective as cryosurgery, but whose action is more rapid and

less traumatic;
● Cardiomyoplasty.

These techniquesmay be associatedwith excision of the fibrouswall of the ventricular aneurysm,which gives an improved
ventricular ejection fraction by remodelling the left ventricle. In addition, myocardial revascularizationmay be indicated
[, ].

Other pathologies [] and their treatments include the following:

● Arrhythmogenic right ventricular dysplasia which can be treated by simple ventriculotomy or resection of the
dysplasic zones if not too extensive [–];

● Dilated cardiomyopathy with ventricular arrhythmias which can be treated by simple ventriculotomy when the
patient’s condition permits;

● Ventricular arrhythmias complicating cardiac tumors which can sometimes be cured when the tumor is resectable,
although benign primary cardiac tumors are rare in adults; and

● Idiopathic VT, which can be treated by simple ventriculotomy or subendocardial excision;
● Catheter ablation.

After localizing the point of origin of VT by endocardial mapping with a mapping catheter, the arrhythmia may then be
treated by applying a destructive energy at the distal electrode of the same catheter. Fulguration was the first to be applied,
using the energy of an external cardiac defibrillator. It has been substituted by the thermal energy of radiofrequency
ablation in the early ’s for safety reasons and for improved accuracy. The acute efficacy of this technique is tested by
using the usual protocols of provocative pacing to try to reinitiate clinical VT immediately after the ablation and then ten
days later.This later investigation seems to have a better predictive value.

The fulguration technique proved to be a very successful method in an evaluation of a series of  consecutive cases
[, ]. It has the advantage of being applicable to patients for whom surgery has been refused because of their poor
general condition and the extent of myocardial damage []. Owing to its excellent results, this technique has been
extended to less critical cases. However, the method is long and difficult, and several sessions are necessary in half of
the cases. It is also necessary to use antiarrhythmic drugs in % of the patients. Nevertheless, improvements should be
possible in order to produce optimal results.

In practice, radical forms of treatment of VT are indicated in the following situations []: cases of VT with
proven resistance to different antiarrhythmic agents and documented spontaneous recurrences, and cases of VT
treated effectively by antiarrhythmic drugs but in which there is a surgical indication for myocardial revascularization.
Ventriculotomy, plication of an aneurysm, or cryosurgery may be the associated methods in the latter situation.
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. Introduction

Atrial tachycardias comprise a minority of all supraventricular tachycardias in pediatric patients. Mechanistically, these
tachycardias present a multiple of different types of tachycardias that originate and sustain in the atria and often express
themselves as tachycardias in association with a rapid ventricular response in the younger patient. Atrial tachycardias
can be categorized into three basic mechanistic universes: those that are automatic in nature, those that are triggered in
nature, and those that are reentrant in nature.

Differentiation of the three different types of atrial tachycardias is important and can sometimes be difficult. In gen-
eral, abnormalities of impulse formation, that is, atrial automatic tachycardia and/or atrial triggered tachycardia, tend to
express beat-to-beat variability and have been associatedwith a “warm-up, cool-down phenomenon.” In contrast, abnor-
malities of impulse propagation include atrial tachycardias that are reentrant in nature and tend to have a fixed atrial rate
with either a fixed or variable ventricular response. These individuals usually present with an inappropriately fast heart
rate with little heart rate variability.

In contrast to atrial tachycardias that are associatedwith abnormalities of impulse formation, abnormalities of impulse
propagation, as stated above, use a reentrant circuit within the atrium as their primary mechanism.This tachycardia usu-
ally occurs in patients with congenital heart disease, especially those who have had surgery for either repair or palliation
of the underlying heart defect. The tachycardia responds transiently to atrial pacing and cardioversion and can some-
times be suppressed with antiarrhythmic medications. In most recent years, this tachycardia has proven to be responsive
to ablative therapies and has been the subject of much study.

The first part of this chapter will focus on the clinical evaluation and treatment of automatic atrial tachycardia,
while the second part dwells on atrial reentrant tachycardias. Representative electrophysiologic tracings and maps are
interspersed.

.. Automatic/Triggered Atrial Tachycardias

Automatic or ectopic atrial tachycardias are caused by abnormal impulse formation where one or a few closely associ-
ated cells generate an atrial impulse faster than that of the sinus node. The arrhythmia has unique clinical features in
that it usually occurs in a structurally normal heart. It classically expresses some degree of heart rate variability, and is
often incessant. Because of its persistent nature, this tachycardia can be associated with a cardiomyopathy [–]. Auto-
matic tachycardias rare also difficult to treat, because they are often resistant to medications and/or chemical or electrical
cardioversion.

Automatic atrial tachycardias are thought to be focal in nature, depolarizing the atrium in a spreading fashion orig-
inating from the rapidly firing, abnormal focus. The exact underlying pathophysiology of automatic activity is not well
understood. It is thought that the cells express abnormally rapid depolarization resulting in a faster pacemaker rate than
that the sinus node. This tachycardia comprises approximately % of newly diagnosed supraventricular tachycardias in
the pediatric population and comprises only % of all supraventricular tachycardias in the adult age group. Because the
atrial rate is variable and sometimes onlymarginally above the sinus tachycardia rate, patients with this type of tachycardia
may go undiagnosed for several years until they present with ventricular dysfunction associated with cardiomyopathy.
Cardiomyopathy is more likely to occur in patients with higher heart rates (– beats per minute), but may occa-
sionally occur in patients with lower heart rates (– beats per minute) []. When this happens, it is possible that
the tachycardia is misdiagnosed as sinus tachycardia before a final diagnoses can be made. Myocardial dysfunction is
noted to be present in about % of patients with ectopic atrial tachycardia. Automatic activity tends to be associated
with either spontaneous diastolic Phase IV depolarization or abnormalities in repolarization of Phase III of the action
potential. The location of the focus can be discerned by critical evaluation of the P-wave morphology suggesting direc-
tion of depolarization. Ectopic atrial tachycardias arising from the right atrium or the right atrial appendage are directed
to the left and, usually, inferior, so that there are positive P-waves in leads I, II, III, and aVF, very similar to those in
sinus rhythm. However, the P-wave morphology is usually distinctly different from that in sinus rhythm, although the
non-electrophysiology physician may call it “sinus like.” In contrast, ectopic atrial tachycardias from the left-sided atrium
express a P-wave morphology very different from those seen in sinus rhythm. The P-wave is directed to the right and
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Eight-year-old male referred for evaluation of an irregular heartbeat. Note that the ECG shows episodic salvos of a triggered

atrial tachycardia arising from the right atrium as evidenced by P-waves that are positive in I, II, III, and aVF.

inferior so that the P-waves of ectopic atrial tachycardia arising from the left atrium express negative P-waves in I and
aVL and usually positive P-waves in II, III, and aVF.

Electrocardiographic andmonitored rhythm recordings characteristic of automatic atrial tachycardia are highly vari-
able. Heart rates range from just above the sinus rate to as fast as  beats per minute. In addition, this tachycardia
exhibits multiple varied behaviors including the classic warm-up and cool-down behavior; expressed salvoes of beats
anywhere from three beats to several seconds in duration; as well as variable atrioventricular relationships with transmis-
sion of conduction to the ventricles varying from one to one conduction to first-degree, second-degree, and “apparent”
third-degree atrioventricular block or multilevel block through the atrioventricular node. Atrial tachycardia rates asso-
ciated with automatic atrial tachycardia vary highly; in addition, the tachycardia heart rate, as stated above, can vary in
association with the degree of atrioventricular node transmission to the ventricle (> Fig. .). There may also be a wide
complex QRS owing to aberrant ventricular conduction. As these tachycardias, typically, have “a mind of their own,” they
tend to express themselves with variable rates in a persistent fashion. Higher levels of atrioventricular conduction block
can usually be seen while the patient is sleeping and, therefore, a Holter monitor of the heptum of such patients might be
helpful in elucidating the diagnostic expression and behavior of the automatic atrial tachycardia (> Fig. .). Adenosine
can be used as a tool to diagnose automatic atrial tachycardia, as it causes transient atrioventricular node block. In the
majority of cases, the tachycardia itself is not sensitive to adenosine and, therefore, P-waves can be dissociated from the
ventricles unmasking the atrial tachycardia during transient atrioventricular node block with P-waves, lone-standing. A
minority of automatic atrial tachycardias are sensitive and responsive to adenosine and will terminate, usually inscrib-
ing a QRS complex as the last expressed electrogram before they resume their activities a few seconds later. Electrical or
chemical cardioversion may be transiently effective, but the tachycardia usually resumes. Automatic tachycardias tend to
be variably initiated and are not responsive to extra-stimulation techniques or overdrive pacing in regards to initiation
or termination of the tachycardia. Triggered activity is thought to be associated with delayed afterdepolarization; these
tachycardias express their own behavior independent of pacing maneuvers and are difficult to induce and/or terminate
with traditional electrophysiologically mediated pacing techniques.

As stated above, ectopic atrial tachycardia may arise either from the right or the left atrium. Although the origin
of ectopic atrial tachycardia appears to be widely distributed throughout both atria, there is some suggestion that auto-
maticity or increased triggered activity may have a propensity to arise near atrial appendages, or in and around atrial
extensions into pulmonary veins. The reasons for this distribution are unclear, but there appears to be some association
with the expression of HNK- antigen, which has become known as a marker for specialized conduction tissues dur-
ing cardiac development [, ]. In a study by Blom-Gitinberger, investigators demonstrated an association between the
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⊡ Figure .

Newborn infant with a virtually incessant atrial tachycardia that showed multilevel block on the  h Holter recordings.

HNK- antigen expression and a propensity to develop automaticity []. However, the stimulus for automaticity
expression and, therefore, tachycardia expression remains poorly understood.

Electrophysiologic testing can be performed to confirm the diagnosis of a suspected ectopic atrial tachycardia and
can be especially meaningful if the patient has an associatedmyopathy, as it offers a potential cure if a successful ablation
can be achieved [, ]. Activation sequence mapping can be done with newer mapping technologies, which delineate
detailed localization of the automatic focus so that ablation can be successful (> Fig. .). Should a successful ablation
occur, echocardiography can then be used to follow ventricular function, which will often return to normal. Both systolic
and diastolic dysfunction improve over time if successful ablation is achieved. As stated above, usually cardiomyopathy
is observed in patients with higher heart rates as compared to those with lower heart rates [].

Pharmacologic managementof patients with atrial ectopic tachycardias is often quite challenging. An initial approach
with rate control should be tried to maximize optimal hemodynamics. Though desirable, rhythm control is difficult and
often fraught with challenging side effects from antiarrhythmic medications. Since medications, that provide rate control,
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Eleven-year-old male with incessant atrial tachycardia mapped to the posterolateral left atrium and successfully ablated;
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Successful radiofrequency energy application in an -year-old male with incessant atrial tachycardia, mapped in the left

atrium.

including beta-blockers and digoxin, seem to be well tolerated in the pediatric population, these drugs are chosen as a
first-line option. In addition to rate control, by suppressing automaticity, beta blockers appear to control ectopic atrial
tachycardia in about % of cases. Ultimately, successful suppression of tachycardia occurs in about % of cases, often
utilizing multiple medications. Class IC (Flecainide and/or Propafenone) and/or Class III (Sotalol) agents are favorably
used for atrial ectopic tachycardias that present a challenge in regards to control. Verapamil has been commonly cited
for rate control in the adult literature, but is less commonly used in pediatrics. This drug is thought to suppress trig-
gered activity. Thus, verapamil may offer both rate control and rhythm control. However, calcium channel blockers are
contraindicated in the infant, as they are associated with asystole, probably related to the infant’s poorly differentiated
endoplasmic reticulum and therefore, inability to benefit form the drug’s actions.
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The natural history of ectopic atrial tachycardia is variable. When it occurs in younger neonates and infants, the
tachycardia seems to regress spontaneously in about % of cases. However, when the patients are older and present with
cardiomyopathy, the tachycardia tends to be more persistent and requires more aggressive intervention.

Though surgical techniques were employed effectively for drug-resistant ectopic atrial tachycardia throughout the
s, the advent of radiofrequency energy application changed the outcomes.The earliest attempts to ablate ectopic atrial
tachycardia using transvenous methods occurred in  using direct DC energy. Further developments in technology
introduced the application of radiofrequency energy as an intervention.When used appropriately, this intervention tends
to underscore the relatively benign course and good outcomes in association with high success rates for ablation of this
type of tachycardia.The success ratewith currently available technology for the ablation of ectopic atrial tachycardia is now
greater than %with a relatively low complication rate. Nowadays, patients who present with ventricular failure due to an
atrial tachycardia are promptly managed with electrophysiologic study and catheter ablation using either radiofrequency
or cryoablative energy. This otherwise malignant arrhythmia can now, be often-cured (> Figs. . and > .).

Multifocal atrial tachycardia, also known as chaotic atrial tachycardia, is a rare form of automatic atrial tachycardia,
where there is more than one focus firing rapidly []. Multifocal atrial tachycardia is mostly a condition seen in adults,
particularly with cor pulmonale or chronic obstructive pulmonary disease []. Multifocal atrial tachycardia is frequently
idiopathic in nature, although it has been associated, in rare cases, with Macrocephaly-Cutis Marmorata Telangiectatica
Congenita [] and other rare diseases.When it occurs in the postoperative period, it is often very difficult to control and
may require aggressive therapy including early consideration of radiofrequency ablation of the atrioventricular node for
rate control. Classic ECG (electrocardiogram) findings include P-waves that are irregularly inscribed at heart rates greater
than  beats per minute.There may be three or more different P-wave morphologies. The ventricular response to such
a tachycardia can be quite varied. Rate-related bundle branch block can be seen after short–long or after long–short
ventricular responses due to variable ventricular transmission of the rapid impulses in the atrium.

The clinical course of multifocal atrial tachycardia in children includes spontaneous resolution of the tachycardia
in –% of the cases by – months of age. Rarely, during the time in which the multifocal atrial tachycardia is
expressed, theremaybe progressive cardiomyopathy and suddencardiac death, presumably associatedwith rapid ventric-
ular conduction [, ]. Multifocal atrial tachycardia tends to be quite resistant to medical management, even aggressive
pharmacologic therapy. Traditionally, beta-blockers or digoxin can be used for rate control and, sometimes, can suppress
atrial and ventricular irritability. However, rhythm control is usually quite difficult in these patients. Combinations of
medications have been used with limited success, including amiodarone []. As a last resort, ablation of the atrioventric-
ular node can be performed to control the rate in patients who are severely symptomatic. In this case, careful consideration
of the aggressive approach to the hemodynamic compromise should be weighed as the patient will most likely require a
pacemaker for the rest of his/her life. Most telling is that once the tachycardia has resolved, the recurrence risk is quite
low as the tachycardia does not reoccur during later life.

Regardless, short of ablation therapy, medical management of both rhythm control and rate control appears to be
challenging in patients with a triggered and/or automatic atrial tachycardia. With the advent of radiofrequency energy
application and/or (now) cryo-ablation, the cure rate for atrial tachycardia remains high and especially hopeful for those
patients suffering from associated myocardial dysfunction.

.. Reentrant Atrial Tachycardias

As stated above, in contrast to atrial tachycardias associated with abnormalities of impulse formation, abnormalities of
impulse propagation use a reentrant circuit within the atrium as their primary mechanism. The history related to the
development of understanding of atrial reentrant tachycardias is of particular interest. The traditional term for atrial
reentrant tachycardia is atrial flutter. The term “flutter” originates from the Anglo-Saxon word “floterian,” meaning to
move or flap wings rapidly without flying or to move with quick vibrations or undulations. This descriptive term was fist
used by a British physiologist, MacWilliams, in  while looking at a dog atrium []. In , there was a first record-
ing of atrial flutter by William Richie using an ink-polygraph recorder in a patient with complete atrioventricular block
[], which was followed in  by a first-time recording of atrial flutter in the same patient using an electrocardiograph
[]. Einthoven in  had reported a similar phenomenon in his laboratory from a patient . km away []. The most
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clear electrocardiographic recordings of atrial flutter were made in  by Sir Thomas Lewis who described a classic
saw-toothed pattern with negative deflections in leads II and III []. Once this arrhythmia was acknowledged, many
investigators began to hypothesize and study its mechanism with two basic schools of thought predominating: Is the pri-
mary mechanism one of automaticity (abnormal impulse formation, as believed by Lewis) or reentry (abnormal impulse
propagation)? Works by Mayer with the Scyphomedusae (), Mines (), and Garrey () suggested reentry as a
primary mechanism. In , after a series of canine experiments, Lewis changed his mind and supported the notion that
atrial flutter was supported by reentry []. Since mapping techniques were crude at the time, controversy continued to
exist. Clinically, different ECG patterns of flutter were noted raising further questions in regards to the underlying mech-
anism. Telling work by Cabrera and Sodi-Pallares in  showed that atrial flutter was a result of consecutive regular
activation fronts oriented in the sagittal plane using data obtained from ECG and VCG recordings []. Despite these
experiments, several clinical observations suggested that atrial fluttermay be arising from a single focus firing rapidly. In a
classic paper by Puech et al. in , the authors identified two types of flutter: the common type, where P-waves were neg-
ative in II, III, and aVF; and the “rare” type, where flutter waves were best expressed in leads I and aVL []. Even though
these studies showed that activation of the right atrium during common flutter preceded cranially along the interatrial
septum and then caudally along the free wall of the right atrium, with the left atrium being activated at the same time as
during septal activation, the question of reentry versus automaticity was not clearly answered from these studies. Finally,
several ongoing studies byWaldo et al. in  both in the canine sterile pericarditis model and in postoperative patients
demonstrated that the mechanism for atrial flutter was reentrant and, thus, an abnormality of impulse propagation.These
investigators used entrainment techniques to support the notion of reentry as opposed to automaticity as the underlying
mechanism for flutter. Using epicardial electrode recordings, four electrophysiological criteria were identified with each
of them sufficient to demonstrate circuit movement tachycardia incorporating an excitable gap [–].Waldo alsomade
a distinction between the two types of atrial flutter: Type , easily influenced by programmed pacing, and Type , which
was infrequently seen, faster, and not easily influenced by rapid atrial pacing. In , Wyndham was the first to report
that atrial flutter could be interrupted using a self-activated radiofrequency generator []. Once identified as reentrant
in mechanism, the quest to understand a more detailed mechanism continued. Pastelin et al. were able to identify that
cutting the medial and posterior bundles in the atrium interrupted atrial flutter [].The role of anatomic and functional
barriers was investigated including the proposed role of an area of slow conduction [, ]. Other investigators looked
at the type of atrial reentry demonstrating that it was macroreentrant [] and dependent on myocyte interconnections
[]. Another experimental model suggested that atrial reentry was possible without an area of slow conduction []. In
the same year (), Guy Fontaine used radiofrequency energy in two patients to treat atrial flutter []. Further work
demonstrated that the expression of atrial flutter was related to the time course of postoperative pericarditis. At the same
time, the role of double potentials and fractionated atrial signals was interrogated by Cosio et al. suggesting that these
signals were associated with areas of slow conduction [] and that they provided an opportunity to study the reentrant
mechanism further. Finally, after electrical fulguration was shown to be effective in the late s [], Feld et al. showed
that atrial flutter was amenable to radiofrequency ablation in  [], targeting areas of slow conduction. As the quest
to understand more complex types of atrial reentrant tachycardia continues, technology supports and parallels better
understanding of the underlying mechanisms that can, therefore, support better outcomes in patients.

The observation that atrial tachycardias are more common in the postoperative patient with congenital heart disease
has resulted in several investigators focusing on the role of surgical incisions in the expression of atrial reentrant tachycar-
dia. It was thought that atrial reentry in these patients was also subeustachian isthmus dependent, although subsequently
this observation has been scrutinized further to show that there are a variety of complex reentrant rhythms present in the
patient with postoperative congenital heart disease.

.. Atrial Anatomy: Lessons from Atrial Flutter in Animal Models and Adult Patients with
Heart Disease

Anatomic studies evaluated the role of the crista terminalis of the right atrium, which is located in the sulcus terminalis
located in the right atrium inferior to the superior caval vein.The sinus node restswithin the crista terminalis and supports
the initiation of the sinus impulse. The origination of the impulse that initiates atrial flutter was thought to be the sinus
node [], but it is now accepted that any premature beat originating anywhere in the myocardium can serve as the
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initiator of atrial reentry as long as a supportive substrate is present.There is also a school of thought that atrial flutter is a
later manifestation of atrial fibrillation once given the opportunity to organize. In general, right atrial pacemaker activity
is thought to originate from along the sulcus terminalis, whereas premature atrial beats from the left atrium are thought
to originate from the pulmonary veins.The right atrium is largely smooth-walled and derived from the embryologic sinus
venosus. In contrast, the left atrium is formed from the anlage of the pulmonary veins. There is a fold between the right
pulmonary veins and the superior vena cava known as the “Waterston groove.”The orifice of the inferior vena cava (IVC)
and coronary sinus have fibrous continuity with only variable amounts of myocardial tissue bridging the right and the left
atrium superficially []. Posteriorly, the right and the left atrium are separated by a groove that is filled with fibro-fatty
tissue; only anteriorly, there is a distinct band of muscle that passes from the anteromedial aspect of the right atrium
and superior vena cava to the left atrium, known as Bachman’s bundle []. In the right atrium, the pectinate muscles run
obliquely toward the right atrial appendage. In contrast, in the left atrium, myocardial fibers encircle the pulmonary veins
and to some degree the mitral valve annuals. Several natural orifices exist in the right atrium including the superior vena
cava, inferior vena cava, atrial septum, tricuspid valve, coronary sinus, and right atrial appendage orifice. This geometry
plays a crucial role during activation sequences involved while atrial reentry occurs, like posing selective lines of block
or activating conduction pathways during expression of atrial reentrant tachycardias.

Atrial reentrant tachycardias, classically referred to as atrial flutter, have now been accepted to involve abnormalities
of impulse propagation that occur within either atria. Although primarily thought to be associated with right atrial dis-
ease, atrial reentrant arrhythmias can occur involving the right, the left, or both atria. Even though atrial flutter/atrial
reentrant tachycardia is a common arrhythmia seen in the adult population, this arrhythmia is much more rare in the
pediatric population and usually occurs in patients with underlying cardiac abnormalities, especially those who have
undergone surgery for correction or palliation of congenital heart disease. In patients with underlying cardiac abnormal-
ities, this arrhythmia, though rare, poses a challenge with regards to diagnosis,management, and therapy. In addition, this
arrhythmia is often associated with significant morbidity and mortality in young patients with structural or functional
heart disease.

Improved understanding of atrial reentrant tachycardias has allowed for differentiation of different types of atrial
reentry in most recent years. Both clinical and experimental studies and observations over the last – years have been
able to delineate the electrophysiologic circuit(s) that support macroreentry in atrial reentrant tachycardias. It has been
shown that atrial reentry most commonly occurs in the right atrium. It is a self-sustaining circuit, and usually occurs in
patients with either structural or functional heart disease. Continued study of atrial reentry defined the role of the crista
terminalis as an anisotropic barrier to conduction during the common forms of atrial flutter. It has also been shown
that the tricuspid valve annulus serves as an anterior anatomic barrier, supporting this “classic” reentrant loop. Finally,
abnormal automaticity of the crista terminalis, the remnants of the cardinal veins, the sinus venosus and pulmonary veins
have been shown to serve as triggers to express premature electrical activity that subsequently serves as the initiating factor
for the expression of atrial reentry. Further research has demonstrated that intrinsic anisotropic properties of the right
atrial wall related to the trabeculations of the right atrium and the number and distribution of gap junctions or connexin
proteins support expression of atrial reentry.There is nodoubt that the expression of atrial reentry ismultifactorial, but the
tachycardia seems to be more present in the right atrium, especially in patients who have either functional or congenital
abnormalities of the right atrium.

The debate in regards to the underlying mechanism of atrial flutter continued for several decades until a variety of
experimental animal models of atrial reentrant tachycardia were developed and demonstrated that, indeed, atrial flutter
and/or atrial reentrant tachycardia is an abnormality of impulse propagation supporting reentry inside the atria (mostly
the right atrium). In addition to delineating the underlying mechanism for atrial reentry tachycardia, these models sup-
ported a better understanding of the exact reentrant loop and conduction behavior during atrial tachycardia. Evaluation
of a variety of anatomic structures in association with the expression of the atrial reentrant tachycardia became the next
subject of intensive study. Most recently, with the advent of catheter-based mapping and ablation techniques, atrial reen-
trant tachycardias have been further characterized and studied in regards to distribution, expression, reentrant loop and
insight into the roles of specific anatomic structures and/or surgical incisions.

In , Rosenblueth and Garcia-Ramos developed a model of intercaval crush injury to study atrial flutter [].
This model served to support the notion that nonconductive barriers were necessary for the induction and sustenance
of intra-atrial reentrant tachycardias. The observation that the extension of the injury to the tricuspid valve annulus
terminated the arrhythmia was essential to understanding that this particular arrhythmia was reentrant in nature and



Atrial Tachycardias in Infants, Children, and Young Adults with Congenital Heart Disease  

required an isthmus. A second surgical model developed by Frame et al. [] used a posterior intercaval incision that
was y-shaped and demonstrated that the reentry was around the tricuspid ring sustaining flutter. In this model, it was
demonstrated that the tricuspid valve annulus forced activation in a circular manner around the tricuspid valve annulus.
A model of acetylcholine-induced tachycardia developed by Allessie et al. described the refractoriness of atrial tissue
and its role in the support of atrial reentry in the right atrium []. It was thought that functional refractoriness played
a critical role in determining propagation of reentrant wavefronts in the right atrium. Secondly, the sterile pericarditis
model of atrial flutter assessed and proved the relative importance of anatomic boundaries, functional refractoriness, and
the role of anatomic barriers in the expression of atrial reentry [, , –]. It appeared that in several of thesemodels,
nonconductive barrierswere crucial for the expression of reentry and that some of these barrierswere functional in nature.
Several other models then undiscovered the importance of endocardial structures, both anatomically and functionally.

Finally, in a canine model, Boineau [] demonstrated that the crista terminalis was crucial in regards to expression
of the common type of atrial flutter in adults. This model demonstrated the interaction between anisotropic conduction
and the complex geometry of the right atrium with regards to common atrial slutter expression. In addition, this model
was extended by several investigators who further elucidated the role of anisotropy and conduction velocity change along
the crista terminalis. It was, therefore, thought that the cellular basis for observed directional preferences for longitudinal
conduction in the crista terminalis may very well be associated with the role of gap junctions and cell-to-cell interactions
favoring conduction in one direction and, therefore, suggesting that anisotropy plays a critical role in the expression of
atrial reentry [–].

.. Intra-Atrial Reentry in the Postoperative Patient with Congenital Heart Disease

Intra-atrial tachycardia has carried many names in the past, including the traditional name of atrial flutter [, ]. Reen-
trant in nature, this tachycardia uses a variety of reentrant loops, in contrast to common atrial flutter, which uses the
subeustachian isthmus as a critical component of its reentrant loop. Common atrial flutter usually depicts a tachycardia
cycle length of around ms and inscribes P-waves that are negative in II, III, and aVF. In contrast, intra-atrial tachycar-
dia, which typically occurs in the post-operative patient, expresses a broad range of tachycardia cycle lengths and P-wave
morphologies [].This tachycardia has beendenoted as such because the reentrant tachycardiamayuse reentrant circuits
that are not similar to that found in common atrial flutter. Even though the tricuspid valve subeustachian isthmus can be
involved in the expression of postoperative intra-atrial reentrant tachycardia in the patient with congenital heart disease,
there appear to be other reentrant pathways or loops, sometimes involving the atriotomy, or other anatomic boundaries.
About one third to one fourth of patients with congenital heart disease, especially those who have had either surgery
or palliation for congenital heart disease, will develop or have a propensity to develop sustained atrial tachycardia that
can be demonstrated using programmed stimulation [–]. Only about % of patients who develop atrial reentrant
tachycardias have anatomically and functionally normal hearts, with over % having associated repaired or unrepaired
congenital heart disease [] (> Table .).

In regards to intra-atrial reentry tachycardia in the postoperative patient, two key surgical models have served to
improve our understanding of the atrial reentrant tachycardia in the postoperative patient with pediatric heart disease.

⊡ Table .

Atrial tachycardia incidence in pediatric patients

Repaired congenital heart disease 

Palliated congenital heart disease 

Unoperated congenital heart disease 

Normal heart 

Cardiomyopathy 

Rheumatic heart disease 

Others 

From Garson et al. ().
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⊡ Figure .

TheKaplan–Meier curvedepicts probability of experiencing noatrial tachycardias after Fontanoperationwith respect to time

and type of Fontan operation performed.

Thefirst of thesemodels was one developed by Cronin et al. [, ], which involved a shamMustard operation. Rodefeld
et al. [–] also developed a sham model of a lateral tunnel variety of the Fontan procedure (> Fig. .). In both of
these models, it was felt that a common pathway for most of the observed tachycardias was in the free wall of the right
atrium and that the tachycardia resolved when connecting the atriotomy to either the tricuspid valve annulus or the
superior vena cava. These studies also found that the inclusion of the crista terminalis in the suture line aggravated the
propensity of atrial tachycardia expression.

. Epidemiology

In general, intra-atrial reentrant tachycardia in patients with congenital heart disease occurs in patients who have had
significant manipulation or alterations of the right atrium, most often associatedwith surgery for heart disease []. Most
of these surgeries include surgery for either atrial septal defect or ventricular septal defect repair, Mustard or Senning
operations for the transposition of the great arteries (TGA), and those surgeries involving palliative procedures for single-
ventricle physiology. In addition, there is a significant incidence of atrial tachycardia in association with lesions such as
Tetralogy of Fallot and/or Ebstein’sAnomaly. Of particular challenge is atrial tachycardia in the postoperative patient after
a Fontan operation. Because of single-ventricle physiology and an often underlying myopathy, atrial tachycardia in these
patients is hemodynamically poorly tolerated. Gelatt showed that –% of patients after Fontan operation had atrial
tachycardia at a mean follow-up of  years [, ]. One of the primary predictors of atrial tachycardia expression was the
presence of atrial tachycardia in the immediate postoperative period. Another study showed that % of patients had atrial
tachycardia at -year follow-up and appeared to correlate the expression of atrial tachycardia to the presence of extensive
atrial baffling, and co-related the type of repair with arrhythmia expression []. Finally, a study from the Mayo Clinic
demonstrated a prevalence of % at a -year follow-up with associated risk factors including perioperative arrhythmia,
age at operation, and atrioventricular valve dysfunction []. It appears that about % of Fontan survivors have atrial
tachycardia at a -year follow-up (> Fig. .). Although the overall prevalence of atrial tachycardia is lower in those
patients undergoing total cavopulmonary connection, these patients are not completely free of the atrial arrhythmias.
The incidence of atrial arrhythmias seems higher in patients with complex heart disease, there is a documented incidence
of % in patients undergoing atrial septal defect repair. In addition, atrial arrhythmias may be associated with sinus
node dysfunction as a cofactor [–]. The Mustard procedure has been quoted to have an incidence of % of atrial
tachycardia with % having recurrent atrial arrhythmias. Patients who have undergone the Mustard procedure have an
increased risk of atrial tachycardia with an incidence of % at  years, and have an increased risk of sudden death of
.% at amean follow-up period of . years [, ]. It appears that atrial tachycardia may be associatedwith concordant
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sinus node dysfunction, as shownby a study of patients with atrial flutter afterTetralogy of Fallot [] or atrial septal defect
repair [], superimposed on a genetic propensity.

. Clinical Symptoms

Symptoms associated with intra-atrial reentry tachycardia in patients with postoperative heart disease are quite varied,
ranging from no symptoms, to palpitations, to hemodynamic collapse, to sudden cardiac death thought to be associated
with concomitant rapid conduction and ventricular dysfunction. From clinical observations, it is obvious that the pres-
ence of atrial tachycardia adds significant morbidity and mortality to postoperative patients. Especially in patients with
single-ventricle physiology, the added burden of atrial arrhythmias is significant. In these patients, early postoperative
arrhythmias were poorly tolerated, particularly atrial fibrillation and junctional ectopic tachycardia. Peters et al. observed
that more than half of all patients who died in the perioperative period had atrial tachycardias [].

Late postoperative arrhythmias are associated with higher right atrial pressures measured both early and late after
the operation and worse ventricular function. Late arrhythmias may be the first manifestation of anatomic obstruction,
which should be investigated promptly. In these patients with atrial arrhythmias, atrial thrombi can also be frequently
noted, requiring aggressive anticoagulation.

. Treatment of Atrial Tachycardia

The treatment of atrial tachycardias is challenging in patients with postoperative congenital heart disease [, –].The
acute treatment of atrial tachycardias depends on the clinical symptoms and associated cardiac defect(s). Once suspected,
the patient should undergo full evaluation including documentation and definition of the arrhythmia with a -lead elec-
trocardiogram and interrogation of intracardiac structures for thrombus formation and cardiac function []. Depending
on the clinical arrhythmia, patients will often have associated cardiomyopathy. Patients with underlying complex con-
genital heart disease have an increased risk of intracardiac thrombus formation, especially during expression of the atrial
tachycardia. Careful evaluation of intracardiac stasis or thrombus is essential prior to proceeding with plans for either
chemical or electrical cardioversion to normal sinus rhythm. Acute conversion of an atrial tachycardia can be achieved in
most cases where the mechanism of the tachycardia is supported by reentry. In these cases, either chemical cardioversion
with Ibutilide (.mg/kg/dose repeated  times after –min) can be tried. In these patients, it is of prime impor-
tance that the patient’s electrolytes are evaluated for hypomagnesemia or hypokalemia. A defibrillator should be available
with experienced staff, since Ibutilide can cause Torsades de Pointe in association with QTc prolongation, which can be
exacerbated in the presence of hypokalemia or hypomagnesemia and/or concomitant myopathy.

Chronic treatment of atrial tachycardias can be achievedwith Class IA, IIC, or III antiarrhythmic agents, antitachycar-
dia pacing devices, or with a more promising and more permanent approach of electrophysiologic study with ablation.
Medical management of these arrhythmias is additionally hampered, because most antiarrhythmic medications affect
myocardial function, which is often depressed in patients after cardiac surgery. It appears that Sotalol may have a benefi-
cial effect on both acute and chronic tachycardia control [, ]. Antitachycardia pacing has also proven to be promising,
though not always successful. Often patients exhibit multiple tachycardias or are unresponsive to pacing maneuvers per-
haps due to the relative small excitable gap of the reentrant loop [, –]. Antitachycardia pacing has been reported
to be associated with lethal pro-arrhythmias in selected patients, so that patient selection is critical. If there is signif-
icant myopathy and a normal atrioventricular node, rapid conduction with cardiovascular compromise is more likely
[, –].

Ablation procedures offer the potential for cure for patients with postoperative atrial tachycardias. Initial evaluation
and outcome of electrophysiologic studywith ablation was less than optimal because traditional mapping techniques were
hampered by poor definition of the underlying anatomic defect(s), associated postoperative distortions and scars that are
not visualized with current fluoroscopic techniques, and poor understanding of the tachycardia mechanism. In addition,
traditional techniques are limited in their in-ability to outline and display impulse propagation. These limitations hin-
dered the clinician’s understanding of the complexity of the tachycardia mechanism and the identification of critical areas
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An artistic representation of the technical setup in the cardiac catheterization laboratory involving traditional electrophysi-

ologic mapping and ablation equipment, complimented by a computer-based three-dimensional mapping system allowing

study and ablation of complex arrhythmias.

for successful ablative therapy [, , –]. Newermapping techniques (> Fig. .) supported by better understand-
ing of the tachycardia mechanism and improved electrophysiologic techniques, including entrainment mapping promise
improved outcomes. Therefore, newer approaches offer hope for cure of these reentrant tachycardias [, ].

.. Mechanisms of Postoperative Atrial Reentrant Tachycardias

In a small cohort of  consecutive patients with congenital heart disease, who were admitted to the University of
California between / and / and to Rainbow Babies and Children’s Hospital at Case Western Reserve Univer-
sity between / and /, a total of  atrial tachycardias were studied in the electrophysiology laboratory using
advanced mapping techniques. All patients had documented clinical atrial tachycardia in association with postoperative
congenital heart disease. Patients underwent electrophysiologic study under sedation, and in addition to the traditional
electrophysiologic approach, patients underwent mapping of the clinical tachycardia using the non-fluoroscopic elec-
troanatomic mapping (EAM) system (using CARTO) [, ]. Atrial tachycardia was induced using atrial overdrive
pacing, atrial extrastimulation techniques, and/or isoproterenol infusion, when needed. The electroanatomic map was
carefully interrogated for () activation sequences; () areas of low voltage (<.mV), to identify areas that could be
associated with diseased tissue and/or scar, supporting a barrier(s) for intra-atrial reentry tachycardia; () double poten-
tials, which may reflect areas of slow conduction or functional and/or structural lines of conduction block. Entrainment
techniques were used to define the mechanism and to identify a critical tachycardia isthmus.

Traditional electrophysiologic catheters were used to perform fluoroscopic mapping followed by electroanatomic
mapping. The superior vena cava to (systemic venous) atrial junction and the inferior vena cava (IVC) to (systemic
venous) atrial junction were mapped andmarked with a three-dimensional ring or a tag.When possible, the His position
was also tagged. In five of six patients with D-transposition of the great arteries (TGA) status post atrial switch operation,
the pulmonary venous atrium was mapped from the arterial side as well. When present, double potentials and areas of
scar were tagged during mapping and data acquisition.

Entrainment mapping was used to characterize each tachycardia circuit. After consistent capture was ensured, the
intracardiac electrograms and the surface -lead ECG (electrocardiogram) were carefully interrogated to evaluate acti-
vation sequences compared to the native tachycardia. If the post-pacing interval (PPI) equaled the tachycardia cycle length
andwas associatedwith changes in either intracardiac activation sequences or surface P-wavemorphology, the paced loca-
tion was considered to demonstrate fusion and, therefore, labeled as manifest entrainment.These areas were considered
less optimal for ablation. Concealed entrainment was present when (a) the post-pacing interval, defined as the stimulus
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artifact to the onset of the next atrial electrogram recorded from the pacing bipoles, was �ms of the tachycardia cycle
length, (b) the intracardiac activation sequences were identical during pacing as compared to those during spontaneous
tachycardia, and (c) the surface P-wave morphology was identical to the paced P-wave morphology. Areas of manifest
and concealed entrainment were marked on the constructed three-dimensional image created by the EAM. Only areas
with concealed entrainment were targeted for the radiofrequency energy application. Patients were subdivided into two
cohorts: those with simple atriotomies (such as those seen afterASD [atrial septal defect], VSD [ventricular septal defect],
AVSD [atrioventricular septal defect], or TOF [tetralogy of fallot] repair) and those with more complex atriotomies, as
found in patients after Mustard or Senning operation and/or surgery for single-ventricle physiology.

.. Intra-Atrial Tachycardias Associatedwith a Simple Atriotomy

In patients with simple atriotomies (N = ), one underwent correction of an atrial septal defect(s) (ASD), five under-
went correction of an ASD and ventricular septal defect(s) (VSD), and one underwent complete atrioventricular septal
defect (AVSD) repair. Five of these had a single tachycardia that was mapped and ablated. The sixth patient (with an
ASD and VSD) had two separate tachycardias, of which both were mapped and ablated. Of these seven tachycardias,
four had tachycardias involving the cavotricuspid isthmus and all were successfully ablated in the subeustachian isth-
mus. The other three tachycardias were successfully ablated by creating lesions from either anterior double potentials
to the IVC (N = ), where the tachycardia was revolving around an anterior barrier, or from the posterolateral right
atrial wall double potentials to the IVC, where the tachycardia was found to revolve around a posterolateral barrier
(> Fig. .).

There were three patients with Tetralogy of Fallot. Two of these three patients had a single tachycardia. These tachy-
cardias were successfully ablated by creating lesions from anterior double potentials to the IVC in one and from the
posterolateral right atrial wall to the IVC in another, which recurred  months later. Repeat mapping of the same tachy-
cardia revealed a “Figure-of-” (previously missed) and was successfully ablated between a suspected atriotomy (mapped
double potentials) and the posterolateral wall, and the posterolateral wall and the IVC. The third patient had three dif-
ferent tachycardias, all of which were successfully ablated; ablative lesions were successful in the subeustachian isthmus
for a subeustachian-dependent tachycardia, between anterior double potentials and the IVC for an incisional tachycardia
and between the posterolateral wall and the IVC for a free wall atrial tachycardia.

The remaining three patients had simple atriotomies for Ebstein’s anomaly of the tricuspid valve, Marfan’s syndrome,
and L-TGA with a VSD; all patients had a single atrial tachycardia. Two of these tachycardias were successfully ablated
in the subeustachian isthmus. The patient with Ebstein’s anomaly received multiple ablative lesions in the subeustachian
isthmus, which did not result in tachycardia termination. Retrospective evaluation revealed a “Figure-of-” tachycardia
with a common isthmus between an anterior atriotomy and posterolateral double potentials. This complex mechanism
was not recognized at the time of the study (> Fig. .).

In those patients where the posterolateral right atrial free wall provided a pivot area for the tachycardia ( of  tachy-
cardias), the EAM revealed a reentrant circuit that was distinctly different from classic clockwise or counterclockwise
flutter around the tricuspid valve. Impulse propagation occurred around the valve, but these activation sequences were
driven by a circuit that was primarily located laterally and posteriorly and almost perpendicular to the frontal plane.
In these patients, entrainment from the subeustachian isthmus exhibited manifest entrainment, confirming that the
subeustachian isthmus was not critical to the reentrant loop. Successful ablation of these tachycardias was achieved by
ablation of an area that bridged the posterolateral right atrial free wall (behind the crista terminalis) to the IVC in all five
patients (> Fig. .).

Three other tachycardias were noted to propagate around an anterior barrier. In one patient, the tachycardia was
thought to be isthmus dependent, but unsuccessful ablation of the subeustachian isthmus was thought to be due to the
inability to achieve a transmural lesion or due to poor understanding of the underlying mechanism. Only a traditional
ablation catheter was used.

In summary, patients with a simple atriotomy demonstrated four different tachycardia mechanisms: subeustachian
isthmus dependent (/ or %), reentry around posterolateral double potentials (/ or %), reentry around anterior
double potentials (/ or %), and “Figure-of-” tachycardia (/ or %) with a common isthmus located between
mapped double potentials either laterally or anteriorly and another anatomic barrier such as the tricuspid valve.
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These activation maps of the right atrium in a -year-old male after atrial septal defect repair confirm non-isthmus-

dependent atrial tachycardia. Shown are PA (posteroanterior) and RAO (right anterior oblique) projections displaying that

the atrial tachycardia was mapped to revolve around a lateral scar within the right atrium in a counterclockwise fashion.
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Figure-of- loop atrial tachycardia in a patient after simple atriotomy for tricuspid valve surgery for Ebstein’s anomaly.

.. Intra-Atrial Tachycardias Associatedwith Complex Atriotomies

... Patients after Atrial Switch Operation

Thirteen of the  tachycardias were mapped in six patients after an atrial switch operation. Two of these patients had a
single tachycardia that was successfully ablated in the subeustachian isthmus on the pulmonary venous side.This tachy-
cardia traversed the isthmus arising posteroseptally on the pulmonary venous side, inscribing a clockwise propagation
pattern moving anteriorly and superiorly, and then descending to the posteroseptal area. The systemic venous atrial side
was passively activated by the reentrant wavefront as it traversed the upper andmid-septal portions (> Fig. .). A third
patient had two tachycardias. One of these tachycardias appeared to be focal in nature. The EAM of this tachycardia
revealed passive activation of the systemic venous atrium from the posteroseptal area, where the post-pacing interval
was identical to the tachycardia cycle length. Because of patient size ( years old), the pulmonary venous atrium was
not accessed. However, the patient had recurrent tachycardia with a different cycle length and surface ECG morphology
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These activation maps of the systemic and pulmonary venous atrium of a -year-old female with transposition after atrial

switch operation confirm that the atrial reentrant tachycardia is primarily confined to the pulmonary venous atrium (earliest

activation is in red) with passive activation of the systemic venous atrium. Some areas of the atria could not be mapped due

to technical difficulties.

about months later.This tachycardia was then successfully ablated with lesions in the posteroseptal area of the anatomic
right atrium on the pulmonary venous side; there has been no recurrence in over  years.

The remaining three patients had multiple tachycardias (one patient each had two, three, and four different atrial
tachycardias, respectively).The subeustachian isthmus served as the successful ablation site in only one of these tachycar-
dias. Of the remaining tachycardias (N = ), six were successfully ablated either in the systemic venous atrium (N = ),
or the posterolateral wall of the pulmonary venous atrium (N = ), or between the posterolateral systemic venous atrial
free wall and the IVC (N = ). Two tachycardias were not ablated due to procedure length and/or poor understanding of
the mechanism of tachycardia.

... Patients After Fontan Operation

Four of  tachycardias were mapped in three patients’ status after a Fontan operation. All of these patients had an atri-
opulmonary connection (“classic” Fontan connection for tricuspid atresia, N = , and for double inlet left ventricle,
N = ). In two patients, a single intra-atrial reentry tachycardia was addressed. Successful ablation occurred in the area
between a suspected atriotomy and an atrial septal defect patch in one patient and in the area between posterolateral
double potentials and the IVC in the other. The third patient had at least two tachycardias; neither could be successfully
ablated.

.. “Figure-of-” Intra-Atrial Tachycardias

“Figure-of-” tachycardias were noted to occur more often (%) in patients with complex atriotomies. “Figure-of-”
tachycardia with a common isthmus in the systemic venous atrium (> Fig. .) involved clockwise propagation around
a scar and/or double potentials in the right lateral free wall and counterclockwise propagation around anterior atrial
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Figure-of- loop atrial tachycardia in a -year-oldmale patient after complex atriotomy for transposition of the great arteries

and atrial switch operation (Mustard operation at  years of age).
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Figure-of- loop atrial tachycardia in an -year-old male patient after complex atriotomy for transposition of the great

arteries and atrial switch operation (Mustard operation at  years of age). Shown is the electroanatomic map of both atria.

incisions (lower pant leg). A long ablative lesion bridging the superior and inferior pant leg resulted in successful ablation
with no recurrence in more than  years.

“Figure-of-” tachycardia in the pulmonary venous side involved counterclockwise propagation around the mitral
valve annulus and clockwise around double potentials recorded on the lateral right free wall of the pulmonary venous
atrium. Successful ablation was achieved from the posterolateral right free wall of the pulmonary venous atrium to the
mitral valve (> Fig. .).

Another two “Figure-of-” tachycardias were noted in patients after the Fontan operation. One of these demonstrated
a common isthmus between an anterior atriotomy and an ASD patch and was successfully ablated. The second “Figure-
of-” tachycardia could not be ablated presumably because a transmural lesion could not be achieved. Ablative lesions
from the right atrial posterolateralwall to both the IVC and the tricuspid valve dimple did not result in successful ablation
of the tachycardia. This patient has had no clinical recurrence, however, after  months of follow-up.
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Summary of locations of successful ablation of atrial reentrant tachycardias in patients after a simple atriotomy. Atriotomies

included those for ASD repair, VSD repair, TOF repair, AVSD repair, Ebstein’s anomaly, and ventricular inversion. Note that the

subeustachian isthmus was critical in supporting reentry in % of atrial tachycardias.

.. Role of the Subeustachian Area (Classic Flutter Isthmus)

In patients with postoperative atrial tachycardia, only % of reentry tachycardias involved the subeustachian isthmus as a
critical part of the reentrant loop (> Fig. .).These findings are in contrast to those of Chan et al. [].This discrepancy
in observation can be explained by several factors. Our patient population included patients with complex atrial surgery;
the Chan study included patients with a simple atriotomy only. We used EAM in our study, allowing for more precise
evaluation of the reentrant circuit. Our findings also differ somewhat from those of Collins et al. [] and Love et al. [],
who noted that the subeustachian isthmus was critical to % of patients after atrial switch operation, whereas we noted
that only % of these tachycardias involved the subeustachian isthmus. Regardless, our study confirms that intra-atrial
reentry tachycardia in postoperative patientsmore often involves other crucial areas, such as the posterolateral right atrial
wall [, , ]. We believe that the observed differences are due to the inclusion of a wider spectrum of congenital heart
diseases and perhaps, more intensive evaluation of the tachycardia.

Another isthmus frequently mapped and successfully targeted for ablation was between posterolateral double poten-
tials and the IVC. This isthmus is also recognized in adult patients with unusual types of atrial reentry tachycardia. Our
study demonstrates that this reentrant atrial tachycardia is fairly common in patients after repair for congenital heart dis-
ease, involving an atriotomy that supports this unique reentrant substrate. Finally, a less common isthmuswas between an
anterior atriotomy and the IVC, and is in congruence with other studies. The implications of these findings for mapping
and ablation suggest that subeustachian ablation may be more successful in patients after simple, rather than complex,
atriotomy for congenital heart disease, and that other isthmuses could be crucially involved in postoperative reentry
tachycardia and may even coexist.

The type and complexity of the reentry tachycardia varied with the type and complexity of the surgical repair. For sim-
ple atriotomies, multiple circuit tachycardias were less common than in patients with complex atriotomies (> Figs. .
and > .).

. Long-Term Follow-Up of Patients with Atrial Tachycardia

Even with the use of advanced imaging techniques, the long-term success rate for our patients is % at a mean follow-up
of  ±  months and at least % of patients (/) required repeat procedures. Failures may be due to inability to create
transmural lesions (especially in patients after the Fontan operation), limited ability to reach critical areas (i.e., pulmonary
venous atrium), or other limiting factors (i.e., procedure time and patient tolerance).
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Summary of locations of successful ablation of atrial reentrant tachycardias in patients after a complex atriotomy. Atriotomies

included those for Senning operation, Mustard operation, Bidirectional Glenn operation, and Fontan surgery. Note that the

subeustachian isthmus was critical in supporting reentry in % of atrial tachycardias.

In summary, there are variety of differentmechanisms of tachycardias in postoperative patients, some inscribing com-
plicated reentrant loops such as “Figure-of-” atrial reentry tachycardia. Because patients with congenital heart disease
encompass a heterogeneous population and because surgical techniques are variable and the anatomy of the expressed
disease so complicated, we found the use of multiple complementary approaches to be of great benefit to successful
treatment of these postoperative tachycardias.
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. Introduction – History and Technology

Body surface potential mapping is an extension of conventional electrocardiography that acknowledges the fact that car-
diac electrical fields – the voltage distributions and current flow patterns arising from cardiac currents – exist everywhere
within and on the body surface. Waller, Einthoven, Wilson, and many of the early electrocardiographers recognized
that the electrocardiogram could be measured from any body surface site and that the measured signals were different
at each site, but because of limitations in recording technology, they could measure only one or at best a few sites at
a time. The evolution of electronic amplifiers and the advent and access of laboratory computers during the late s
made possible the recording of many ECGs at a time, thus allowing the mapping of spatial distributions of potential.
The sequence of these distributions defines what has come to be known as the body surface potential map. Unlike scalar
electrocardiography which relies on interpretation of waveform features including amplitudes, durations, andmorpholo-
gies of the different electrocardiographic waves, body surface potential mapping focuses on the magnitude, location,
and migration of potential extrema as well as the shape and dynamics of isopotential contours throughout the cardiac
cycle.

Body surface potential mapping (BSPM) is a subset of the more general field of cardiac mapping that includes the
direct study of cardiac fields measured in the intracavitary space, intramurally within the myocardium, and on epi-
cardial and endocardial surfaces. While body surface mapping is completely noninvasive and makes use of passive or
active electrodes placed on the body surface, direct cardiac mapping techniques are invasive and require insertion of
catheter mounted arrays (balloons, baskets) in the cavities, multipolar catheters placed in the coronary veins, mul-
tipolar needles inserted directly into the myocardium, or “sock” or patch mounted arrays of electrodes for use on
the epicardium at the time of open chest surgery. In all cases, the objective is to assess the D and D distributions
of potential or current on and within the myocardium, thus the more the recording sites, the greater the resolu-
tion and ability to characterize the underlying cardiac electrical sources. In this chapter, we shall focus exclusively
on BSPM.

The original rationale for BSPM was that the ability to visualize the dynamic patterns of cardiac generated poten-
tials was hypothesized to provide a more complete picture of the underlying electrical sources of the heart than that
provided by the limited view of six “unipolar” precordial leads and the six limb/augmented leads of which only two
are independent. This, in turn, would provide better means to detect and characterize the underlying disease, namely
infarction, ischemia, abnormalities of conduction, hypertrophy, and cardiomyopathy. A secondary, more powerful ratio-
nale was that the rapidly developing methodology of inverse electrocardiography offered an opportunity for body
surface map data to be used to calculate, estimate, characterize, or localize the electrical sources within the heart.
In fact, the work of Ramanathan et al. and others in recent years has shown the feasibility of generating reliable
estimates of cardiac electrograms and extracted information such as depolarization (activation) sequence and repolar-
ization (recovery) sequence derived from measured body surface maps and measured torso and organ geometries and
resistivities [].

In point of fact, largely because of the expense of custom recording equipment and the consideration that comput-
ing power needed for processing and display was available only as expensive, laboratory computing systems, the early
mapping efforts in the s and early s were relegated almost exclusively to the laboratory. Additionally, the rapid
evolution of ultrasonic imaging of the heart began to provide inexpensive, noninvasivemeans of detecting cardiac abnor-
malities, including wall motion abnormalities (infarction and ischemia), valve dysfunction, wall thickness (hypertrophy),
and conduction defects (bundle branch block).This new technology siphoned energy and rationale for body surfacemap-
ping, leaving electrophysiology and arrhythmias as the major remaining areas of study. Nevertheless, BSPM continues to
be used, particularly as ameans to better characterize heart disease and,more recently, as ameans to facilitate localization
key circuits in arrhythmias.

. Recording Techniques

Body surface mapping systems include an electrode array, electronics for amplification, and recording of the ECG data,
computing resources for preprocessing the recorded ECGs, displaying them in a variety of formats, and for analyzing the
signals for purposes of detection, classification, or monitoring changes in cardiac electrophysiological state.
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.. Electrode Arrays

Most early mapping was done using regular arrays (fixed numbers of columns and rows) of passive metal electrodes, typ-
ically chlorided silver, attached to individual strips of nylon, rubber, or other substrate material. Conventional electrode
paste was routinely used to enhance electrical contact with the skin and double-sided adhesive strips or “doughnuts” were
used to hold the electrodes in place. At least one group used polished insect pins attached to individual wires to record sig-
nals and another group devised a vest embedded with active dry electrodes – electrodes that have preamplifiers mounted
directly on the metal. The objective of these designs was to obtain high quality and low noise signals while minimizing
the time needed to apply the electrode arrays.

In the early days of mapping, little was known about redundancy of electrocardiographic information in the sense
of correlation between sites, and hence mappers used large numbers of electrodes (, , , , etc.). As body sur-
face potential map databases grew and as experience and understanding of distributions demonstrated that there was
considerable redundancy in these signals, several groups focused on “limited” or “reduced” lead systems to maximize
capture of information while reducing the costs associatedwith large numbers of leads and the associated electronics and
computing needed to manage the data. This topic will be addressed later in this chapter.

Several techniques have been developed to facilitate and speed up the process of applying the electrodes to patients.
These include the use of strips of electrodes with double sided adhesive, inflatable vests in which electrodes are embedded
on the inner surfaces, arrays of electrodes supported by a mechanical shell and adjustable to fit each torso, and strips of
electrodes attached to the patient via suction. Most electrode systems use and require use of electrode gel for purposes
of ensuring good electrode–skin contact, but others have reported success using active dry electrodes that eliminate the
need for electrode gel.

.. Electronics

Mapping systems require the need for amplification of the small (∼mV magnitude) signals, analog-to-digital (A/D)
converters to convert the amplified voltages into numerical representation for later processing, and ameans to store these
samples from each of the electrodes. The basis of all electrocardiographic recording is the electronic amplifier tailored
for bioelectric signals having maximum amplitudes of mV. During the late s and early s, such amplifiers were
readily available, but not configured in size and cost to permit assemblies of the hundreds needed for the “simultaneous”
recording, essential for mapping. Several groups developed their own custom amplifier systems using low noise, high
performance integrated circuits that allowed packaging of tens of individual amplifiers on each circuit board.The addition
of individual sample and hold circuits made possible the “simultaneous” sampling of data from all amplifiers, important
for maintaining temporal integrity of the data. Another important contribution to the technology was the use of analog
multiplexers, integrated circuits that allowed signals from multiple amplifiers to be switched into one data stream that
could then be fed to one A/D converter. This innovation drastically reduced the system cost by eliminating the need for
expensive A/D converters for each channel.The streamof digital samples was then stored in computermemory or directly
to disk using double buffering techniques and finally to digital tape. Early systems were limited to short recording times,
typically just a few seconds, a consequence of the limits of available computing technologies and storage media. Present
systems, both custom laboratory systems and the few commercially available, can record continuously tomemory or disk
for long periods of time.

.. Computer Processing and Display

The advent of laboratory computers and later, the availability of personal computers, made possible the extensive pro-
cessing, analysis, and display of body surface potential map data. For eachmultichannel recording, individual signals had
to be calibrated, adjusted for baseline drift, filtered if there were excessive noise, or estimated or interpolated from other
signals if the signal were excessively noisy or “missing”, often a problem when hundreds of leads and connectors were
considered.The signature presentation of body surface potential data is the isopotential contour map, in which potentials
for each sample time are displayed as contour maps on geometric representations of the torso. Data in > Fig. . show
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⊡ Figure .

Examples of isopotential contour map displays from the early QRS of a normal subject. On the upper left panel is a stylized

D contour plot showing an array of  rows by  columns ( sites) that represent a torso surface. The top and bottom

edges of the rectangle correspond to the levels of the sternal notch and umbilicus, respectively. The vertical midline of the
array corresponds to the vertical anterior thoracic midline and the left and right edges of the display correspond to the spine.

On the upper right panel is the same data as displayed in the left panel except with vertical modulation of the potential,

thus showing positive and negative extrema as “mountain peaks”and “valleys”. The bottompanel shows the same data now

presented on a D torsomodel. Contours are colored from blue (negative) to red (positive).

the same “frame” (sample) early in the QRS of a normal subject using a flat D array (upper left) as well as a D torso
array (bottom). A third presentation of the same data (upper right), the orthographic projection, shows the potential
distributions as “mountains and valleys” and is useful in enhancing magnitude differences and changes at the expense of
extrema localization. An example of early, mid, and late “frames” within the sequence of QRS maps of a normal subject is
shown in> Fig. ..The features of thesemaps used to describe them include the location andmovement of the positive
and negative extrema (trajectories) and the shape, steepness (gradient), and levels of isopotential contours. A variety of
scaling techniques is used including linear, in which contours are spaced at fixed intervals, normalized in which a fixed
number of contours is drawn for each map and which is useful for displaying data having low amplitude or widely vary-
ing amplitude, and logarithmic spacing for widely varying amplitudes. Additionally, since positive and negative potentials
may be quite disparate in magnitude, it is often helpful to use separate scaling for positive and negative potentials. Such
scaling options offer flexibility in assessing pattern and/or amplitude differences or changes.

. Lead Systems for Recording and Estimating Body Surface Potential Maps

Since the objectives of electrocardiographic body surface potential mapping are measurement, analysis, and the use of
distributions, measurement explicitly requires extensive spatial sampling. In contrast to the conventional  lead ECG
and VCG techniques, which were developed from empirical considerations as well as representations of the electrical
activity of the heart as a simple dipole, mapping lead systems were designed to measure “all” available ECG information.

Lead systems have been characterized as “complete” or “limited” (also referred to as “reduced lead systems”), the
former implying the actual sampling of “all” data and the latter implying the sampling of a small number of sites for
approximating or estimating complete distributions to a prespecified level of accuracy. Since mapping has been relegated
primarily to research laboratories, there have never been standards for lead systems. Thus, there is a great variety in the
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⊡ Figure .

Three QRS “frames” (isopotential distributions) from a normal subject showing early, mid, and late distributions.

number and placement of recording sites. “Complete” sampling lead systems published in the literature include provision
to measure , , , , and  body surface sites. Since the purpose of extensive sampling is to define the spatial
character of the cardiac generated potentials, these systems are designed to sample most of the thoracic surface. In most
systems, electrodes are placed in evenly separated rows and columns over the thorax. Modifications to this basic arrange-
ment include increased spatial sampling density in the precordial region (doubling the number of rows and columns in
this region) and reduced sampling density on the posterior surface (halving the number of rows and/or columns) and
placement of leads lower on the torso and higher, including the shoulders. It is important to note that the rationale for a
particular lead system is dictated by the presumption that all ECG information will be sampled. Also, however, lead sys-
temsmay be tied to the type of displays used. Complete lead systems were used initially because of the lack of knowledge
concerning the detailed spatial character of ECG distributions or the extent of redundancy. By measuring data at all sites,
direct display of the distributions and later analysis demonstrated that, for practical purposes, complete sampling was
not necessary. This led to the development of a variety of “limited lead” systems for estimating complete maps [–]. The
mechanisms by which complete ECG distributions may be “derived” from such limited lead sets include interpolation,
modeling, and estimation.
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.. Interpolation

Interpolation relies on mathematical formulae that provide smooth approximations to data within the regions between
measurement sites. Simple linear or bilinear interpolationmay be used, or curve or surface fittingmay be applied. Another
interpolation approach is to assume a periodic structure for the data, a strictly correct assumption when applied to the
circumferential aspect of the torso. This permits use of Fourier series to build interpolation polynomials from which
potentials may be approximated at unmeasured sites [].

.. Modeling

Modeling approaches rely on physical characteristics of measurement sites – geometric location, conductivity of the
torso, and its inhomogeneity – in conjunction with the field equations that model the problem to predict aspects of the
distributions in unmeasured regions.

.. Estimation

Estimation techniques, on the other hand, utilize information obtained from complete lead systems in order to develop
statistical transformations for estimating unmeasured data from thatmeasured at limited lead sites. Ultimately, potentials
Φu at Nu unmeasured sites, are to be estimated from potentials Φm at Nm measured sites, by a linear transformation, T,
such that

Φu = TΦm

Theoretically, a perfect transformation exists for each subject and each cardiac state. However, an average transforma-
tion may function sufficiently well to permit its use in a practical system. In one implementation of this approach, the
transformation, T, may be determined as the linear, least mean squared error estimator given by

T = KumK−mm

where, Kum is the cross covariance matrix between unmeasured and measured sites and Kmm is the covariance matrix of
measured sites defined using the expectation operator, E, as

Kum = E[(Φu − Φu)(Φm − Φm)T]
and

Kmm = E[(Φm − Φm)(Φm − Φm)T]
where

K = [ Kmm Kmu

Kum Kmm
]

In general, the covariance between any two sites i and j, kij is given by

kij = E[(pi − pi)(pj − pj)] = ρijσiσj

in which ρij is the correlation coefficient between potentials at sites i and j, σi and σj are the potential standard deviations
at sites i and j. Regardless of the method for assigning potentials to the unmeasured sites, a variety of error criteria for
assessing the adequacy of lead systems have been developed which permit selection of lead systems to suit one’s needs.
These criteria include root-mean-square (rms) error, correlation coefficient, peak error, and others, all of which compare
estimated data with that obtained from a complete lead system. Depending on the number and placement of leads, esti-
mation errors approaching the system and recording noise levels are possible. This approach has formed the basis for
estimating BSPMs and even the  lead ECG from small numbers of leads.
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. Utilization of Body Surface Potential Map Information

There are two primary uses ofmap data, both ultimately aimed at understanding and characterizing normal and abnormal
cardiac electrophysiology.The first and original use relates to the characterization of cardiac state, specifically with respect
to disease, by direct correlation of map features with independent documentation of cardiac physiology and pathology.
With regard to this use, emphasis is placed on practical application of measurements for improved, noninvasive diagno-
sis as compared to the  lead ECG. The second use of map data relates to the validation and assessment of forward and
inverse models and concentrates on estimation of myocardial current distributions from which underlying physiology
can be inferred.The latter is discussed elsewhere in this text and will not be described here. Regarding the former, utiliza-
tion of map information is accomplished through visual assessment and/or quantitative approaches that permit rigorous
analyses, particularly those involving statistical methods. Examples of these now follow.

Since the first maps were recorded, simple observation of the potential distributions has been the primary means of
analysis.The sequence of distributions, including dynamics, relative magnitudes and trajectories of positive and negative
extrema, and morphology of contours provide a rich characterization of each heart cycle. Classical features of maps on
patients with old infarcts, bundle branch blocks, ectopic activation, WPW, etc., provide sufficient information for simple,
“eyeball” classification which is often not as clear using the  lead ECG alone. For example, cardiac events leading to
a marginally abnormal Q wave in a  lead examination would likely have a more definitive representation in maps,
namely a negative extremumwith signature temporal and spatial characteristics. InWPW, a delta wave – small deflection
preceding and merging with the QRS – in the  lead, is transformed to an early negative extremum, whose location
indirectly points to the location of the accessory pathway on the A-V ring. Ectopic ventricular beats and VT exhibit
map patterns that consistently identify the location of early depolarization. The latter two illustrations characterize the
“atlas” approach to map analysis in which map patterns originating from known cardiac location, whether epicardial,
endocardial, or septal and both atrial and ventricular, are catalogued and then used for comparison to patterns from
unknown activations [–]. Maps obtained from patients having a variety of cardiac pathologies are described in the
following chapter. However, a brief introduction to the methods of qualitatively interpreting map distributions might be
useful.

.. Qualitative Analysis

The elementary interpretation of potential distributions follows that of conventional ECGs. During the QRS, a positive
wave in a unipolar lead is indicative of an approaching activation front and a negative wave reflects a receding front.
Hence, Q or S waves signify receding wave fronts as viewed from the measurement site, whereas R or R′ waves are
indicative of wave fronts approaching the site. In isopotential contourmaps obtained during depolarization, body surface
regions that are negative primarily reflect the perspective of receding depolarization surfaces, whereas regions that are
positive are those which “see” approaching depolarization surfaces. During repolarization, the polarity is reversed, as is
the interpretation.

In order to illustrate interpretation of map distributions, two examples are presented. The map in > Fig. . shows
data early in the QRS of a patient with an old anterior wall myocardial infarct.The dominant anterior negative extremum
and left, posterolateral positive extremum, result from a depolarization surface oriented along a dominant anterior to
posterior axis. This pattern persists throughout much of the QRS and the lack of anterior positivity is consistent with the
loss of active, anterior wall myocardium.

The sequence of map frames shown in > Fig. . shows potential distributions, early, mid, and late in the QRS of
a patient with right bundle branch block. The early (top) left to right axis (blue to yellow) of the potential distribution is
indicative of a depolarization surface oriented in a left to right direction and would signify early left ventricular depolariza-
tion. The mid QRS transitional distribution shows a posterior-to-anterior distribution, likely dominated by LV endocardial-
to-epicardial depolarization. The late QRS pattern (bottom) shows a right inferior to left superior axis and suggests a right
ventricular depolarization pattern.

Similar interpretations can be applied to ECGs and body surface maps during repolarization, with the exception
that polarity reversal must be taken into account. In unipolar ECGs, positive T waves are measured at sites that, on the
average, observe recovery receding from them.Contrariwise, negative Twaves are detected at siteswhich observe recovery
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⊡ Figure .

Three QRS frames from a patient with old anterior myocardial infarction.

approaching them. In maps, positive regions are indicative of sites which, on average, observe repolarization receding
and negative regions occur where recovery is approaching. A potential distribution during recovery of a normal subject
is shown in > Fig. .. This distribution, which is quite static in pattern, shows a dominant right superior to left inferior
axis on the anterior thoracic surface. This is consistent with the predominant epicardial to endocardial distribution of
recovery observed in the normal heart following supraventricular activation.

It should be stressed at this point that the qualitative interpretation of potential distributions is correct in a gen-
eral sense, although it is far from exact. The potential observed at any site results from a complex superposition of
the effects of all active cardiac currents. The complexity of both the cardiac generator as well as the body volume con-
ductor make exact interpretation difficult, if not impossible. The anisotropic, inhomogeneous, time varying nature of
the active and passive tissue underscores the difficulty of carrying out unambiguous interpretation of map data from a
qualitative approach.

.. Quantitative Analyses of Body Surface Maps

Thesimplest quantitative approaches tomap analysis are those that assignnumerical values to visually observable features.
Thus, the trajectories of positive and/or negative extrema may be parameterized into x, y coordinates varying with time.
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⊡ Figure .

Three QRS frames from a patient with old right bundle branch block.

⊡ Figure .

A T wave isopotential map from a normal subject.
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The magnitudes of the extrema may be plotted against time. Then statistics of these features, such as the mean or peak
values may then be used for conventional statistical analysis in order to establish classification rules or to demonstrate
differences between classes of maps.

.. Distributions of ECG Integrals (Areas)

Another class of quantitative map features makes use of so-called integrals or areas. Segments of the sequence of maps
may be integrated and displayed as distributions. Thus, QRS, STT, and QRST integral maps are obtained by integrating
all ECGs over the QRS, STT, or QT intervals, respectively, and displaying their distributions. Other specialized areas have
been used, including the ST in which integration is carried out over the ms following the “end” of QRS, or the “Q
zone” map in which the first ms of the QRS is integrated.

There are two ways of interpreting integral distributions, one based on purely signal theoretic considerations and
one based on theoretical aspects of cardiac electrophysiology. Thus, the QRS integral distribution may be thought of
as the average QRS potential distribution, which it would be if all values determined from the integration are divided
by the interval of integration. In addition, it would be the distribution that would result if all cardiac fibers depolar-
ized “simultaneously” with the same dipole direction and strength they normally have. Of course, such an activation
sequence is not possible. All other area distributions may be thought of as average distributions for the interval over
which the integration was performed. These integrals have been shown to be useful in assessing cardiac state or
its change.

The more powerful, theoretic interpretation of areas originated with the concept of the “ventricular gradient” first
proposed by FrankWilson []. He argued that in the presence of a homogeneous distribution of action potentials, that is,
identical recovery properties, the integral of any ECG over the QT interval should be zero. A corollary to this, suggests
that since the measured QRST area distribution is not zero, and, moreover, almost independent of activation sequence,
it reflects disparity of recovery properties, that is, action potential shape and duration. Though the exact relationship
between QRST area and disparity of recovery properties has not been established, it is clear that a significant one exists.
Since the distribution of recovery properties is known to play an important role in somemechanisms of arrhythmogenesis,
QRST area distributions may play an important role in assessing a patient’s vulnerability to ventricular arrhythmias. This
has been explored by several groups that relate QRST integral distributions to vulnerability [–]. Moreover, Plonsey
and Geselowitz have provided a theoretical justification for Wilson’s original work [, ].

The same theory that predicts that the QRST area should reflect the distribution of recovery properties suggests that
the QRS area distribution should reflect the distribution of activation sequence. Experimental support for this hypothesis
has been documented and the measurement may prove useful in diagnosing abnormalities of conduction. As a conse-
quence of the relationships of QRS area to activation sequence and QRST area to recovery properties, it follows that the
STT area should reflect recovery sequence.

The body surface distributions of QRS, STT, and QRST integrals obtained from a normal subject are illustrated in
> Fig. .. Interpretation of these distributions in terms of average activation sequence, recovery sequence, and recovery
properties follows along lines similar to those used for interpreting isopotential maps. The superior-right to inferior-left
anterior axis of the QRS area distribution is consistent with the dominant direction of depolarization of the left ventricle,
namely endocardium to epicardium that presents itself, on average, along a base to apex axis. The facts that the distribu-
tion of the STT areas is similar to that of the QRS and that the polarity associated with recovery is reversed compared to
depolarization provide evidence that recovery sequence is opposite to that of activation. This epicardial to endocardial
sequence of recovery in a normal heart following supraventricular activation is well documented. Finally, the distribu-
tion of QRST areas is supportive of the previously observed epicardial to endocardial gradient of recovery properties.
In summary, the distributions of deflection integrals provide important information concerning the underlying electro-
physiological processes in the heart.These indices and analyses of their spatial character are being examined for utility in
providing insight into arrhythmia vulnerability, the extent and nature of conduction defects, as well as other abnormalities
of activation and recovery.
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⊡ Figure .

QRS, STT, and QRST integral maps from a normal subject.

. Statistical Representation of Body SurfaceMaps

Another approach to quantitative characterization of maps is the use of mathematical or statistical representa-
tion [, ]. In this technique, maps are characterized using mathematical or statistically derived basis functions.
All the data from a patients map, the complete sequence of potential distributions, may be represented as an n-
dimensional vector that can be used to reconstruct the original maps within a prespecified error. The advantage
of this technique over other, quantitative characterizations, is that the representation features are independent and
common to all maps and all patients. The vector of representing parameters may be used to compare maps on a
beat-to-beat basis within one patient, between patients, or between classes of patients. Furthermore, independence
of the parameters greatly simplifies the statistical analysis. The technique has been particularly useful in the non-
invasive diagnosis of a variety of classes of heart disease for which diagnostic performance of the  lead ECG is
ineffective.
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In this approach, each map frame (potential distribution) is represented as a linear combination (weighted sum) of
 independent, normalized basis functions. Specifically, if P(k) is the kth sample in time of an N dimensional potential
vector (map frame), then such a representation is expressed as

P(k) = N∑
i=

αi(k)Φi

Φi ● Φi = δij = { , i ≠ j
, i = j }

where the set of basis vectors {Φ} can be any N dimensional mathematical functions. An efficient representation, the
so-called Karhunen–Loeve transformation, derives these functions, statistically, from samples of the data that one wants
to represent. For the above maps, the covariance matrix, K, can be defined as

K = E[(P − P)(P − P)T]
while the solution of the classical “eigenvalue equation”

∣ λiI − KΦi∣ = 

leads to solutions of sets eigenvector and eigenvalue pairs, {Θ} and {λ}.These can be calculated from covariance matrices
and average potential vectors estimated from large data sets (hundreds of subjects or patients and hundreds ofmap frames
from each subject). Once obtained, for each potential vector, P(k), the coefficient “wave forms” αi(k) can be obtained from

αi(k) = P(k) ●Φi

Thus, the sequence of measured map frames, {P(k)} can be replaced by the set of coefficient “wave forms,” {αi(k)} and
since there is considerable redundancy in body surface potential maps, only a few, N≈ or  basis functions are needed
to represent the entire BSPM. The first three spatial body surface eigenvectors for a large set of normal and abnormal
body surface maps are shown in> Fig. ..These spatial distributions were statistically derived from a set of over ,
map frames obtained from maps on over  patients and normal subjects. The result of the representation is to convert
each frame of  potentials that defines the torso potential distribution at a given instant, to a set of  numbers. This
: reduction in data removes spatial dependence or redundancy in the distributions. Importantly, the representation
process is reversible in the sense that the  representation variables, in combination with the  feature distributions,
may be used to reconstruct the original, measured distribution to an error of only .mV rms. The effect of this spatial
representation procedure is to replace the sequence of map frames of a complete BSPMwith a set of  waveforms that are
the time varyingweights of each of the feature frames.Theprocess of representation canbe continued for the time domain,
that is, the coefficient waveforms can be represented by basis functions derived from the coefficient waveforms, {αi(k)},
The overall effect of first spatial and then temporal representation is to replace the original BSPM (, potential
measurements/QRST)with an equivalent set of  independent variables.This “vector” of  parameters represents the
original BSPM in the sense that from it, the original BSPM may be reconstructed to a high level of accuracy. This vector
of representation parameters may then be used in classical statistical strategies for classifying or comparing map data,
whether beat-to-beat within one patient, patient-to-patient, or class-to-class.

. Summary

The long history of body surface potential mapping, will likely continue. The rapid developments in anatomic imaging,
inverse technologies, and computing speed and power will almost certainly lead to practical systems for rapid, non-
invasive, or minimally invasive assessment of cardiac electrophysiology. BSPM will play a critical role in that it is the
body surface potentials that ultimately are transformed into estimates of myocardial depolarization and repolarization
sequences that form the basis for understanding and characterizing regional cardiac electrophysiology, arrhythmias, and
disease.
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⊡ Figure .

First four normalized spatial eigenvectors calculated froma covariancematrix estimated using data fromnormal subjects and

patients with a variety of cardiac diseases.
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. Introduction

Body-surface potentialmaps (BSPMs) present the distribution of cardiac potentials on the chest surface during the cardiac
cycle. They provide the spatial as well as the temporal and amplitude components of cardiac electrical activity, whereas
the ECG scalar waveforms present only the time–voltage variation in a given lead point.

When an excitation wavefront spreads through atrial or ventricular heart muscle, it generates bioeectric currents,
which distribute themselves to all conducting tissues in the body.This wavefront is a thin layer of heart muscle separating
resting from excited areas. For the sake of simplicity, reference is made to the “classical” electrical model [], according
to which an excitation front is considered to be equivalent to a uniform dipole layer, where the dipole axis is everywhere
orthogonal to the front; moreover, the tissue resistivity is supposed to be homogeneous. According to this model, currents
arise from the anterior aspect of the front, flow through the thorax, and finally point to the posterior aspect of the front.
> Figure . illustrates the distributions of the currents and potentials, in a horizontal thoracic section, arising from an
excitation wavefront in the ventricular septum. The locations of the potential maximum and minimum on the thoracic
surface are correlated with the topography and orientation of the wavefront. According to the traditional solid angle
theory, a potential maximum in a given area on the chest surface indicates that an excitation wave is pointing toward that
area; a potential minimum indicates that the posterior or negative aspect of the wavefront is seen from the area where the
minimum is present.

However, the relationship between surface potential distribution and wavefront shape is sometimes very complex. In
fact, the potential distribution at the surface depends on the location, number, and geometry of the wavefronts in the
thorax, the geometry of the torso, and the inhomogeneities of the conducting medium (cardiac and extracardiac tissues).
For example, several excitation wavesmay be travelling simultaneously through the right and left ventricle, giving rise to a
complex distribution of currents and potentials. Also, when an excitation wave spreading from the endocardium reaches
the epicardial surface, a hole appears in the advancing wavefront. Through this hole or “window,” the currents reenter
the heart. If a window is close to the chest wall, a new potential minimum appears on the thoracic surface, in addition
to those already present. A similar hole appears in the excitation wavefront when a portion of ventricular wall cannot be
activated, because of a local myocardial infarction. In this case too, a potential minimum appears on the chest surface
in the region facing the infarcted area. A further cause of complexity arises from the fact that the dipole density is not
uniform on the surface of the wavefront, in that a wavefront spreading along fibers generates more current per unit area
than a wavefront spreading across fibers [, ].

During repolarization, currents proportional to transmembrane potential gradient from theM-cell regionflow toward
the epicardium and endocardium, the former being of higher amplitude [, ]. This amounts to numerous small dipoles
distributed in the whole mass of the myocardium. The orientation of these dipoles remains mostly unchanged during
repolarization, and their amplitudes change relatively synchronously. Localized repolarization changes further add to the
complexity of the body-surface potentials in heart disease.

Every excitation wave and every portion of repolarizing tissue in the heart influence the potential distribution on the
entire body surface. It follows that information on the electrical activity of the heart can be recorded not only from the
points commonly explored by conventional ECG and VCG leads, but also from the entire body surface. BSPMs provide
all the information available on the entire chest surface.

. History

The first example of a potential map was published by A. Waller in  [], on the basis of – ECG recordings from
the surface of the human body; the potential distribution resembled that which would have appeared if a dipole had been
located in the heart. Later, a few attempts to determine surface potential distributions were made by several authors with
rudimentary techniques.

In , Nahum et al. [] published the first description of isopotential line distribution on the thoracic surface at suc-
cessive instants during the cardiac cycle in man. They did not detect the simultaneous presence of several maxima and
minima but observed that the surface potential distribution wasmuchmore complicated than that likely to result from an
equivalent dipolar generator. In the s, Taccardi [, ] described the instantaneous distribution of heart potentials dur-
ing ventricular activation in dogs and in normal human subjects.These investigations clearly showed that several potential
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⊡ Figure .

Left: Schematic drawing of a horizontal section of the human thorax illustrating the pathway of the currents, which arise from

an excitation wavefront (solid line in septum) spreading through the septum in a left-to-right direction. A indicates the area

where the current lines reach the surface; B indicates the area from which the currents dip into the thorax pointing to the

posterior aspect of the wavefront. Right: Potential distribution in the same thoracic section and at the same instant. The plus

sign indicates the location of the potential maximum on the surface (corresponding to point A); the minus sign indicates the

location of the potential minimum (corresponding to point B).

maxima and minima may be simultaneously present on the body surface during part of the QRS interval; moreover, an
attempt was made to correlate the location of surface maxima and minima with the probable location of excitation wave-
fronts in the ventricles.The complexity of surface potential patterns, although not physically incompatible with a dipolar
source, strongly suggested that a more complex electrical model of the heart should be adopted in order to account for
the potential distributions found on the human and canine trunk.

Since then, BSPMs have been recorded from normal subjects (newborns and adults), cardiac patients, and experi-
mental animals by many investigators in different countries.

. Methods

Many lead systems have been used to record BSPMs throughout the world differing in the number of leads as well as in
electrode location on the thorax. In theory, the optimal lead system should have a number of leads large enough to detect
all details of the potential distribution on the torso surface. However, transformation methods have been proposed to
estimate BSPM in a particular lead system from the BSPM data measured by using another lead system [].

Techniques for recording, processing, and displaying the potential maps are illustrated in > Chap. .
Different methods of analysis of BSPMs have been used to extract relevant information. These are described below.

.. Instantaneous BSPMs

The distribution of chest potentials in each instant of the cardiac cycle can be analyzed qualitatively, by visual inspection,
or quantitatively by considering a number of numerical parameters relating to location, amplitude, and migration of
potential maxima and minima.

.. Integral Maps

Since differences betweenmaps of normal subjects and patients cannot easily be quantified by inspection of the sequence
of instantaneous potential distributions, the potential–time integral maps have been considered. This approach has been
proved to allow a reduction in the amount of data to be analyzed without substantial loss of information []. With this
method, only a few maps are required to represent a cardiac cycle (QRS, ST-T, QRST, or other intervals for particular
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purposes). In addition, this technique permits the calculation of averagemaps for groups of subjects without the need for
time-phase alignment.

An approximation of the potential time integral, relating to a given interval of the cardiac cycle, is obtained by com-
puting, at each lead point, the algebraic sum of all the instantaneous potential values throughout the interval considered,
multiplied by the sampling interval.The values, expressed inmVms, are transferred to a diagram representing the thoracic
surface explored, and isointegral contour lines can be drawn (> Fig. .).

QRSi

(+) 40 (–) –44

(+) 81 (–) –21

(+)110 (–) –41

STTi

QRSTi

⊡ Figure .

Integral maps in a normal subject during the QRS interval (top) ST-T interval (middle) and QRST interval (bottom). The left

half of each map represents the anterior face of the thorax, the right half represents the posterior face. Continuous dark

lines represent positive isointegrals, dashed lines represent negative isointegrals. The grey continuous line represents the

zero integral line. The legend under eachmap indicates by (+) the maximum integral value on the respective map, by (−) the
minimum integral value and (:) the gradient between isointegral lines, in mVms.
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.. Principal Component Analysis

Reduction of the information in body-surface ECG recordings can be achieved by decomposing individual integral
maps or population-wide sets of recordings or the matrix of potentials in time over an interval (such as the ST-T)
into components, which are independent of (noncorrelated to) each other. For example, singular value decomposi-
tion of the matrix of instantaneous repolarization potentials in time can be written as a sum of components each
consisting of a potential distribution on the body surface, changing in time. The relative spatial distribution of the
potentials of each component is constant, and the only thing that changes in time is the general amplitude of the
component.

>Figure . shows the first four components of the ST-T potentials in a normal subject.The first component contains
normally over % of the potential amplitude, and is probably due to the general transmural gradient of the ventricular
action potential. The second component is usually opposed (inversely correlated) to the QRS integral and likely corre-
sponds to the repolarization gradient secondary to the depolarization sequence. The relative contribution of the first or
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⊡ Figure .

The first four components resulting from singular value decomposition of the matrix of instantaneous repolarization poten-

tials versus time in a normal recording. Each component is represented by the body-surface potential distribution (right)
(distance between isopotential lines is arbitrary) and the variation of its amplitude in time (left) (time on x-axis and relative

amplitude on y-axis). The first component is at the top, the fourth at the bottom.
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first two components to the repolarization potentials is decreased in most pathological states and may be indicative of
the presence of arrhythmogenic repolarization heterogeneity.

Reduction of the information in body-surface ECG recordings to a few numerical indices can be achieved by analysing
individual recordings or population-wide sets of recordings into components that are independent of (not correlated to)
each other. One method is principal component analysis in which a set of signals, either instantaneous body-surface dis-
tributions at different instants in time, or time-based signals fromdifferent leads, or integralmaps in a group of individuals
are decomposed into eigenvectors (components, usually sets of potentials) and eigenvalues (numbers which quantify the
contribution of each eigenvector to the general variability of the overall data). Ventricular repolarization is particularly
suitable to this type of analysis, as most of the variability of normal repolarization potentials in most instants over the
ST-T interval can be described by a single component.

.. AutocorrelationMaps

Autocorrelation (AC)maps are squarematrices of values between -. and ., which represent the correlation coefficients
of every pair of instantaneous potential distributions from a set of successive instants in time [].The same time interval
appears on both coordinates of the map and the matrix is symmetrical with respect to the first diagonal. Values on the
first diagonal are always ., representing correlations of each instantaneous map with itself.

Autocorrelation maps reflect only phenomena taking place in the ECG source (myocardium) and are very little influ-
enced by the geometry of the volume conductor (thorax) that connects it to the lead system []. AC maps are very
sensitive to variations in the activation sequence. For example, > Figs. . and > . show recordings in two healthy
individuals in whom the  lead ECGs and QRS integral maps look very much alike, but differences in the activation
sequence are evident in the instantaneous potential maps, especially in the AC maps.

The ACmap of the ST-T interval is normally quite close to  as the normal repolarization pattern shows little change,
apart from the amplitude. The extent of change can be quantified by choosing the map at the peak of T (on the root
mean square signal) as a reference map and calculating the average difference from one of the lines that goes through that
instant on the AC map over the S-T peak and T peak-end intervals. We call these average differences the early and late
repolarization deviation indices (ERDI and LRDI), respectively.

. Normal Maps

.. Atrial Excitation and Recovery

At the onset of atrial excitation, a potential minimum is generally observed near the right sterno-clavicular joint, in the
right supraclavicular region, or in the rightmammary area (> Fig. .a) [, ].The potential maximumorminimum is
here defined as a point on the thoracic surfacewhere the potential value is higher or lower in relation to all the surrounding
points. Mirvis [] did not observe a clear-cut minimum, but only a broad area of negative low-level potentials over the
upper back and the right chest during the initial phase of atrial excitation. A potential maximum is initially located
either in the right submammary area or in the lower sternal region (> Fig. .b). During the subsequent stages of atrial
activation, the maximummoves leftward, gradually reaching the left mammary region, the left lateral chest wall and, in
some cases, the dorsal region (> Fig. .c). The minimummoves slightly downward. During the leftward migration of
the maximum, a secondary potential maximum sometimes appears on the left lateral wall of the thorax. The movement
of the potential maximum from right to left is most likely correlated with the spread of the excitation wavefronts from
the right to the left atrium.

During atrial recovery (> Fig. .d), surface potential maps resemble those recorded in the early stages of atrial
excitation, but with reverse polarity [–]. A potential minimum is generally located on the sternal and left mammary
region and amaximumon the right shoulder both in adults and infants.This finding suggests that repolarization advances
through the atrial walls in approximately the same order as does excitation. This is in agreement with experimental data,
demonstrating that the atrial regions that depolarize first are also the first to recover [].
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⊡ Figure .

Different representations of depolarization potentials of the same cardiac cycle in a normal subject. (a) Successive, instanta-

neouspotentialmapsduring theQRS; conventions are as in>Fig. ., except that the lines are isopotential andaremeasured

in mV; the label above each map indicates the timing of the instantaneous map. (b) Integral map with the same conventions

as in > Fig. .. (c) Autocorrelation map of the QRS interval; the same time interval is on both x- and y-axis, and each point

on the map represents the correlation coefficient between instantaneous potential distributions at the instants of its x- and

y-coordinates, using shades of gray from black for −. to white for ., as indicated on the scale at right. (d) Standard ECG

reconstructed from leads corresponding to the standard ECG leads, extracted from the body-surface lead system.
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The same representations of ventricular activation as in > Fig. ., for one cardiac cycle in a different healthy individual.

This recording was selected from a set of  in healthy people as a recording with an almost identical QRS integral as that

in > Fig. .. Note the similarity of the -lead ECG, the visible differences in the instantaneous potentials and the striking

differences in the ACmap.
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Averaged surface maps relating to atrial activation and recovery in a normal subject, at the instants or time indicated by the

vertical line crossing the ECG at top of each figure. The time interval between the (a) and (d) is ms. The zero equipotential

line is dashed. Theplus andminus signs indicate thevalueof thepositive andnegativepeaks inmicrovolts;+P and−P indicate
the step (in microvolts) between adjacent positive and negative equipotential lines.

.. Ventricular Activation

Body-surface potential distributions during ventricular excitation have been described bymany investigators in adults [,
–], children [, ], and infants [, ].

The main features of maps observed in adults are as follows. At the beginning of the QRS, a potential maximum
appears in the upper or mid-sternal area, and a minimum is generally located in a lower position on the left thoracic wall
or on the back (> Fig. .a). This potential pattern can be related to septal excitation, which occurs in a predominantly
left-to-right direction [, ] and probably also to right ventricular free wall activation.

Later, the minimum migrates dorsally. In % of subjects, the migration is discontinuous: a separate low-amplitude
dorsal minimum appears before the left lateral initial minimum has disappeared. Thus, in these subjects, two distinct
minima are simultaneously present during the initial –ms of QRS []. The minimum then moves toward the right
shoulder and finally appears in the right clavicular area (> Fig. .a, b). In some cases, the minimummoves horizontally
around the back and reaches the right axillary region. This behavior has been observed particularly in subjects with
left axis deviation in the standard -lead ECG. Meanwhile, the maximum migrates downward to the left mammary
region (> Fig. .c).The events described above are temporally related to the spread of excitation in an endo-epicardial
direction through the walls of both ventricles, with a mean direction from base to apex.

Thereafter, a new minimum often appears in the midsternal area (% of cases in the authors’ studies), at –ms
after the onset of ventricular activation (> Fig. .d). This minimum is considered to be the surface manifestation of
the right ventricular breakthrough, that is, of the presence of a “window” in the advancing wavefront, through which
the currents reenter the heart. In the following instants, the sternal minimum and the right clavicular minimum merge
to form a single, broad anterior negative area (> Fig. .e). In about % of the cases, the sternal minimum does not
appear as a separate entity, and the sternal area becomes negative as a result of the migration of the main minimum.
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Body-surface potential maps during normal ventricular activation. Each map refers to the instant or time indicated by the

vertical line crossing the ECG (bottom). The potential values are expressed in millivolts.
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⊡ Figure .

Theshadedareasencompassall locationsof thepotentialmaxima (a) andminima (b) throughout theQRS interval innormal

subjects. The arrows indicate the main direction of migration of the principal maximum (a) and minimum (b). (After Taccardi

et al. []. © Clarendon, Oxford. Reproduced with permission.)

Later, the maximum moves toward the left thoracic wall and then dorsally (> Fig. .f). In about % of adults, a
newmaximum appears in the upper sternal area during the last –ms of the QRS interval (> Fig. .g). In the great
majority of cases, the second maximum appears while the dorsal maximum is still present, the time overlap being –
ms. These potential patterns most ikely indicate the presence of two separate excitation waves travelling through the
heart. The dorsal maximummay be related to the activation of the posterobasal portions of the ventricles, and the upper
sternal maximum to the excitation of the crista supraventricularis and pulmonary infundibulum. The time relationships
between the two maxima may provide some indirect information about the time-course of excitation waves in the heart.

Green et al. [] defined the range of normal body-surface potentials in a large population (, subjects, aged –
years) as a function of age, sex, and body habitus. On average, QRS potentials decreased with increasing age. Potential
pattern distributions remained constant from  to  years; about % of the subjects older than  years had early neg-
ative potentials recorded more diffusely over the right thorax.This resulted in more vertically oriented zero equipotential
lines. Only minor differences concerning QRS potential amplitude and distributions were noted when male and female
subjects were compared within groups of similar age and body habitus.
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⊡ Figure .

ACmaps of body-surface recordings during the QRS interval in  healthy individuals, which are representative of the normal

variability of ventricular depolarization. Same conventions as in> Fig. .c.

Interindividual variability is due to variability of the thorax conductor [] and source variability []. Normal
variability of the ventricular activation may be due to the well-known variability of the conduction system.

We computed AC maps in  normal recordings from the dataset of Dr. F. Kornreich (Vrije University of Brussels,
Belgium). We sorted them using divisive clustering analysis taking the correlation coefficient as a measure of distance
betweenACmaps. Twelve prototype cases spanning thewhole spectrumof variability ofACmaps of normal activation are
shown in > Fig. .. In each activation ACmap, the size of white (R > .) regions along the main diagonal corresponds
to periods of relative stability of body-surface distribution of potentials (apart from amplitude). Sometimes, these regions
are distinct, as the transition from one pattern to the next is sudden (as in types  and ), while in other cases, it is less
distinct, as the transition is gradual (as in type ).Usually, three suchphases can be identified, the first twobeing separated
by the ventricular breakthrough.The dark region, which occurs symmetrically between the first two phases, corresponds
to the relatively opposed disposition of potential extrema on the body surface before and after ventricular breakthrough.
The third phase corresponds to activation of the basal regions of the ventricles and pulmonary infundibulum and has a
very variable relationship with the first two.

The amplitudes and surface distributions of time integrals during ventricular activation were firstly reported by
Montague et al. [] in  men and  healthy women and subsequently by many other authors. The QRS integral
map is characterized by a dipolar distribution with a minimum in the mid-sternal area and a maximum in the left
mammary-axillary region (> Fig. .).

In children, the main features of the maps are similar to those observed in adults. There are, however, minor dif-
ferences; for instance, the sternal maximum during the last stage of QRS was present only in a small percentage of
children [], but invariably appeared during peak inspiration in the series of subjects studied by Flaherty []. According
to Liebman et al. [], the location of the terminal maximum can be right superior-anterior, anterior-superior, or right
posterior, probably suggesting that the end of activation is in the right ventricular outflow tract, in the superior septum,
or in the posterobasal left ventricle.

In newborn infants, Tazawa and Yoshimoto [] observed that during ventricular excitation, the initial potential
maximum migrated to the right instead of moving to the left and dorsally as in normal adults. This behavior of the
maximumwas attributed to the physiological predominance of the right ventricle in the newborn heart. Benson et al. []
described the evolution of the surface potential during ventricular excitation and recovery in the first year of life. There
was a progression of change in the body-surface QRS potential distribution: at birth. A single QRS maximummigrated
to the right during the second half of QRS; at several months of age, the initial maximum evolved into two maxima:
one moving to the right, and the other to the left; at – months of age, the initial maximum moved to the left lateral



  Body Surface Potential Mapping

thorax, while the rightmaximumalmost disappeared.Moreover, the age-relatedchanges of theQRSmapswere associated
with similar changes on the repolarization maps; with increasing age, movement of both the excitation and the recovery
positive potentials to the right chest progressively disappeared.

.. Ventricular Repolarization

Sizeable recovery potentials usually appear at the surface of the body before the end of theQRS interval [] (> Fig. .h).
This finding was confirmed and quantified by Spach et al. [], who also reported that the time overlapping of excitation
and recovery potentials varied in different age groups, being greater in younger classes (– and – years). In some
subjects, the overlap lasted for –ms.The first signs of repolarization consist of a potential maximum,which generally
appears on the sternal area, on the left precordium or, in a few cases, even more laterally, on the left axillary region
(> Fig. .h). In the latter case, the maximum soonmoves toward the central anterior chest area (> Fig. .a). During
the early phase of recovery, the minimum is often ill-defined.The most negative areas can be found anywhere around the
maximum, in the anterior lower part of the torso, in the lateral wall, or in the back [].

This potential distribution is essentially in agreement with that described by Spach [] in subjects – years old
during the first ms of ventricular recovery. Within –ms from the onset of ST the most negative potentials con-
centrate in an area covering the right scapular region, the right shoulder, the clavicular, and the upper sternal regions
(> Fig. .). In a minority of adult subjects, the most negative areas are located in the right clavicular or scapular
regions from the beginning of repolarization. During the T wave the minimum is consistently found in the right clavicu-
lar or scapular areas and the maximum in the precordial region [, ]. Slight shifts of the potential extrema are usually
observed during the entire T interval (> Fig. .).

In a large normal population, Green et al. [] observed that ST-T potentials decreased with age in both sexes. More-
over, in female subjects over the age of , there were more extensive low-level negative potentials over the precordium
during the ST segment than inmen.On the other hand,male subjects consistently showed greater T potential amplitudes.

The early repolarization deviation index (ERDI, see > Sect. ..) is about twice as high as in females compared to
males []. LRDI is higher in males. As the correlation coefficients between instantaneous potentials in the same subject
are invariant to the features of the thorax conductor [], it proves that gender differences in repolarization potentials are
not entirely due to the systematic anatomical differences in thorax shape and conductivity between the genders, but must
be due, at least in part, to differences in myocardial repolarization gradients.
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Body-surface maps during normal ventricular recovery. Each map refers to the instant or time indicated by the vertical line

intersecting the ECG. (After Taccardi et al. []. © Clarendon, Oxford. Reproduced with permission.)
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Location or potential maxima and minima during the U wave in  normal subjects aged – years. (After Spach et al. [].

© American Heart Association, Dallas, Texas. Reproduced with permission.)

The integral maps of QRST deflections are thought to provide valuable information on the ventricular recovery pro-
cess []. Areas of QRST deflection mainly reflect the intrinsic recovery properties and are largely independent of the
ventricular excitation sequence. Actually, at the body surface, negative QRST integrals should be recorded from areas
facing myocardial regions with longer recovery durations, whereas positive values are recorded from the thoracic surface
facing cardiac regions with shorter recovery durations.

In normal subjects the ST-T and the QRST integral maps show a bipolar distribution of the values with a minimum
on the right clavicular–upper sternal areas and a maximum on the mammary region (> Fig. .).

A few descriptions of accurate recordings of potential distributions during the Uwave have been reported [, , ].
Spach and associates [] studied  children aged – years and  subjects aged –. In the  children, nomeasurable U
wavewas found. In the remaining subjects, positiveU-wave potentialswere locatedwithin a broad area on the anterior and
left lateral chest surface (> Fig. .); the magnitude of the potential maximum varied from  to μV. The highest
U voltages were confined to the precordial area where the highest T voltages occurred. In most subjects, the specific
locations of T-wave and U-wave maxima were coincident; in  subjects, the U-wave maximum was slightly to the right
of the T-wave maximum. Clear-cut negative U waves were found in only  of the  subjects. The negative peaks varied
from − to −μV and occurred on the right clavicular or scapular areas (> Fig. .).

. BSPM in Heart Disease

.. Ischemic Heart Disease

... Myocardial Infarction

Descriptions of the potential distribution on the body surface in patients with anterior or inferior myocardial infarction
(MI) have been published by many authors [–].

An attempt was made to define quantitatively the characteristic features and the range of variation of surface maps in
anterior and inferior myocardial infarction during ventricular activation and recovery [].

In patientswith anteriorMI (> Fig. .), at the onset of ventricular activation, the potentialminimumwas located in
the sternal or leftmammary region. In somepatients, theminimum lay outside the area where theminimawere located in
normal subjects. InMI patients, the minimum remained confined to a limited zone on the anterior chest wall throughout
the QRS interval, whereas in normal subjects, it migrated leftward and dorsally.
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Body-surface maps in a subject with anterior MI. Eachmap refers to the instant of time indicated by the vertical fine crossing

the ECG. Potential values are expressed in millivolts.

⊡ Figure .

Body-surface map of a patient with an old anterior MI not revealed by the -lead ECG. During the early phases of the QRS

interval an abnormal potential minimum is present on the left mammary region above the area explored by the standard

precordial leads.

The persistence of a negative area on the anterior chest surface could be ascribed to the presence of an infarcted
region in the underlying ventricular wall. This region did not depolarize and thus acted as a current sink. Occasionally,
the minimumwas located above the area explored by conventional precordial leads; in these cases, as in> Fig. ., the
l-lead ECG did not reveal any sign of anterior MI although there are suspicious changes in the inferior leads III, aVF,
and the anterolateral leads V–V. In  subjects with anterior MI, the highest absolute value of the potential minimum
varied between . and .mV (mean . ± .) and was significantly higher than in normal subjects (p < .).
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At the onset of ventricular activation, the location of the potential maximum was normal in the majority of cases.
However, the migration of the maximum was clearly abnormal, as could be expected since the area through which the
maximum should normally have passed during its migration was occupied by the potential minimum. During the first
ms of ventricular activation the behavior of the maximum varied. In the majority of cases, it moved superiorly toward
the neck, then posteriorly toward the left scapular region, and finally reached the left axillary region; in other patients
(> Fig. .), the maximum migrated inferiorly on the anterior chest wall and reached the left axillary region; in two
cases, in which the maximum was located in the left submammary region, it stayed in the same area. These various
trajectories were probably related to the different extent and topography of the infarction. During the following phases of
ventricular excitation the behavior of the potential maximumwas within normal limits.The highest value reached by the
potential maximum was significantly lower than that observed in normal subjects (mean .mV ± . standard error;
p < .). Moreover, the highest positive value was reached later than in normal subjects (p < .), occurring between
 and ms (mean . ± .).

At the beginning of the ST interval, the surface potential values were very low and the potential minimum was ill-
defined, whereas the maximum was usually well developed, as occurs in normal subjects. The electronegative areas were
located either on the left lateral wall of the chest, or on the lower part of the back, or both. These features are similar
to those observed in normals. During the T interval, a clear-cut minimum generally appeared in the left mammary or
submammary region. This location is definitely abnormal (see > Fig. .). In some patients, another minimum was
simultaneously present in a normal area; that is, the upper sternal region. The location of the T minimum over the pre-
cordial area facing the infarction could be explained by assuming that the infarcted area did not generate recovery currents
of its own and acted as a sink for repolarization currents originating in the surrounding, uninjured myocardial tissues.
The highest values reached by the recoverymaximumwere significantly lower than in normal subjects (p < .), whereas
the highest values reached by the minimum were significantly higher (p < .).

During the ST interval and the initial portion of the T wave, the recovery maximum was located within the normal
area on the anterior chest wall (> Fig. .e). During the second half of the T wave, in the majority of cases, the potential
maxima moved away from the area where they had appeared (> Fig. .f), and mainly scattered over the anterior
lower thoracic surface. This late migration of the potential maximum was not observed in any of the normal subjects.
This phenomenon is quantified by the late repolarization deviation index (LRDI, see > Sect. ..), which increases in
non-ischemic ventricular hypertrophy [] as well as in old myocardial infarction compared to normal [], even when
adjusted for gender, being higher in males [].

In the  cases of inferior myocardial infarction (> Fig. .), the potential minimumwas located within or near the
normal area at the beginning of the QRS interval. It then moved to the inferior half of the posterior or anterior chest wall,
thus passing beyond the limits of the normal scatter for the relevant instants of time. At ms, the minimumwas located
outside the normal area in the great majority of patients. The low position of the minimum, which was observed in all
patients with inferior MI at –ms, was most likely related to the presence of an infarcted area in the diaphragmatic
wall of the heart. This area of non-depolarizing tissue acted as a “window” through which the depolarization currents
generated by normal cardiac muscle reentered the heart.

During the following instants, the minimum migrated toward the midsternal region in some patients; in the other
patients (>Fig. .b), a new separateminimum appeared in the sternal region between  and ms after the beginning
of the QRS interval, while the first minimum was disappearing. Here, as in normal subjects, the sternal minimum was
attributed to right ventricular breakthrough.

The highest absolute value of the negative potential varied between . and .mV (mean . ± .) and was
significantly lower than in the authors’ normal subjects (p < .). The low absolute value reached by the sternal
minimum could be explained by the fact that the solid angle viewing the negative aspect of the wavefront from the
sternum was smaller than in normal conditions because the wavefront did not extend over the entire diaphragmatic
wall of the heart. In the authors’ experience, in patients with inferior myocardial infarction, the behavior of the poten-
tial maximum during the QRS interval (> Fig. .), its area of distribution, and its highest absolute value were within
normal limits.

At the beginning of the ST interval, electronegative areas could be found on the lower half of the trunk anteriorly
and posteriorly, as in normal subjects. During the T wave, the recovery minimummoved to or remained in the inferior
half of the trunk (> Fig. .e). The abnormally low location of the minimum during the T wave could be ascribed
to the presence of an infarcted area in the diaphragmatic wall of the heart, which acted as a sink for recovery currents.
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Body-surface map of a patient with inferior MI. Each map refers to the instant of time indicated by the vertical line crossing

the ECG. Potential values are expressed in millivolts. The time interval between successive bars is ms.

The location of the recovery maximum was within the normal area, i.e., the sternal or left mammary region, during the
entire recovery process (> Fig. .e). The highest absolute values reached by the recovery maximum and minimum
were not significantly different from those observed in normal subjects.

Potential patterns similar to those mentioned above were also described by Vincent and coworkers [] in  subjects
with inferior MI.These authors were also able to detect on BSPMs the characteristic features of inferior infarction in eight
patients, whose ECGs had returned to normal or were nondiagnostic for the previous infarction. Similar findings were
obtained by Osugi et al. [].

Hirai et al. [] described an abnormal location of the minimum at ms into the QRS in  of the  cases of anterior
myocardial infarction with a normal -lead ECG.

The possibility of detecting signs of myocardial infarction by means of body-surface mapping, even when the
conventional ECG was within normal limits, was also demonstrated by Flowers et al. [, ]. Using departure maps,
abnormalities of potential distribution were found in patients with anterior or inferior MI at the onset of ventricular exci-
tation (corresponding to the Q wave in the conventional ECG) and during the mid-phases and late phases of the QRS
interval [].

Ohta et al. [] compared body-surface maps with left ventriculographic findings in  patients with old infero-
posteriorMI. Using the departure-map technique as proposed by Flowers [], they found surface potential abnormalities
owing to infarction during specific phases of the QRS interval and in specific areas on the chest surface, depending on the
location and extent of ventricular asynergy. In particular, some patients with inferior MI and, in addition, severe asynergy
of the anterior, apical, or septal segments but without ECG or VCG signs of anterior MI, exhibited definite abnormalities
of departure maps, which were different from those related to purely inferior MI.

De Ambroggi et al. [] recorded BSPMs in  patients with old inferior myocardial infarction. Of these,  had no
signs of necrosis in the conventional ECG. A number of variables relative to the instantaneous potential distribution and
to integral maps were considered.The most accurate diagnostic criterion was derived from the integral values of the first
ms of QRS, with a sensitivity of % in patients without signs of necrosis in the -lead ECG, and of % in patients
with pathological Q waves in the ECG, with a specificity of %.

In non-Q myocardial infarction of the anterolateral wall, the integral maps of the first ms of QRS provided a good
sensitivity (%) in detecting signs (areas of values two standard deviations lower than normal) of the old necrosis in a
group of patients with normal ECG [].

Medvegy et al. recorded BSPM in  patients with documented non-Q-waveMI [].Themain abnormality revealed
by BSPM was the loss of electrical potential, but different features were characteristic for each region of the heart, so that
they were suitable for the detection and localization of non-Q-waveMI, in the clinical setting of unstable coronary artery
disease.
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... AcuteMyocardial Infarction

Since the late s, a simplified method of electrocardiographic mapping has been widely used in acute MI in order to
obtain data on the infarct size and to assess the efficacy of various therapeutic interventions aimed at limiting myocardial
injury [].

The simplified method consists in recording – ECGs from the left hemithorax and in calculating the sum of the
amplitudes of ST-segment elevations at all electrode sites, and the number of points with ST elevation. Similar procedures
have also been used to evaluate the appearance of pathological Q waves and the reduction of R waves on the thoracic area
explored.

The use of thoracic maps for assessing infarct size is based on experimental observations in animals demonstrating
that any intervention that provokes an extension or reduction of the epicardial ischemic areas produces similar variations
of the precordial areas, in which ST elevation is recorded [, ]. The use of these simplified methods of electrocardio-
graphic mapping for assessing the extent of the infarction has aroused much criticism [, ]. In fact, there are several
factors, other than the dimensions of the infarct, which can influence the ST segment elevation and, to a lesser extent,
the QRS complex. These factors consist of local intraventricular conduction disturbances, electrophysiological changes
in the myocardium outside the ischemic area, electrical cancellation phenomena, intra-extracellular electrolyte levels,
pericarditis, heart rate, and autonomic nervous system activity. Despite the above considerations, the method does offer
some definite advantages in monitoring patients with acute MI, in that it can reveal variations in the extent and severity
of the ischemic process earlier than other methods, such as enzyme levels and myocardial scanning.

A description of the ST-T potential distribution on the entire chest surface in acute MI was reported by Mirvis [],
who observed a characteristic early appearance of the repolarization potentials in both anterior and inferior MI, with
a longer than normal overlap between final excitation and recovery potential patterns. During the ST-T interval, the
potential distributions were characterized in anterior MI by a single maximum on the left anterior chest that remained
fixed in location but increased in amplitude as repolarization progressed; in inferior MI, there was a single minimum
generally located on the left anterior-superior thorax, with positive potentials covering the lower thoracic portions.

The distribution of QRS and ST potentials in acute inferior myocardial infarction (mean h after the onset of symp-
toms) has been studied byMontague et al. [].They computed integral maps in a group of  patients with acute inferior
MI, and found negative areas over much of the inferior torso with extension of the positivity to the superior torso, during
the first half of the QRS interval (Q zone); conversely, the ST segment integral mapwas characterized by abnormally pos-
itive inferior distributions and concomitant negative precordial distributions. Moreover, patients with right ventricular
involvement tended to have a greater area of negativeQ zone over the right anterior inferior thorax and greater inferior and
rightward extension of ST segment positivity as compared with patients with exclusive left ventricular infarction. Thus,
in acute inferior MI, BSPMs make it possible to detect definite abnormalities of both depolarization and repolarization
potentials, which indicate right ventricular involvement.

More recently, Menown et al. [] confirmed the ability of BSPMs (using  leads) to improve, with respect to
conventional ECG, the classification of inferior acute MI with posterior or right ventricular wall involvement.

The same group demonstrated that the BSPM diagnostic algorithm detected acute MI with higher sensitivity than a
-lead ECG diagnostic algorithm or a physician’s interpretation, without loss of specificity []. They also showed the
superiority of BSPMversus the -lead ECG in detecting acuteMI in the presence of left bundle branch block (LBBB) [].

... Myocardial Ischemia

In angina patients, the resting ECG is very often normal between attacks. This can indicate that cardiac electrogenesis is
normal or that there are electrical abnormalities, which are not revealed by the conventional ECG because they are too
small, or because they are projected to surface areas not explored by conventional leads.

In several patients with proven angina pectoris and a normal resting ECG, surfacemaps exhibited an abnormal distri-
bution of recovery potentials []. In these patients, the location of the potential minimum during recovery was outside
the normal range during some phases of the ST segment and of the T wave, often on the lower left lateral region of the
chest (> Fig. .a).



  Body Surface Potential Mapping

0

0

0.15

0.25
+

–0.03

0.25
0

.1

–0.03
–0.05

–0.03

–0.04+

–

–

V2

D1

D2

D3

aVR V1

V4

V5

V6

V2

V3

aVL

aVF

a

b

⊡ Figure .

(a) BSPM of a patient with angina and normal resting ECG. The map refers to the early ST interval, as indicated by the vertical

line crossing the ECG. This potential pattern lasted about ms. Potential values are expressed inmillivolts. (b) BSPM at the

instant indicated by the vertical line crossing the ECG, in a patient with angina but normal T waves on the resting ECG. The

map shows a complex potential distribution with onemaximum and two minima.

During the entire ST-T interval the potential maximum was located within the normal area in most patients with
angina. Only in a few subjects was the location of the maximum abnormal during the final phases of ventricular recov-
ery. In some of these patients with angina and a normal resting ECG, a complex potential distribution was observed
(> Fig. .b), with one maximum and one minimum located normally and a second minimum placed in an abnormal
position.

In a study [] performed on  patients with stable angina and a normal resting ECG, the analysis of BSPMs was
extended to a new series of quantitative aspects; that is, temporal evolution during the ST-T interval of the highest poten-
tial on the chest, lowest potential, highest potential difference, integral of the absolute value of the potential function
extended over the entire chest surface, and the percentage of the total thoracic area with positive potentials. By deriving
a number of voltage-related variables from these time functions and by submitting them to multivariate analysis, it was
possible to separate more than % of the ischemic patients from normal subjects. It has been shown [] that, in some
patients with typical angina but no evidence of MI, QRS potentials can differ from normal at some chest locations, which
are not explored by the standard  leads.

BSPMswere also used to study the potential variations before, during, and after coronary angioplasty (PTCA). During
balloon inflation in the anterior descending or right coronary artery, specific changes of QRS instantaneous and integral
maps were observed, suggesting a regional conduction delay due to myocardial ischemia [].

Shenasa et al. [] demonstrated potential patterns ms afterQRS end during inflation that were specific to the three
major coronary arteries dilated.The left anterior descending coronary artery was associated with the largest ST-segment
shifts with a precordial maximum and negative potentials over the back; for the right coronary artery, negative potentials
covered the upper left torso with a left mid-axillary minimum and positive potentials over the rest of the torso; for the
left circumflex coronary artery, negative potentials covered the anterior torso with a precordial minimum and positive
potentials over the back.These changes disappeared rapidly after balloondeflation.Thus, BSPMsprovide a comprehensive
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approach for the evaluation of electrocardiographic changes and the development of optimal leads for the detection of
acute occlusion of a coronary artery.

BSPMs were also used to evaluate the clinical efficacy of PTCA and were proved useful to detect restenosis [].

... Exercise Maps

Potential maps have been obtained during exercise in normal subjects and patients with angina.
Some authors [] recorded ECGs from  points located on the left anterior thorax, using traditional methods.This

technique should be more appropriately considered as a system of multiple precordial leads rather than surface mapping.
The -lead system, however, has shown greater sensitivity than  standard leads or three orthogonal leads [], although
this has not been confirmed by other groups.

Other investigators studied the instantaneous potential distribution on the anterior thorax [, ] or on the entire
chest [–]. A complete and accurate study on the QRS and ST-T wave changes induced by exercise was performed
by Spach’s group in healthy subjects []. These authors were able to obtain high-quality potential maps during exercise
without averaging ECG waveforms, by using their system for calculating total body potential distributions from  chest
leads. Exercise induced consistent changes in potential patterns.During the first ms ofQRS, theminimumstayed on the
lower left chest, while, in the resting condition, it gradually migrated toward the upper back. In mid-QRS, the magnitude
of the anterior potential maximum was approximately % of that observed in the map at rest while the duration of the
QRS interval usually increased (–ms) at peak exercise.On the basis of these findings, it was suggested that the decrease
in the magnitude of the precordial potential maximum in the midportion of QRS (R wave in lead V) might result from
changes in the sequence of activation of the ventricles, rather than from blood volume variations (Brody effect).

In the early stage of ventricular repolarization (early ST segment), a potential minimum usually developed on the
lower left thorax during exercise.This minimum generally decreased in magnitude in a short time after exercise. During
the subsequent instants of the ST interval, the lower left precordial region became less negative and was usually positive
by the early portion of the T wave. At the peak of the T wave the potential pattern showed slight changes during and after
exercise with respect to the resting condition. However, the amplitude did change considerably. In particular, immedi-
ately after exercise, the magnitude of T-wave potentials increased rapidly, reaching its highest value – s after the end
of exercise, before gradually decreasing; in some subjects, the potential values were still higher than resting values min
after exercise.

In patients with angina, Simoons and Block [] reported some typical changes induced by exercise. The recovery
minimum was located in the lower part of the left side of the chest and attained −μV or more ms after the end
of the QRS complex. This repolarization pattern was found in  out of  coronary patients, but in none of the normal
subjects (sensitivity %, specificity %).

Yanowitz et al. [] recorded BSMs before and after exercise in  males with documented coronary disease. By
considering the integrals of the first ms of the ST interval, they found abnormal negative values in  cases. Moreover,
in % of the cases, BSPMs after exercise showed maximal depression of the ST-segment area at sites not sampled by the
leads usually employed in exercise testing. This finding suggests that BSPMs may increase the sensitivity of the exercise
testing for coronary disease.

.. Right Ventricular Hypertrophy

Hypertrophy may involve various portions of the right ventricle in different forms of heart disease. In children BSPMs
were recorded in the following types of right ventricular hypertrophy (RVH) []: dilation of right ventricle and hyper-
trophy of the crista supraventricularis owing to secundum atrial septal defect; hypertrophy of the entire right ventricle,
including the outflow tract, secondary to valvular pulmonic stenosis; hypertrophy of the proximal portion of the right
ventricle between the tricuspid valve and the infundibular stenosis, with normal thickness of the right ventricular wall in
the outflow tract, beneath the pulmonary valve (tetralogy of Fallot).

While, in normal subjects, during the second half of theQRS interval, the potential maximummoves from the precor-
dial area toward the left axillary region and then to the back, in all patients with RVH, it migrated toward the right chest.



  Body Surface Potential Mapping

Themovement of the maximum on the right thorax was different according to the various pathological conditions [].
In atrial septal defect (ostium secundum) the maximummoved to the right mammary region, finally reaching the upper
sternal region. In tetralogy of Fallot with infundibular stenosis, the maxima migrated toward the right lateral thoracic
wall. In valvular pulmonic stenosis, the maximummigrated on the anterior right chest toward the upper central area, as
in atrial septal defect; the potential values, however, were markedly higher.

These surface potential patterns were correlated with the spread of excitation through the right ventricular wall, as
determined in the same patients at surgery. In all three types of RVH, the activation wavefront moved on the epicardial
surface in a rightward direction. In atrial septal defect, the latest epicardial eventswere recorded along the atrioventricular
groove and gave rise to a right-chest maximum.However, after completion of epicardial excitation on the right ventricle,
a potential maximum persisted over the upper sternal area. This terminal maximum was probably related to an activa-
tion wavefront spreading through the upper part of the septum and the crista supraventricuaris, which is most likely
hypertrophied in right ventricular volume overload.

In valvular pulmonic stenosis, as the wavefront moved laterally across the right ventricular free wall, it produced
a maximum over the right chest while a minimum was positioned over the left precordium. The terminal excitation
wavefront spread superiorly through the outflow tract of the right ventricle and gave rise to the upper sternal maximum.

In tetralogy of Fallot, after right ventricular breakthrough occurred, the wavefront moved laterally toward the atri-
oventricular groove and produced a maximum over the lower mid-right chest with a minimum in the left precordial
region. The latest portions of the right ventricle to be depolarized were along the lateral inferior part of the atrioventricu-
lar groove.The final orientation of the wavefront was such that it resulted in a maximum in the right axillary region with
a minimum over the central chest.Thus, maps enable the different types of RVH to be recognized to a greater extent than
does the -lead ECG.

Body-surface maps in adult patients with RVH owing to mild-to-moderate valvular pulmonic stenosis were obtained
by Sohi et al. []. Using departure maps, they observed a delayed appearance of the sternal negativity, which is usually
related to right ventricular breakthrough, and an abnormal positivity located in the upper anterior chest.

.. Left Ventricular Hypertrophy

Body-surface maps in patients with left ventricular hypertrophy (LVH) owing to mild-to-moderate aortic stenosis were
studied by Sohi et al. [], using the departure-map technique. They observed an abnormal delay of early negativity on
the anterior right chest and a potential maximum on the upper anterior chest, which peaked later and lasted longer than
normal.

An assessment of left ventricular mass in patients with LVH was attempted by Holt et al. [] on the basis of chest-
surface potential distribution. They used a mathematical model in which the ventricles and the septum were represented
by  dipoles. The dipole activity was assumed to be proportional to the amount of viable myocardium in that region;
the strength of each dipole as a function of time was determined by measuring potentials at  locations on the tho-
racic surface and by applying suitable transfer coefficients. A good correlation was found between left ventricular mass
determined by angiography and that determined by surface potentials (r = .). Moreover, the correlation coefficient
was much higher using BSMs than other electrocardiographic recordings ( standard ECG leads or VCG).

Yamaki et al. [] used BSPMs recorded with  leads to determine the severity of LVH in  patients with concentric
hypertrophy and in  with left ventricular dilatation. A number of parameters related to QRS voltages and ventricular
activation time were measured, and some of them were proven useful in determining the severity of LVH.

Kornreich et al. [] studied BSPMs during the entire cardiac cycle (PQRST) in  patients with LVH. Best classifi-
cation results were achieved with ST-T features, followed by features from the P wave, QRS, and PR segment. Cumulative
use of ST-T and P features yielded a specificity of % with a sensitivity of %.

Hirai et al. [] studied QRST integral maps in patients with LVH ( with aortic stenosis,  with aortic regurgitation,
and  with hypertrophic cardiomyopathy). Abnormalities in patients with hypertrophic cardiomyopathy were manifest
even in mild LVH and a greater disparity of repolarization was found in hypertrophic cardiomyopathy than in LVH due
to aortic valve disease.
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We reported the results on BSPMs recorded in  patients with LVH due to aortic stenosis, focusing on the analysis
of ventricular repolarization, with the aim of searching for subtle alterations not revealed by the usual ECG processing,
which are likely to reflect ventricular repolarization heterogeneities [].

The classical signs of LVH in the standard ECG (increased QRS voltage and ST-T changes) are reflected on BSPMs as
() increased amplitude of the QRS integral map and of the STT integral map, () relatively low amplitude of the QRST
integral map, due to the cancellation between the depolarization and repolarization potentials, and () opposing aspects
of the QRS and STT integral maps.

In order to detect possible minor electrical disparities of repolarization not apparent from visual inspection of the
ST-T and QRST maps, we analyzed the morphology of all the recorded ST-T waves, using principal component analysis.
In our patients, the “similarity index,” defined as the first eigenvalue divided by the sum of all eigenvalues, was slightly but
significantly lower than in control subjects (. vs .; p = .), suggesting the presence of a degree of heterogeneity
of repolarization higher than in the normals. The repolarization deviation indices were also computed, as described in
the methods. In our LVH patients, the changes during early repolarization, as reflected by ERDI, were similar to those
observed in our control group and also in the larger group of  normal subjects from the database of Dr. F. Kornreich
(Vrije University of Brussels, Belgium). Then, we focused on the analysis of the T peak-T end period, during which
possible heterogeneities of repolarization should be more likely to be detected. The LRDI was significantly higher (p =
.) in LVH patients than in normals. The values of similarity index and LRDI found in LVH patients suggest a higher
than normal degree of repolarization heterogeneity, not detected by the usual electrocardiographic analysis.

.. Right Bundle Branch Block

Several types of potential patterns have been observed in patients with right bundle branch block (RBBB) [–]. Dur-
ing the initial phases of ventricular activation, the surface potential distribution was similar to that observed in normal
subjects with a maximum located on the sternal or left mammary region and a minimum on the left chest wall or in the
dorsal regions (> Fig. .b). The sternal minimum, which indicates right ventricular breakthrough and which occurs
in normal subjects –ms after the onset of the QRS complex, did not appear. Only at a later stage (–ms after
the onset of ventricular activation) did a second minimum appear, which, however, was located in an abnormal position,
that is, in the left mammary region (> Fig. .d). It should be noted that this second minimum usually occurred to the
right of the potential maximum located on the left precordium. This maximumwas attributed to the spread of excitation
through the left ventricular wall, while the delayed minimum was interpreted as the result of excitation arriving on the
surface of the left ventricle, most probably in the left paraseptal region or in the apical area.

Shortly after the appearance of the second minimum, a new potential maximum appeared on the right precordium
(> Fig. .c). This led to a complex potential distribution with two maxima (left and right) and two minima (on the
right clavicular region and on the left precordial area), indicating the simultaneous presence of two excitation waves
spreading into the left and right ventricles. Subsequently, the two negative areas merged, while the left maximum shifted
to the back (> Fig. .g) and eventually disappeared, as in normal subjects, about ms after the onset of the QRS
complex.Thus, during the final stages of the QRS interval, only the signs of delayed right ventricular activation persisted,
with a maximum on the right anterior chest wall and a minimum on the left precordial area (> Fig. .a–c). At the end
of the QRS complex, early recovery potentials could often be observed before the last excitation potentials disappeared.
Usually, the activation maximum and minimum shifted slightly to the right, and the recovery maximum appeared in
the left mammary region, giving rise to patterns with three extrema (> Fig. .d). Later, only two extrema remained:
the recovery minimum in the sternal or right mammary region and the recovery maximum in the left mammary area
(> Fig. .e).This pattern persisted throughout the ST and T intervals (> Fig. .f) and approximately represented a
mirror image of the potential distribution observed during the last phases of ventricular activation.

In some patients, a different behavior of the potential maximum and minimum was observed during the midportion
of QRS; that is, the anterior maximum, after reaching the precordial area, did not complete its leftward migration but
reverted to the sternal region and then moved to the right precordium, thereby taking over the role of the second max-
imum observed in typical RBBB. The second minimum did not appear in the left parasternal region to the right of the
maximum, as in typical cases, but to its left, in the external part of the left mammary region. The electrophysiological
mechanism giving rise to this peculiar sequence of potential patterns observed could not be identified.
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⊡ Figure .

Subject with RBBB. (a) Standard ECG. (b–g) Each map refers to the instant of time indicated by the vertical line intersecting

the reference ECG (VR). The values of equipotential lines are expressed in millivolts. (After Taccardi et al. []. © Churchill

Livingstone, New York. Reproduced with permission.)

.. Left Bundle Branch Block

BSPMs have been described in uncomplicated left bundle branch block (LBBB), with orwithout left axis deviation [–]
and in LBBB complicated by additional heart disease [, ].

In the uncomplicated LBBB studied by Musso et al. [], at the onset of QRS (> Fig. .a), the potential maxi-
mum was consistently found in the sternal area. The minimum was generally located on the right chest, anteriorly or
posteriorly. A few milliseconds later a new potential distribution developed, with a minimum in the presternal area and
a maximum on the left mammary region. In some patients, the minimummigrated to the sternal area from its previous
location. In other cases, an independent, secondary minimum appeared in this region and subsequently increased in
magnitude, while the old minimum faded away. In both cases, the minimum settled in the sternal area earlier than in
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⊡ Figure .

Same subject as in > Fig. .. BSPMs relating to second half of ventricular activation (a–d) and recovery (e, f). At instant

d (end of QRS) recovery potentials are already present on the left side of the chest. (After Taccardi et al. []. © Churchill

Livingstone, New York. Reproduced with permission.)

normal subjects. An early appearance of this minimum, which indicates right ventricular breakthrough, was also found
by other investigators [].

In LBBB, the initial phase of ventricular excitation differs from the normal sequence, in that the first electrical event
occurring in the normal ventricles, that is, the excitation wavefront spreading through the septum from left to right and
anteriorly, is missing. Therefore, ventricular excitation starts later than it would if the left bundle branch was functioning
normally. As a consequence, the onset of ventricular activity as a whole is delayed in relation to His-bundle excitation.

The lack of left ventricular activity may explain the differences between the maps recorded in the early stages of QRS
in LBBB patients and in normal subjects. The occurrence of the presternal minimum may be attributed, as in normal
subjects, to the excitation wavefront reaching the right ventricular surface (right ventricular breakthrough). The shorter
breakthrough time is not surprising since this time is calculated from the beginning of QRS, which is delayed in LBBB,
as indicated above.

In the subsequent stages, the maximummoved to the left axilla, while the minimum persisted in the midsternal area.
This distribution was a constant feature in the second half of QRS (> Fig. .b). In this interval, the potential maximum
andminimum reached their peak value. However, the positive peak appeared later than the corresponding one in normal
subjects. The surface patterns mentioned above can be related to the wide excitation wavefront, which, at these stages of
the cardiac cycle, spreads through the septum from right to left and then invades the left ventricular walls.

Inmost cases of uncomplicated LBBB, –ms before the end of QRS a newmaximumappeared in the upper sternal
area (> Fig. .c).Themaximumprogressively increased in voltage and persisted throughout the ST-T interval. For this
reason it was considered to be an early manifestation of the recovery process. The recovery minimum was located in the
left axillary region (> Fig. .d), whence it generally moved toward the dorsal area at the end of the T wave. These
events may be interpreted by inferring that (a) measurable repolarization potentials originate from the right ventricle
before left ventricular depolarization is completed because the right ventricle is the first to depolarize and (b) the left
ventricle behaves as a current sink during most of the recovery process, because of its delayed repolarization resulting
from delayed activation.

Subjects with LBBB and left axis deviation described by Sohi et al. [] differed from those with normal axes in that
during the second half of the QRS interval, themaximumwas generally located on the left shoulder and back.This pattern
was attributed to a further selective slowing of depolarization in the anterobasal portions of the left ventricle.

BSPMs in complicated LBBB have been described by two groups of investigators [, ]. According to Preda et al. in
LBBB associated with anterior MI, the middle third of the anterior chest wall remained negative during the final phases
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⊡ Figure .

Patientwith uncomplicated LBBB. BSPMs relating to four instants of time during ventricular excitation and recovery. The zero

equipotential line is dashed. The plus and minus signs indicate the value of the positive and negative peaks (in microvolts).

+P and −P indicate the step (in microvolts) between adjacent positive and negative equipotential lines.

of QRS.The authors attributed this finding to the lack of activation of the anterobasal region of the left ventricle, owing to
the presence of the necrosis. In patients with infero-posterior MI, a persistent negativity was observed during the central
portion of the QRS in the lower border of the chest, on the left lateral or posterior regions. Later, the negativity moved
to the right side of the back. These findings were not confirmed by Musso et al. []. They studied LBBB complicated by
anterior or inferior MI, LVH, myocardial ischemia, or a combination. By visually inspecting the maps, Musso et al. were
unable to identify any potential pattern that could be uniquely found in a given LBBB group. However, several differences
among groups were observed if the voltage values, rather than the potential patterns, were taken into account []. Gen-
erally, higher voltages were measured in patients with LVH and lower voltages were found in the MI groups as compared
to uncomplicated cases of LBBB. These observations prompted Musso et al. to measure a set of voltage-related variables
with a view to discriminating among different LBBB groups.The variables were derived by curves illustrating the behavior
as a function of time during QRST of the highest instantaneous negative and positive potentials on the chest, the highest
potential difference, the integral (extended to the entire chest surface) of the absolute value of the potential function, the
size of the electropositive (or electronegative) thoracic areas, and so on. The statistical evaluation of the data (canonical
variates analysis) permitted the classification of most complicated and uncomplicated patients into the correct group.

.. Left Anterior Fascicular Block

In left anterior fascicular block (LAFB), without MI or hypertrophy, one or more abnormal features could be detected
in all patients. At the onset of QRS interval, in  out of  patients (unpublished data), the potential distribution was
clearly abnormal in respect of (a) the location of the minimum, which was at a higher thoracic level with respect to the
corresponding maximum, and/or (b) the anomalous position of the maximum (> Fig. .a). This potential pattern
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⊡ Figure .

Top: Location of potential maxima (black circles) andminima (white circles) on the chest surface (a) at the onset of ventricular

activation and (b) after ms in  subjects with LAFB. The potential maximum and minimum relating to a given patient are

indicated by the numbers inside the circles. Bottom: Subject with LAFB. Potential distribution at ms (c) and at ms (d) after

the onset of ventricular activation. Potential values are expressed in millivolts.

could be related to the direction of the activation wavefront, which spreads inferiorly and rightward. This anomalous
direction is probably owing to the lack of early excitation of the anterosuperior portion of the left septal surface, as found
in experimental studies [].

During the mid- and late-QRS interval, a characteristic potential distribution was observed in all patients, by the
authors and others []. After –ms from the onset of ventricular activation, the potential maximum was invariably
located in the upper portion of the anterior or posterior chest surface, above the horizontal plane passing through the
corresponding minimum (> Fig. .b).Theminima clustered on the lower anterior chest wall (> Fig. .b) while the
lower part of the chest was constantly electronegative. This potential distribution accounts for the left axis deviation in
the standard ECG and can be attributed to the abnormal sequence of ventricular excitation in LAFB and particularly to
the delayed activation of the anterosuperior part of the left ventricular wall.

Themotion of themaximumto the upper thoracic areas occurred as follows. In  cases out of , themaximumdid not
migrate to the back, as in normal subjects, but moved directly from the left mammary region to the upper sternal or left
clavicular areas. In the remaining six cases, itmoved to the back and remained there (five cases) or reached the anterior left
shoulder. It is suggested that in those patientswhere themaximummoved dorsally, a lesser degree of asynchronism existed
between the activation of the posterior and anterior basal portions of the left ventricle. The variety of patterns observed
may result from different degrees of delay in the anterior fascicle and/or from individual variations in the anatomical
distribution of the peripheral conducting fibers.

.. Wolff–Parkinson–White Syndrome

It is well known that the Wolff–Parkinson–White (WPW) syndrome is a result of the early excitation of some portions
of the ventricles through anomalous conduction pathways. These can be found at almost any location around the AV
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ring, including the ventricular septum. Conventional ECGs and VCGs provide useful information on the orientation
and direction of propagation of the pre-excitation wavefront, but they do not enable the location of the pre-excited
area to be determined reliably. A number of investigations have shown that much more information on the location
of the pre-excitation focus can be gained by measuring the instantaneous potential distribution on the entire chest
surface [–].

Yamada et al. described three types of surface maps in  WPW patients on the basis of QRS potential distribu-
tions []. Type I potential patterns were ascribed to pre-excitation of the posterior aspect of the left ventricle, type II to
pre-excitation of the basal part of the right ventricle, and type III to pre-excitation in the proximity of the posterior right
AV groove close to the ventricular septum.

In a group of  WPW patients, De Ambroggi et al. [] were able to recognize six types of maps, on the basis of the
following considerations and criteria, derived mainly from previous studies on physical, mathematical, and physiological
models [, , ].

At the onset of the delta wave, the pre-excitation wavefront is small and can be approximated by a single equiv-
alent dipole, at least as far as surface potential patterns are concerned. When the two potential extrema on the body
surface have nearly equal strength, the dipole is equidistant from the surface extrema and its depth in the chest is pro-
portional to the distance between the extrema. When one extremum is stronger than the other, the dipole is closer
to the stronger extremum. The direction of the dipole is approximated by a straight line joining the two extrema.
After the delta wave, the body-surface potential patterns are not clearly related to the location of the pre-excitation
wavefront. However, the appearance of a sternal minimum indicating a normal right ventricular breakthrough may sug-
gest a left or posterior localization. On the basis of these simple rules, we proposed the following classification of the
patients studied.

Type  (> Figs. .a, > .). During the delta wave, the maps of the  patients belonging to type  exhibited a
potential maximum on the precordial area and a minimum on the back. It is suggested that the pre-excitation wave was
located deep in the thorax, most likely in the posterobasal wall of the heart and spread in a postero-anterior direction.
Between  and ms after the onset of ventricular activation, a second minimum appeared on the sternal area in most
patients, while the dorsal minimum reached the upper anterior chest wall. The second minimum was attributed to the
right ventricular breakthrough. Its appearance suggested that the right anterior ventricular wall was excited through the
normal pathways and was therefore not affected by pre-excitation.
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⊡ Figure .

Location of potential maxima (black circles) and minima (white circles) on the chest surface during the delta wave in WPW

patients belonging to type (a), (b), (c), (d), (e), and (f). The potential maximumandminimum relating to a given patient

are indicated by the numbers inside the circles. (After De Ambroggi et al. []. © American Heart Association, Dallas, Texas.

Reproduced with permission.)
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BSPMduring thedeltawave, at the instant indicatedby thevertical linecrossing the referenceECG inaWPWsubjectbelonging

to type . The -lead ECG shows a type AWPW pattern. (After De Ambroggi et al. []. © American Heart Association, Dallas,

Texas. Reproduced with permission.)

Type  (> Figs. .b, > .). During the delta wave, in the eight patients belonging to type , the minimum was
located on the inferior half of the right anterior chest wall and the maximum on the sternal or left mammary region. The
location of the minimum and maximum suggests that the pre-excitation wave moved leftward and upward and probably
spread from the lateral inferior portion of the AV groove through the right ventricular wall. In no patient of this group did
a second minimum appear on the sternal area. This suggested that the right ventricular wall was not activated through
the normal conducting pathways.

Type  (> Figs. .c, > .). During the delta wave in the four type- patients, the minimum was initially on
the back and then moved to the right subclavicular area; the maximum was located in the mid-sternal area. This poten-
tial distribution suggested that an excitation wave was spreading through the anterior wall of the right ventricle from
the upper part of the right AV groove, downwards and to the left. A second minimum did not appear in the ster-
nal area in the patients of this group, suggesting that the right ventricular wall was not excited through the normal
pathways.
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BSPMduring the delta wave in aWPWpatient belonging to type . The ECG shows a type BWPWpattern. (After De Ambroggi

et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission.)

Type  (>Fig. .d). Twopatientswere classified as type .During the deltawave, both themaximumandminimum
were located on the left anterior chest wall, with the maximum being on the mammary region, and the minimum on the
upper sternal area.This potential distribution suggested that pre-excitation probably started in the anterior portion of the
leftAVgroove or in the anterior portion of the septal AV ring, spreading toward the apex of the left ventricle. A right-sided
location was unlikely since neither extremewas on the right-chest surface. In agreementwith this interpretation, a second
minimum appeared on the sternal area in one patient.This minimum indicated a normal right ventricular breakthrough
and showed that pre-excitation did not involve the anterior wall of the right ventricle. In the other patient, there was no
second minimum; this patient, however, exhibited a sequence of surface potentials indicating right bundle branch block,
which usually prevents the appearance of the sternal minimum.

Type  (> Fig. .e). Type  was represented by a single subject. The potential minimum was located in the left
axillary region and the maximum on the inferior part of the left anterior chest wall. This potential distribution indicated
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BSPM during the delta wave in a patient belonging to type . The ECG shows a type B WPW pattern. (After De Ambroggi

et al. []. © American Heart Association, Dallas, Texas. Reproduced with permission.)

that pre-excitation most probably spreads through the left ventricular wall, starting from the anterolateral portion of the
left AV groove and then moving downward and to the right.

Type  (> Fig. .f). Type  was also represented by a single patient. The ECG showed an unusual pattern of ven-
tricular pre-excitation. A delta wave was not clearly detectable; a small Q wave was present in V and the QRS duration
was within normal limits. Intracardiac recordings showed a short HV interval but during ajmaline administration, the
Q wave in V disappeared and the HV interval rose from  to ms. At the onset of ventricular excitation, the potential
distribution was characterized by a minimum at the right lower sternal border and a maximum on the left scapular area.
Twenty five minutes after the onset of ventricular activation, a normal sequence of potential patterns was observed. The
initial location of the minimum and maximum indicated that an excitation wave was probably spreading in an antero-
posterior direction, leftward and slightly superiorly. An acceptable location for such a wavefront might be in the right
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side of the interventricular septum.Themost likely mechanism for right septal pre-excitation would be throughMahaim
fibers, stemming from the initial part of the right bundle branch.

In a number of patients belonging to types , , , , and , the site of pre-excitation as deduced from surface maps
was in good agreement with that independently established using intracardiac recordings, epicardial maps, or surgical
results [].

Benson et al. [] attempted to localize the site of pre-excitation in  WPW patients, where the location of the
anomalous pathway was determined by intracardiac electrophysiological studies or surgical ablation. These authors were
able to predict accurately at least seven pre-excitation sites on the basis of surface potential distribution during the QRS
(at ms after the onset of delta wave) and ST segment. Moreover, they found the potential distribution during early
ST segment more useful than QRS maps for localizing the pre-excited area. Their classification was in reasonably good
agreement with our classification previously presented.

Kamakura et al. [] studied WPW patients to determine the most reliable index for predicting the site of a single
accessory pathway.They found that the location of the ventricular insertion of the accessory AV connection (determined
at electrophysiological study or during surgery) is well estimated at the time the amplitude of the negative surface potential
is −.mV. On the basis of the chest position of the minimumwith a potential of −.mV, the location of the accessory
AV connection was correctly predicted in  of  cases.

Liebman et al. [] recorded BSPM in  patients with WPW syndrome in whom the site of ventricular insertion of
the anomalous AV connection was localized by an electrophysiologic study and, in  cases, at surgery. Attempts were
made to identify the  ventricular insertion sites along the AV grove described by Guiraudon et al. [] mainly using
QRS analysis (location of the initial minimum, occurrence of right ventricular breakthrough). The ventricular insertion
sites determined by BSPM and EPS at surgery were identical or within one mapping site (i.e., . cm or less) in  of 
cases; three of the four exceptions hadmore than one accessoryAV connection, and the other had a very broad ventricular
insertion. BSPM and EPS locations of accessory pathways correlated very well in the  cases despite the fact that BSPM
determined the ventricular insertion and EPS the atrial insertion site of the accessory AV connection. BSPMs of QRS
were very accurate in predicting the right ventricular versus left ventricular postero-septal AV connections, known to be
particularly difficult at EPS in three of four surgical cases. Typical right ventricular breakthrough occurs in all patients
with left ventricular free wall accessory connections, but was not observed in cases with right ventricular free wall or
anteroseptal accessory AV connections.

In , Dubuc et al. [] reported on the use of BSPM to guide catheter ablation of accessory AV connection in
 WPW patients. The catheter used for radiofrequency ablation was first placed in the vicinity of the ventricular pre-
excitation site predicted by BSPMs previously recorded during the delta wave. BSPMs were then recorded during pacing
with this catheter; the comparison between the pre-excited and paced BSPMs indicated whether the pacing site was too
anterior or posterior with respect to the pre-excitation site, and the catheter was moved accordingly. This process was
repeated until the pre-excited and paced BSPMs were almost identical, i.e., showed high correlation coefficient (>.)
during the delta wave, and ablation was then attempted. In this way, it was possible to successfully ablate the accessory
pathway in % of cases.

.. Arrhythmogenic Cardiopathies

... Postinfarction Ventricular Tachycardias: Identification of Site of Origin of Ventricular

Tachycardias

Extensive investigations were made by Sippens-Groenewegen et al. to assess the value of BSPMs in localizing the site of
origin of ectopic ventricular activation in patients with a structurally normal heart and with myocardial infarction [–
]. In patients with normal cardiac anatomy, the QRS maps allowed discrimination among  different LV and RV
segments of ectopic endocardial impulse formation []. The use of  lead BSPMs instead of the -lead ECG during
endocardial pacemapping technique enhanced the localization resolution of this technique and thus enabledmore precise
identification of the site of origin of postinfarction VT episodes [].

In patients with previous anterior and inferior myocardial infarction, the same authors demonstrated that QRS inte-
gral maps enabled a precise localization of the origin of postinfarction ventricular tachycardia in % and regional
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approximation (identification of a segment immediately adjacent to the actual endocardial segment of origin) in %
of tachycardias [].

More recently,McClelland et al [] were able to compute epicardial potentials fromBSPM ( leads) using an inverse
solution method.They were able to reconstruct in  patients epicardial isochronal maps demonstrating the exit site and
the re-entry circuit of ventricular tachycardias.

... Susceptibility to Ventricular Arrhythmias

Eigenvector analysis [] was applied to QRST integral maps of two groups of patients with old myocardial infarction
( patients with episodes of sustained ventricular tachycardia and  without arrhythmias) and in a control group of
healthy subjects []. This method makes possible the detection and quantification of nondipolar components not evi-
dent on visual inspection of the integral maps. The cumulative contribution of the eigenvectors beyond the third to an
individual map, expressed as percentage contribution of the total map content, has been considered a “nondipolar con-
tent” of that map. On average, the nondipolar content was significantly greater in patients with MI than in controls (.± .% vs . ± .%, p < .) and, among patients, in those with ventricular tachycardia (. ± .% vs . ± .%, p <
.).These findings were in agreement with those reported by Abildskov et al. []. Thus, the high nondipolar content
of QRST maps in patients with ventricular tachycardia suggests the presence of local disparities of repolarization and it
may be considered a useful marker of susceptibility to malignant arrhythmias.

Hubley-Kozey et al. [] derived  eigenvectors from the total set of  QRST maps ( patients with ventricular
tachyarrhythmias and  patients without) but did not find a statistically significant difference in dipolar content between
the two groups (. ± . vs . ± .%, p > .). Because the nondipolar content did not perform well in their study
population, the authors examined how individual eigenvector patterns contribute to QRST integral maps in each group
of patients. Statistically significant differences were found between the values of Karhunen-Loeve coefficients in VT and
non-VT groups for the th, th, th, th, st, nd, and th eigenvectors, in order of significance levels. Using stepwise
discriminant analysis, they selected features subsets that best discriminated between the two groups. For an optimal set
of eight spatial features, the sensitivity and specificity of the classifier for detecting patients with VT in , test sets were
 ± % and  ± %, respectively. The authors concluded that the multiple body-surface ECGs contain valuable spatial
features that can identify the presence of an arrhythmogenic substrate in the myocardium of patients at risk of ventricular
arrhythmias.

Recently, Korhonen et al. [] studied the complexity of T-wavemorphology in BSPM of patients with recentmyocar-
dial infraction and cardiac dysfunction, by applying principal component analysis. They found that the rd principal
component derived from BSPM was a significant predictor of arrhythmic events in this population.

... BSPM and Ventricular Late Potentials

Vulnerability to arrhythmias has also been related to the existence of areas of delayed conduction at the end of the
ventricular activation process. Ventricular late potentials recorded on signal-averaged ECG are the expression of this
phenomenon. BSPM can be applied to detect these high-frequency, low-amplitude potentials [, ]. Maps not only
made it possible to reveal the presence of late potentials, but also to determine the spatial distribution of late potentials
in patients with ventricular tachycardia. Thus, BSPM may provide additional information about the thoracic location
of ventricular late potentials, which can be related to the sites of conduction delay and possibly to the sites of origin of
ventricular tachycardia.

... Long QT Syndrome

BSPMs in patients with idiopathic long QT syndrome were described by De Ambroggi et al. []. No peculiar features
were observed during the QRS interval, while the ventricular repolarization presented some abnormalities in addition to
QT prolongation.
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⊡ Figure .

Mean integral maps of QRST and ST-T intervals in the control and LQTS groups. Difference maps are illustrated in the third

column. Values are expressed inμVs. (After De Ambroggi et al. []. © American Heart Association, Dallas, Texas. Reproduced

with permission.)

The visual inspection of instantaneous BSPMs revealed that the potential distributions were grossly abnormal (loca-
tion of the potential extrema, presence of multiple peaks) in only a few cases. On the other hand, in most patients,
BSPMs revealed lessmarked abnormalities in the instantaneous potential distribution. For instance, in several patients the
negative potentials during the entire repolarization covered an area on the anterior thorax larger than in control subjects.

Differences between normals and LQTS patients were better quantified by analyzing ST-T and QRST integral maps.
The mean integral map from the LQTS patients showed a potential distribution similar to that of the mean integral map
from the control subjects. Nevertheless, the difference map (LQTS mean map minus control mean map) showed that
LQTS patients had lower values on the inferior half of the trunk and on the right anterior thorax and higher values on
the left anterior thorax compared with control subjects (> Fig. .). In  patients, the negative values covered almost
entirely the right anterior thorax. In six patients, there was a multipeak distribution of the integral values.The prominent
negative area on the anterior chest in LQTS patients could result from a delayed repolarization of the underlying ante-
rior wall so that it remains electronegative longer than other cardiac regions. Moreover, the multipolar distribution may
reflect local inequalities in recovery times. ST-T integral maps were substantially similar to QRST maps, but a multipolar
distribution was observed in a few more patients.

Eigenvector analysis [] was also applied toQRST and ST-T integralmaps. As alreadymentioned, thismethodmakes
possible the detection and quantification of nondipolar components not evident on visual inspection of the integralmaps.
The percent contribution of nondipolar eigenvectors (all eigenvectors beyond the third) to maps was significantly higher
in LQTS patients than in normals. Moreover, eight patients who had a high nondipolar content did not show a multipeak
distribution on their integral maps. This demonstrates that eigenvector analysis can detect nondipolar components not
evident on integral maps.

To identify markers of dispersion of the ventricular repolarization, in a subsequent investigation on  patients with
LQTS [], we applied principal component analysis to all the recorded ST-T waves in each subject studied. We defined
the ratio between the information content of the first principal component and the total information of the original
data as “similarity index.” Actually, a high value of similarity index indicates a great similarity of all waveforms to one
fundamental waveform, that is, a great similarity of all waves to each other. On the contrary, a low value of similarity
index indicates a large variety of ST-T waves and is considered a marker of repolarization disparities. In the  patients
affected by congenital LQTS [], the mean value of the similarity index was significantly lower than in healthy control
subjects ( ±  vs  ± %, p < .). A value lower than %, corresponding to two standard deviations below the
mean value for controls, was found in  of  patients and in only one control subject (sensitivity %, specificity %).
In our experience, the similarity index has proved to be a more sensitive marker than multipolar distribution of QRST
integral maps in revealing electrical disparities of ventricular repolarization.
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... Arrhythmogenic Right Ventricular Cardiomyopathy

Characteristic features of BSPMs were described in patients with arrhythmogenic right ventricular cardiomyopathy
(ARVC). De Ambroggi et al. studied  patients affected by ARVC, nine with episodes of sustained ventricular tachy-
cardias (VT) and  without []. The QRST integral maps showed in most ARVC patients a larger than normal area of
negative values on the right anterior thorax. This abnormal pattern could be explained by a delayed repolarization of the
right ventricle. Nevertheless, it was not related to the occurrence of VT in our patient population. To detect minor het-
erogeneities of ventricular repolarization, the principal component analysis was applied to the  ST-T waves recorded in
each subject. We assumed that a low value of the first or of the first three components (Co , , ) indicates a greater than
normal variety of the ST-T waves, a likely expression of a more complex recovery process. The mean values of the first
three components were not significantly different in ARVC patients and in control subjects. Nevertheless, considering
the two subsets of patients with and without VT, the values of Co , of Co +, and of Co ++ were significantly lower
in the group of ARVC patients with VT. Values of Co  < % (equal to one SD below the mean value for controls) were
found in six of nine VT patients and in one patient without VT (sensitivity %, specificity %). A low value of Co  was
the only variable significantly associated with the occurrence of VT.

QRST integral maps with an abnormal negative area on the anterior thorax were also observed by Peeters et al. []
in eight out of eight patients with ARVC, but in only two of eight patients with idiopathic right ventricular tachycardia.

... Brugada Syndrome

The Brugada syndrome is a familial, “primary” electrical disease of the heart due to gene mutations encoding for the
sodium channel and is characterized by a delayed activation of the right ventricle, with a QRS complex resembling that of
right bundle branch block in V, early ST elevation (J wave) in the right precordial leads, normalQT duration, inducibility
of ventricular tachycardia, and a high risk of sudden cardiac death [].

ECGchanges have beenquantified by -leadBSPMs: theQRS integralswere higher over the upper-right precordium
and lower than normal over the lower left precordium; steeper negative ST gradients compared to normal were present
over the upper left precordium and more positive ST gradients compared to normal over the lower left precordium [].

Early ST elevation (�.mV) was observed on a variable area over the right precordium. If this area is larger than
 cm, it has a % positive and a % negative predictive value for inducibility of ventricular tachycardia, but similar
predictive power was found for ventricular late potentials in the same patients [].

Amplitude of maximal ST elevation was also used to differentiate Brugada syndrome patients with inducible
ventricular tachycardia from asymptomatic patients [].

. Conclusions

The most general advantage of BSPMs is the fact that they record cardiac potentials from broad areas of the chest, thus
enabling the detection of significant physiologic and possibly diagnostic information outside the precordial regions usu-
ally explored.Moreover, BSPMs provide the spatial as well as the temporal and amplitude components of cardiac electrical
activity, whereas the ECG scalar waveforms present only the voltage variation with time in a given site.

As reported in the previous pages, investigations by different authors so far published clearly demonstrated a higher
diagnostic content of BSPMs, compared with conventional ECG, in various pathological conditions.

Nevertheless, a widespread or even limited clinical application beyond the research laboratories of BSPM has not
occurred up to day for several reasons: (a) the recording and processing of large numbers of leads and the displaying
of maps have been complex and time-consuming, (b) a completely automated instrumentation was not commercially
available, (c) use of many lead systems in different laboratories, differing in the number and placement of leads, and (d)
difficulty in interpreting BSPM. The last reason is probably the most important obstacle that hampers the clinical use
of BSPM.
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In recent years, some of these obstacles have been overcome. BSPM recording systems, even those not widely mar-
keted, have been (and can) relatively easily be developed and produced by several laboratories. Today’s computer facilities
make the recording and the data analysis easier than in the past.The time for applying electrodes and for data acquisition
and analysis has been reduced considerably. Procedures, which reduce the number of leads that are necessary for recon-
structing surface maps without losing too much information, have also been proposed; among these, the -lead system
of Lux is the most commonly used []. Moreover, methods for converting multilead ECGs from one lead system to
another have been proposed and satisfactorily applied [].

The problem of interpreting surface maps still remains; in general, it may be approached essentially in two ways.
The first approach is based on statistical methods, that is, defining the normal variability range of a number of param-
eters derived from maps relating to healthy subjects of different age, sex, and body shape, and then comparing these
parameters by means of multivariate statistical procedures with those recorded from patients. The second approach is
“deterministic”; that is, it consists of establishing the relationships between the intracardiac current sources (i.e., number,
shape, location, and motion of excitation wavefronts and sequence of repolarization) and surface potential distribution
(i.e., number, location, and motion of potential maxima and minima). This can be made in different ways, by using
physiological or mathematical models. For instance, the distribution of currents and potentials has been determined
experimentally in conducting media surrounding isolated hearts [] thus enabling epicardial potentials to be com-
pared with potentials recorded at a distance from the heart. Intracardiac current sources of known location have been
produced by simultaneously stimulating the heart at multiple sites [].This allowed surface potential patterns to be cor-
related with known distributions of generators.The relationships between epicardial and body-surface potentials during
activation and recovery were studied in intact chimpanzees [, ] andmathematical procedures for solving the direct
and inverse problem (i.e., calculating surface potentials from internal sources and vice versa) were proposed by different
authors (see > Chaps.  and > ).

In the intact dog, Spach et al. succeeded in calculating accurately body-surface potentials from epicardial poten-
tial distributions during activation and recovery []. As regards the inverse problem, epicardial potentials have been
calculated from potential distributions at the body surface in dogs [–]. In this respect, particularly important
are the studies of Rudy and coworkers. They demonstrated the ability to compute noninvasively epicardial potential
distribution and epicardial activation sequences from measured surface potentials. They called this new electrocardio-
graphic modality as “ECG imaging,” which, of necessity, has to utilize BSPM recording. The ECG imaging has been
successfully applied in humans [–], using geometrical information from computed tomography and a mathemati-
cal algorithm, in different situations including the normal heart, a heart with a conduction disorder (right bundle branch
block), focal activation initiated by right or left ventricular pacing, focal atrial tachycardia and flutter. A simplifiedmethod
of inverse solution, which adopts a general torsomodel in which the same anatomic data are used irrespective of the body
habitus, was applied byMcClelland et al []. Despite these limitations they were able to reconstruct epicardial potential
or isochronal maps identifying the left ventricular pacing site or indicating the exit site and the re-entry circuit of ven-
tricular tachycardias. Very recently improvements to the inverse solution method were made by A. van Oosterom and
coworkers []. The required computation time and the quality of the results obtained should favour the applications of
this inverse procedure in a clinical setting.

In addition to all the reasons discussed above, the lack of expansion in the clinical setting of BSPM, which indeed can
be considered an “advanced electrocardiographicmethod,” is partially due to the fact that electrocardiology in recent years
has lost some of its importance compared with newer sophisticated imaging techniques. The anatomic and functional
information on several heart conditions (e.g., hypertrophy, location and extension of myocardial infarction, and so on)
that, in the past, was obtained with varying degrees of accuracy by means of electrocardiographic techniques, can be
more precisely and directly obtained today by other techniques such as echocardiography, magnetic resonance,multislice
computed tomography, and nuclear imaging. On the other hand, electrocardiology still has a unique, primary role in
the field of arrhythmias and conduction disturbances, into which no other technique can provide relevant insights. In
particular, ECG imaging, based on the solution of the “inverse problem,” which is the final aim of electrocardiography,
hopefully will be able in the near future to provide, noninvasively, information on the epicardial and intramural excitation
and recovery processes.This could give the possibility of identifying, with sufficient accuracy, intramural heterogeneities,
transmural re-entry and intramural focal arrhythmias, and of defining ischemic or necrotic areas within themyocardium.
The future of body-surface potential maps should be in that direction.
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Abbreviations

AAD = Antiarrhythmic Drug
AECG = Ambulatory ECG
AF = Atrial Fibrillation
AFl = Atrial Flutter
AMI = Acute Myocardial Infarction
APB = Atrial Premature Beat
ARVCM = Arrhythmogenic Right Ventricular Cardiomyopathy
BRS = Baroreflex Sensitivity
CAD = Coronary Artery Disease
CHD = Coronary Heart Disease
CHF = Congestive Heart Failure
DCM = Dilatative Cardiomyopathy
EPS = Electrophysiological Study
HCM =Hypertrophic Cardiomyopathy
HOCM =Hypertrophic Obstructive Cardiomyopathy
HRV =Heart-Rate Variability
HRT =Heart-Rate Turbulence
ICD = Implantable Cardiac Defibrillator
LVEF = Left Ventricular Ejection Fraction
LVF = Left Ventricular Function
LVH = Left Ventricular Hypertrophy
MB =Megabyte
MI =Myocardial Infarction
NPV = Negative Predictive Value
PPV = Positive Predictive Value
PVC = Premature Ventricular Contraction (VPB)
PWD = P-Wave Duration
QTD =QT Dispersion
QTI =QT Interval
QTV =QT (Interval) Variability
SA-ECG = Signal-Averaged ECG
SCD = Sudden Cardiac Death
SI = Silent (Myocardial) Ischemia
SH = Systemic Hypertension
TO = Turbulence Onset
TS = Turbulence Slope
VEA = Ventricular Ectopic Activity
VF = Ventricular Fibrillation
VLP = Ventricular Late Potential
VPB = Ventricular Premature Beat
VT = Ventricular Tachycardia
nsVT = nonsustained Ventricular Tachycardia
sVT = sustained Ventricular Tachycardia

. Introduction

Ambulatory electrocardiography (AECG) is a diagnostic procedure, which involves recording the electrical activity of the
heart using a technique first described byHolter [–].Themethod is therefore also known asHolter electrocardiography
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or Holter (ECG) monitoring. The technique has been most commonly employed for the detection of arrhythmias and
transient ST-T changes. However, due to increased use of multichannel, digitized, and telemetered signals, this traditional
use has been expanded to the analysis of heart-rate variability (HRV), heart-rate turbulence (HRT), QT-dispersion (QTD)
and variability (QTV), and signal averaging of long-term ECGs for retrieval of P-wave duration (PWD) and ventricular
late potentials (VLP). Current AECG equipment consists of a recorder and an analysis system and provides the basis
for the detection and analysis of the above-mentioned parameters. A complete set of recommendations for equipment
standards was proposed in  [], andmore recently the official ACC/AHA guidelines on technical aspects and clinical
applications of AECG have been published [].

. Holter Monitoring Hardware and Software

.. Electrodes and Electrode Preparations

By convention, bipolar leads (see > Chap. ) are normally used to record a potential difference between two sites on
the thorax. The electrodes most commonly employed are disposable electrodes that are pregelled and self-adhesive.They
usually have a true silver/silver chloride sensing element mounted on a self-adhesive tape or foam material, which is
nonirritating and hypoallergenic to skin (> Fig. .). It is the electrode adhesiveness and extent of skin irritation that
generally affect the quality of the ambulatory electrocardiographic signal by producing baseline wander, a low signal-to-
noise ratio, and a short duration of adequate performance. The coupling of the skin and electrode (the skin–electrode
interface) acts as an additional circuit with a resistance and capacitance between the heart and the recorder (> Fig. .).

⊡ Figure .

Electrode arrangement for three-channel AECG recording. Five pregelled disposable electrodes are used to record a CM lead

and a bipolar transthoracic lead. The fifth electrode is an indifferent electrode. The choice of these two bipolar leads provides

high-amplitude ECG signals and the possibility of detecting the majority of changes in repolarization.
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⊡ Figure .

Amodel of the electrical circuit utilized in AECG recording. The coupling between skin and electrodes consists of a resistance

and capacitance in parallel, which is responsible for diminishing the amplitude of the ECG signal if its impedance is high.

The total impedance of this circuit dependsmainly on the preparation of the skin.The surface-skin oil and dirt should
be removed prior to recording by cleaning the skin with gauze moistened with ether, making the skin slightly erythema-
tous. If necessary, the skin over the electrode area should be shaved, gently abraded with emery tape, and thoroughly
cleansed with an alcohol swab. One electrode can then be placed on each of the prepared skin-surface sites (> Fig. .),
taking care to place the gelled pad firmly in contact with the abraded skin surface. The adequacy of the skin preparation
for obtaining an optimum electrocardiographic signal can be checked bymeasuring the electrical impedance between the
positive and negative poles of each bipolar lead.Themeasured resistance between electrodes should be� kΩ, preferably
� kΩ. The impedance increases when the frequency of the signal decreases.

.. Selection of Lead Positions

Most AECG recorders utilize five or seven electrodes attached to the chest, which record two or three bipolar leads onto
two or three channels [–], although systems employingmultiple unipolar leads are now commercially available allowing
a -lead ECG to be recorded.The first two channels may be used for arrhythmia and ischemia in the inferior myocardial
wall. The lead positions recommended by the American Heart Association [] are illustrated in > Fig. ., which pro-
vides an example of a three-bipolar lead/three-channel lead positioning. The practical advantages of multichannel Holter
recording are increased reliability of the recorded ECG, improved recognition of ectopic cardiac beats, and enhanced
detection of myocardial ischemia.

... Leads for Recording Arrhythmias

A variety of bipolar lead configurations are used, the most common being a modified V (CM), a modified V (CM)
or V (CM), and a modified inferior lead (aVR, reverse Nehb I, Nehb D). No study has yet established the superior-
ity of one lead over another; indeed, the choice of leads will differ according to the aim of the individual examination.
A bipolar lead with positive electrode in the V or V position usually identifies atrial activity most clearly, showing the
characteristic QRS patterns of right and left bundle branch block which help to distinguish supraventricular ectopic beats
with aberrant conduction from ventricular ectopic beats. A bipolar lead with positive electrode in the V position and the
negative electrode in one of several other positions, such as the manubrium (lead CM), is the most sensitive single lead
for the detection of ischemic ST-segment depression and provides a high-voltage ECG signal. However, with each of these
two leads, some problems can occur in the presence of myocardial ischemia. One problem is that ST-segment depression
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might exist in only one lead (usually V), while the second (V or V) remains quite normal, as shown in > Fig. ..
If, during the period of ischemia, the first lead becomes unsuitable due to artifacts, some false-positive diagnoses may
be made. For example, in > Fig. ., the run of ventricular tachycardia (VT) might have been interpreted as not being
a result of myocardial ischemia, so, for example, an antiarrhythmic drug (AAD) would have been prescribed instead of
an antianginal drug. A second problem is that leads V and V may fail to record ST-segment elevation owing to spasm
of the right coronary artery or circumflex coronary artery. In such a situation, an inferior lead is useful, and the most
convenient one is probably a bipolar anteroposterior lead. In > Fig. ., lead V shows ST-segment depression (mirror
image), while the anteroposterior lead shows ST-segment elevation owing to spasm of the right coronary artery as was
demonstrated by coronary angiography. Thus, where coronary artery disease (CAD) is concerned, a combination of a
bipolar V-type lead and an anteroposterior or inferior lead is probably the best. With standard -lead ECG, a simulta-
neous recording of leads III or aVF or Nehb J together with V can detect almost all cases of ST-segment elevation.With
-lead Holter monitoring, a combination of two bipolar precordial leads together with an inferior lead is recommended
for ST-segment elevation monitoring. In the absence of suspected CAD, the recording of V- or V-type (CM) and V-
type (CM) leads (see > Chap. ) provides the best chance of obtaining an ECG tracing with sufficient details to make
an accurate diagnosis of any cardiac arrhythmia.

⊡ Figure .

Sinus rhythm with a run of VT in a patient with variant angina. The two-channel recording confirms the diagnosis showing

the characteristicmarked ST elevation in the lower CM lead. In the top channel (like V), onlyminor changes in repolarization

occur. If the second lead had not been recorded, the variant angina would not have been detected and the VT would be

considered as nonischemic in origin.

⊡ Figure .

A two-channel recording in variant angina. The left-hand panel shows the baseline recordings while the right-hand panel

shows theacute changes in the samepatient. Note the characteristicmarkedSTelevation in the lower right CM lead,whereas

the mirror image in the other lead (like aVF) on its own might have led to a diagnosis of myocardial ischemia, but not of the

variant form in the presence of chest pain.
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... Leads for Recording ST-Segment Depression (Myocardial Ischemia)

For the detection of ischemic ST-segment depression, specially adapted -lead Holter recordings are recommended. In a
study of Lanza et al. [] of simultaneous recordings of a -leadAECG and a conventional -lead ECG recording during an
exercise test, CM was the single lead with the highest sensitivity (%) in detectingmyocardial ischemia.The addition of
CM toCM increased the sensitivity to %, particularly for improved detection of isolated inferiormyocardial ischemia,
and the combination of all  AECG leads had a sensitivity of %with only %more than the best combination of  AECG
leads (CM plus an inferior lead). Osterhues et al. [] could detect myocardial ischemia in  out of  patients (%)
with single vessel disease using standard CM and CM Holter leads (total number of ischemic episodes = ). When
adding a bipolar Nehb D-like lead, the detection rate could be increased to  out of  patients (%, total number
of ischemic episodes = ,), and the Nehb D-like lead was most sensitive for the detection of inferior ischemia in
patients with right CAD. Alternatively, the use of an inverse Nehb J lead, in which the positive electrode is placed on
the left posterior axillary line, may enhance the sensitivity to detect ischemia, as well []. Thus, routine identification of
ischemic ST-segment deviationmay only require two leads, most favorably the combination of CM with an inferior lead
(aVF, inverse Nehb J, Nehb D) [].

.. Electrode Leads and Cable

Electrode lead wires are individually insulated and have a silver contact (> Fig. .). The recorder cable is a shielded
cable connected to the Holter recorder and is generally specific for each manufacturer’s equipment. The electrode wires
and the cable can both malfunction and be sources of artifacts.

.. Esophageal and Intracardiac Leads

One of the major problems in AECG with conventional electrode placements is the accurate detection of atrial depo-
larization. On account of various artifacts, P waves cannot always be recognized on a two- or three-channel recording,
even during sinus rhythm. Moreover, during ectopic beats or tachycardia, the recognition of the P wave is often problem-
atic. Therefore, the performance of ambulatory monitoring for the accurate diagnosis of arrhythmias remains doubtful
compared to the more definitive results of an electrophysiological study (EPS). Several groups have attempted to record
atrial activity during AECG using an esophageal bipolar lead [, ]. When the patient swallows the capsule, which con-
tains a bipolar electrode, it is positioned so as to obtain an ECG signal with sufficient amplitude after the capsule has
dissolved.The electrode wire should be fixed to the patient’s cheek. However, difficulties experienced to date indicate that
this technique cannot be easily used for the following reasons:

. Difficulty is encountered in swallowing the capsule on account of its size (mm length).
. The positioning of the electrode for recording an appropriate atrial ECG signal without significant ventricular

depolarization is time consuming.

Nevertheless, the approach has been proved to be of considerable diagnostic value [].
Some centers have preferred to use endoatrial leads to record atrial activity using a floating-catheter electrode. This

technique permits a better atrial ECG signal to be obtained than does an esophageal lead. However, this procedure con-
verts the AECG monitoring to an invasive examination []. The risk of local and general complications exists even if it
appears relatively low. Thus, the use of intracardiac atrial leads remains confined to a few cases where an earlier attempt
at recording the arrhythmia was unsuccessful and did not provide an exact diagnosis in patients in whom it is essential to
determine the mechanism of the arrhythmia. In this case, AECG monitoring competes with an EPS because the benefits
of the noninvasive technique disappear.

In practice, the interest of this technique remains confined to some cases where the knowledge of the exact mode of
initiation of a tachycardia is useful for the management of the patient or in other patients in whom electrophysiological
studies have been unable to provoke the arrhythmia.
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.. Holter Recorders

Modern conventional AECG recorders are small, light-weight devices (–g) that record two or three bipolar leads.
They use a quartz digital clock and a separate recording track to keep time. The recorders are generally powered by a
-V disposable alkaline battery (only rarely a rechargeable nickel–cadmium battery) and a calibration signal automat-
ically inserted when the device is energized. In addition, a patient-activated event marker is conveniently placed on
the device surface for the patient to note an event or indicate the presence of symptoms. The conventional format
of the “first-generation” Holter recorders has been magnetic cassette-tape for directly recording the varying DC sig-
nals via the recording head onto the magnetic tape. Frequency-modulated (FM) systems are also available, although
they are somewhat more prone to the generation of artifact. The tape-transport mechanism is driven by a hysteresis-
synchronous motor assembly at speeds that are usually in the range of –mm/s; the speed is kept constant by an optical
speed sensor on the flywheel and a crystal-controlled phase-locked loop.

... Tape Recorders

Typically, such a unit records the ECG signal for between  and  h on a cassette or small magnetic tape, providing a
permanent record of all electrical activity throughout the recording period and a playback as well as interrogation of the
entire recording period (so-called “full disclosure”).> Figure .a shows the first Holter recorder developed by Avionics
based on reel-to-reel magnetic-tape recording. This technology is adequate to detect abnormalities of conduction or
rhythm, but it may be limited for recording low-frequency signals such as the ST segment. In some amplitude-modulated
(AM) systems, an inadequate low-frequency response or amarked phase shift from the higher-frequencyQRS signal may
cause an artifactual distortion of the ST segment, which may be incorrectly interpreted as ischemic. It is usually claimed
that only the FM type of recording system provides the necessary low-frequency response (down to .Hz) and less
phase shift for accurate ST recording and reproduction, but this has to be counterbalanced against the higher costs, more
baseline noise, and less clear display of such systems.This fact has been commented upon by Bragg-Remschell et al. [].
More recent AM systems have been designed with improved low-frequency recording and playback characteristics and
shown to record accurately ST-segment deviations [, ] and even T-wave alternans [].

Caution should, therefore, be exercisedwith the older types of recorders in case ST-segment “depression” is a technical
rather than a physiological phenomenon. One former development (Oxford Medical) has been the incorporation of a
microprocessor inside the Holter recording unit itself so that signal analysis and classification can be carried out in real
time.The ECG is also recorded on tape continuously becausemost cardiologists wish to have the acquired signal available
for visual confirmation and assessment of any arrhythmia or ST-segment shift. Lastly, but not least, it should be noted

⊡ Figure .

(a) Avionics  magnetic-tape recording system (one of the earliest systems used). (b) Mortara -lead Holter recorder

(modern, solid-state recorder).
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that regardless of whether AM or FM recording techniques are used, the tape itself may stretch and consequently distort
the electrical signal.

... Solid-State Recorders

Owing to the rapidly evolving technologies, nowadays direct recordings of the ECG signal in a digital format using solid-
state recording devices are available (“second-generation” Holter recorders, > Fig. .b). Such direct digital recording
avoids all of the biases introduced by the mechanical features of tape-recording devices and problems of analog recording
formats that require analog-to-digital conversion before quantitative analysis. Digital ECG signals can be recorded up to
, samples/s, which allow for the extremely accurate reproduction of the ECG signal necessary for highly sophisticated
analysis methods like signal averaging or T-wave alternans measurements. Solid-state ECG recordings can be analyzed
immediately and rapidly, and some recorders are equipped withmicroprocessors that can provide “on-line analysis” of the
QRS complex and the ST segment and T waves as they are acquired. Also, the patient can be given feedback immediately
in case of the detection of specific abnormalities, for example, ST-segment deviations. In addition, the solid-state format
provides for ready electronic data transfer to a central analyzing unit. Limitations of this technology are the limited
storage capacity of digital data, reliance on a computer algorithm in case of online analysis for identification of specific
abnormalities, and the expense of the devices.

A full -h recording includes approximately , QRS-T complexes and requires about  megabytes (MB) of
storage per channel.Therefore, compression of data is necessary, and at least twomethods have been proposed, the “lossy”
compression with very high compression ratios and the “loss-less” compression technique combined with an enhanced
storage capacity. The problem with “lossy” compression is that the user is entirely dependent on the reliability of the
microprocessor to distinguish important physiological abnormalities from artifact or wandering baseline, since, because
of the lack of “full disclosure,” confirmations of the decisions of the microcomputer cannot be made from the primary
data, which are not recorded in their entirety and cannot be retrieved without error. Moreover, the accuracy of online
interpretations may also be different for arrhythmia versus ischemia analyses []. However, it is essential for a physician
using Holter monitoring that representative ECG tracings from all ischemic or arrhythmic episodes be confirmed by an
experienced physician or technician, and thus, the lack of full disclosure may limit the reliability of the “lossy” compres-
sion method.The “loss-less” compression method in combination with enhanced storage capacity compresses ECG data
by a factor of – by reducing the sampling rate from  to  or Hz, respectively. Later, when the data are recalled,
playback computer techniques recreate these abbreviated waveforms, whose sampling is often “weighted” about the R
wave, to reproduce stored “full-disclosure” continuous electrocardiographic data. Some manufacturers have adopted the
solid-state storage to their regular electrocardiographic instruments, whereby the recorder stores two channels of ECGs
over  or  h on the recorder device, which subsequently is interfaced to the manufacturer’s standard ECG cart or a
data printer to provide  hourly continuous “full disclosure” printouts of all data recorded for visual interpretation.

Modern solid-state recorder devices provide special features such as an LCD display to control the quality of the
ECG immediately after placement of the electrodes either by direct display (e.g., MT- from Schiller™, Lifecard from
Delmar/Reynolds™, CardioMem from Getemed™), or by transfer via infrared to a Palm™microcomputer (Medilog AR
or AR from Oxford Instruments™). Some devices have a special loudspeaker incorporated for patient interaction, and
most recorders provide pacemaker detection. Some provide recording of thoracic or respiratory activity as well (e.g.,
CardioMem from Getemed™, Medilog AR or AR from Oxford Instruments™). After the transfer of the full - or -
h digital data,most analysis systems allow not only the analysis and presentation of normal and abnormal QRS complexes
including bradycardias or tachycardias, but also the analysis of ST-segment deviations, HRV, QT duration and variability,
and pacemaker function. Data transfer is usually completed within min.

... StorageMedia

The storage media available are flash memory card or portable hard drive. Flash cards are about the size of a credit card,
and have the capacity to store –MB of data (> Fig. .). After completion of the recording, the flash cards are
removed from the recording device and are inserted directly into the analysis unit or into a separate device by which
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the data can be transmitted electronically to another analyzing unit where the data can be played back and analyzed.
Miniature hard drives can store more than MB of data, and unlike flash cards, are not removed from the recorder, but
the data are downloaded to another storage device or may be electronically transferred to a remote analysis unit.

... Event Recorders

In contrast to the conventional -h Holter monitoring, both sampling and trans-telephonic devices record noncontinu-
ous AECG data of an intermittent nature. There are two types of intermittent patient-worn recording devices (so-called
event recorders), one that records and stores only a brief period of ECG activity, either by predefined criteria analyzed
by the microcomputer (e.g., tachycardia, arrhythmia, bradycardia) or when activated by the patient in response to symp-
toms, and the other that records the ECG in a continuous manner but stores only brief periods of ECG recording (e.g.,
– s) in a memory when activated by the patient using the event marker at the time of a symptom (the so-called
loop recorder). These event recorders can be used for prolonged periods of time, for example, many weeks, to identify
infrequently occurring symptoms or arrhythmias that would not have been retrieved from a conventional -h AECG
monitoring. A patient-activated event recorder needs rapid placement of electrodes, such as paddles connected to the
recorder or a wrist bracelet, to record the ECG at the time of symptoms, whereas loop recorders use continuously worn
electrodes. The recorded signal can be saved in memory and transferred at a later time to a central analysis unit or be
transmitted to a receiving station by online transfer. Event recorders have the advantage of small size and light weight,
their use is easy and they can be programmed to record many short episodes during an extended period of time ( days
to several weeks), and moreover, -, -, -, and mathematically reconstructed -lead formats are available.

A special type of event recorder is the implantable loop recorder (ILR), which may be used for identifying infrequent
and transient symptoms of patients by long-term intermittent recordings. This device, of about the size of a pack of
chewing gum is inserted under the skin at about the second rib on the left front of the chest and is activated by passing a
special magnet over the device. It is capable of recording and storing up to min of a single ECG channel, which can be
partitioned for – episodes, with up to min of preactivation ECG saved for subsequent downloading to a programming
unit for analysis. The device can be configured to store patient-activated episodes, automatically activated recordings via,
for example, low and high heart-rate limits, or a combination of both [].

. Artifacts in AECG Recording

An inherent problem with ambulatory monitoring is the almost inevitable occurrence of artifacts specific to this type of
recording, resulting from a failure of one or more of the components of the system [, –]. Acknowledging these arti-
facts is of major importance because their misinterpretation can lead to erroneous clinical diagnoses and inappropriate
therapeutic interventions. In addition, it is important to determine the cause of the artifact so that any fault in the equip-
ment can be corrected.Themajor causes of artifact in Holter recordings are discussed in the following subsections.These
essentially apply to recorders employing cassette tapes, as little experience has yet been gained with the newer solid-state
technology (though problems with battery, electrodes, or cables are likely to be common to old and new systems).

.. Battery Failure

Themost common artifact encountered during tape-basedHolter monitoring is certainly the “pseudotachycardia” owing
to the failure of the battery toward the end of the recording, as can be seen in> Fig. ., where a tachycardia characterized
by a narrowing and lower voltage of the QRS complex occurs abruptly.The rhythmmay be regular or irregular, simulating
a paroxysmal supraventricular tachycardia (SVT). The replacement of the disposable or rechargeable batteries and, if
necessary, the cassette or magnetic tape, could correct these artifacts. As a general rule, a new battery should be usedwith
each recording, particularly in research studies where failure to record on a specific date can invalidate the whole study.
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⊡ Figure .

An illustration of one form of artifact encountered during AECG, where failure of the batteries toward the end of the record-

ing has produced a “pseudotachycardia,”with a decrease of P, QRS, and T-wave durations in particular making the diagnosis

straightforward.

⊡ Figure .

Cyclic slackening of the magnetic tape on account of mechanical difficulty within the recorder.

⊡ Figure .

An illustration of artifact resulting from the use of magnetic tape, which has not been erased properly before being used a

second time, resulting in the superposition of two ECG tracings.

.. Failure of theMagnetic-Tape Recording

Less frequently, a recording problem can occur intermittently, especially if some mechanical difficulty is present at each
rotation of the cassette ormagnetic tape.The characteristics of the artifact are the same as in battery failure, but they occur
at periodic intervals (> Fig. .). The use of a cassette or tape, which has not been properly erased, during a subsequent
recording, can lead to the superposition of two ECGs and make the interpretation of the new ECG signals impossible, as
shown in > Fig. .. Therefore, as a rule, new cassette tapes should be used for each new patient AECG study in order
to avoid these tape problems.

.. Failure of Electrodes, LeadWires, or Patient Cable

Any dysfunction of electrodes, lead wires, or patient cable contributes to artifacts. Permanent failure, such as a break
in the cable or loss of electrode contact, is easily identified, as a permanent defect occurs in one of the two recording
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⊡ Figure .

Anexampleof thevalueofusing two-channel recordingduringAECG. The lower channel showsartifact causedby intermittent

failure of the ECG cable, with temporary loss of the ECG tracing and marked baseline shift producing “pseudo-QRS” waves

marked by asterisks.

⊡ Figure .

“Pseudo-VT ” is produced by shaking the ECG cable during Holter recording. This artifact can be identified by the presence of

normal QRS complexes, as marked by arrows within the runs of pseudo-VT.

leads. An intermittent failure, however, is more difficult to interpret.The use of at least two simultaneous leads inmodern
Holter recorders has considerably improved the detection of these artifacts. In a majority of cases, they occur only (or
principally) in one lead as in> Fig. ..The intermittent loss of electrical contact in one of the two leads induces abrupt
movements of the baseline without any recording of the ECG at that particular instant. However, in the other lead the
normal ECGappearance easily permits the recognition of artifact. It should be noted thatmany analyzers, while displaying
two channels, essentially analyze only one of the leads.

In some cases, the artifact can be present simultaneously in the two leads, particularly in the case of displace-
ment of the patient’s cable. In > Fig. ., the diagnosis of artifact is particularly difficult, because the presence
of genuine VPBs can lead to an erroneous diagnosis of VT. Fortunately, two indices point to the diagnosis
of artifact:

. The second episode of pseudo-VT is not present in the upper tracing as it is in the lower tracing; and
. The normal QRS rhythm can be observed within the artifact and coincides with the normal rhythm before and after

the event.

As seen in the two preceding examples, the use of a second lead in the Holter recorder provides the most obvious means
of identifying an artifact. In the absence of any displacement of the baseline, it is the only way to obtain an accurate
diagnosis. In> Fig. ., for example, during a very short loss of electrical contact, only one PQRST complex disappears.
In lead I, this is evidenced by a small undulation of the baseline. The presence of a normal QRS complex in lead II
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⊡ Figure .

Transient loss of electrical contact in a leadwire or an electrode in the top channel producing the absence of oneQRS complex

(marked by a star). Its presence on the simultaneously recorded second channel permits its detection.

⊡ Figure .

An example of an artifact during AECG recording producing pseudoatrioventricular block on account of a sudden decrease of

QRS voltage owing to an increase of skin-electrode coupling impedance. The residual QRS complexes identified by stars may

be wrongly identified as blocked P waves. The bar indicates the duration of the artifact.

makes it possible to exclude the diagnosis of a transient sinoatrial (SA) block. > Figure . provides an example of
pseudo-atrioventricular (AV) block due to a sudden decrease of QRS voltage.

. Equipment for Analysis

.. Analog Holter Tape Recording

Allmethods of analysis require some form of playback system [, –] including those, which undertake real-time anal-
ysis of the AECG. All playback systems contain at least a magnetic-tape replay unit, while some older systems have an
audio speaker and an ECGwriter, which can provide samples. In addition, an oscilloscope or screen, an arrhythmia detec-
tor, a microprocessor-based analyzer (nowadays often a personal computer), an automatic ST-segment analysis system,
and a fiber-optic or laser printer might form a part of such a system.Most current playback systems use generic computer
hardware platforms and proprietary software protocols for data analysis and report generation. Signals recorded in analog
format by magnetic tape are digitized at either a rate of  or  samples/s for subsequent analysis. The clock track on
the tape can compensate for tape speed variations by a phase lock loop circuit. The resolution is usually at least eight bits
and the sampling rate /s. The signal amplitude can be adjusted by the physician or technician based on the calibra-
tion signal recorded automatically at the beginning of each recording. Tape playback and scanning options include rapid
playback with either superimposition of up to , times with or without audio-speaker control or page-type displays.
Facsimile, modem, network, and internet integration allow for rapid distribution of AECG data and analyses throughout
a hospital or larger health-care system.

The magnetic-tape unit, if required for playback, is a motor-driven assembly, which operates normally at  or 
times the original recording speed, although more recently developed systems can function at  times the original
recording speed. The magnetic heads detect and reproduce the original ECG signal for onward transmission to the
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⊡ Figure .

Full disclosure of long sequences of a single ECG lead for quick paging up or down (top) and an arrhythmia-scanning mode

(right) for rapid detection of phases of arrhythmias, three-channel real time ECG (bottom) (Oxford MedilogDarwin system).

remainder of the system. In FM systems, it is necessary for the replay unit to demodulate the signal in order to retrieve
the original waveforms. In most modern tape-recording systems, the analog signal from the tape is digitized for quick
and convenient quantitative data analysis.

In every Holter system, an oscilloscope or flat panel screen is an essential part to control and guide the whole analysis
procedure. Practically, all Holter analysis systems have the option of presenting data in a superimposed fashion at , ,
, , or  times the original recording speed, which when coupled with an audio speaker constitutes the AVSEP
(audiovisual superimposition electrocardiographic pattern) display. In the majority of instruments, the use of a storage
oscilloscope makes it possible to “freeze” the display of a real-time ECG for a period of – s up to  s if desired. Either
one or both recorded leadsmay be displayed in this way. By using a technique for “jogging,” it is possible to jump forward
or backward for a variable time in order to inspect quickly a series of “frozen” ECG displays (> Fig. .). More recent
systems sometimes use a graphics screen attached to a personal computer rather than a custom-engineered display (see
> Sect. ..).

In some older analog Holter systems, an audio speaker is incorporated that produces an audible sound, which is
dependent on the detection of the R wave of the QRS complex. The tone can rise to a more shrill note in the presence
of a fast heart rate or when an ectopic beat creates an isolated short R–R interval. On the contrary, with slow heart rates
or longer R–R intervals, a low-pitched sound occurs. In some of the less-expensive units where there is no display, it is
claimed that the ECG can be analyzed purely by listening to the audio signal produced by the replay unit.

The conventional form of a laser printer-ECG writer is incorporated into all Holter analysis systems and provides
for up to three channels of ECG data to be written on standard (graphic) paper with an accompanying time printed on
the edge track. It is evident that the production of specific examples of ECG abnormalities form a necessary part of the
AECG report, providing essential material to enable the physician to interpret the -h recording. Moreover, graphic
and tabulated AECG data, as well as a total -h ECG printout are provided by modern laser printers. Thus, this type of
printout has supplanted the older fiber-optic printout system, which was able to print all or part of the ECG in a real-time
format produced at high speed with a time reference frame. As previously mentioned, the display of the whole -h ECG
on paper has become known as “full disclosure.” This technique is very useful for giving information on the quality of
the recording and for studying rare events, particularly when the major part of the Holter recording is normal. As can be
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seen in > Fig. ., a second degree AV block is easily detected on a compressed ECG tracing. However, this technique
requires that the technician or physician who must examine the complete -h ECG tracing spends some considerable
time in doing so. The most recent AECG analyzing units provide abnormal sequences such as pauses, arrhythmias, etc.
automatically for direct technician or physician review.Usually, one lead is printed, but if necessary the two leads could be
printed separately. For time reasons, the use of full AECGdisclosure is normally confined to quality control, verification of
rare events, evaluation of AAD efficacy, and similar specialized functions and is not recommended for widespread routine
use.The most modern solid-state Holter analyzing units provide abnormal episodes within the full disclosure ECG (e.g.,
pauses, arrhythmias, etc.) automatically, line-by-line for direct and quick control by the technician or physician.

.. Solid-State Holter Recording

Thenewer solid-stateHolter systems consist of the digital recording (solid-state) device, the electronic interface to transfer
the data from flashcard or hard drive to the personal computer, the flat panel screen, the alpha-numeric keyboard, the
personal computer with the proprietary software protocols for data analysis and report generation, and a laser printer
(> Fig. .). Some solid-state recorders are equipped with a microprocessor that provides “on-line analysis” of the QRS
complex, the ST segment, as well as the T wave as they are acquired.Thus, a quick analysis and overview on the whole set
of AECG data is immediately available at the technician’s or physician’s convenience, which facilitates and speeds up the
interactive final analysis of the full h AECG. Details of the analysis workflow are given below.

. Methods of Analysis

The approach to the analysis of -h ECG recordings varies from one manufacturer to another, and there are many
systems commercially available worldwide. However, the different methods can be broken down into two very broad
categories. Using discriminators, the hardware essentially differentiates between a normal (or dominant) QRS waveform
and all others. The critical thresholds used to achieve the discrimination may (optionally) be adjusted by a technician.
These are likely to be based on QRS width, amplitude or area, or some combination or derivative of these parameters.
Various criteria based on the R–R interval, or the number of abnormal beats detected consecutively, can be set up to
facilitate the detection and printout of arrhythmias. Using the method of a classifier, in microprocessor-based equipment
the software automatically groups QRS complexes into a number of different categories (“templates”).Thismaybe done in
the recorder itself or in the laboratory-based analyzer. Thereafter, an operator may (optionally) adjust the classifications.
Analysis of rhythm is then based on a study of the beat classifications, R–R intervals, and similar criteria. There are
intermediate solutions where, for example, the second approach is used in the recorder to collect samples of arrhythmias

⊡ Figure .

Modern type of solid-state recorder systems: digital AECG recorder of Medset (top left), digital AECG recorder (bottom left),
and complete analysis system of OxfordDarwin (right) with personal computer, keyboard, flatpanel screen, and laser printer.
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only, although details of heart rate over  h may also be stored. With some types of analyzers in either of the above
categories, it is possible for the operator to view several minutes of an ECG on the screen in order to check visually for
abnormalities or assess the quality of the recording.

.. Analog Tape Recordings

The first approach, that is, the use of the discriminator type, has the advantage that it can be used with a minimum of
intervention by the operator and is thus suited to routine and automatic analysis of a large number of Holter recordings.
On the other hand, experience shows that operator intervention can be valuable. The aim of using the discriminator
approach in older Holter systems is not to provide an exact number of abnormal complexes (as is the case in the second
approach), but to indicate their relative global frequency and, above all, to detect any arrhythmias. The principle of the
technique is to use only a single pass of the tape (taking  or min for  or  times real speed, respectively) in
order to obtain data (e.g., trend plots) without intervention of the operator, or with minimal intervention such as an
adjustment of the QRS width threshold, prior to the commencement of analysis, or to print any arrhythmias detected.
This type of semiautomatic beat classification cannot provide the exact number of abnormal events because inevitably
artifacts will be incorporated into QRS counts or because some normal QRS complexes will be considered abnormal or
vice versa. However, if the original analog ECG signal is sufficiently high in amplitude without major artifacts, the QRS
count is generally satisfactory with only a small percentage error. It is then possible to use such a system in order to obtain
relatively quickly a large variety of presentations of the data contained on the recording.

.. Digital Solid-State Recordings

Themost recent generation of automatic analyzers either undertakes the QRS analysis in real time using amicroprocessor
built into the recorder, or after replay using a similar techniquewhereby  or  different types of QRS complexes can be
stored within the microprocessor memory. Each new QRS complex is compared with the different types already stored,
and if it compares satisfactorily to one of these, the total count for that particular pattern is increased by one. If not, a new
QRSmorphology is then stored. At the end of the analysis, the various QRSmorphologies can be displayed together with
a count of beats in each group (> Fig. .a, b). In some systems, it is possible for the operator to decide that a certain
group of complexes consists of artifacts and have them deleted from the analysis. Alternatively, if there are only subtle
differences between different groups, they can be merged and finally a categorization of normal or abnormal premature
ventricular complexes (PVCs), premature supraventricular complexes (PSVCs), and so on can be added to each group
so that the various counts can be accurately produced. This approach is now the standard technique of practically all
modern AECG monitoring systems. Real-time analysis using the above technique has the advantage that at the end of
the recording, the results can be instantly printed out via the appropriate replay and print-out unit.

.. Arrhythmia Analysis

... From Tape Recorders

By using the main criteria, the R–R interval, and the QRS width, it is possible to develop algorithms that are able to detect
automatically many types of arrhythmias in Holter analog tape recordings [–]. Each beat is classified as normal,
ventricular ectopic, supraventricular ectopic, paced, other, or unknown, and a template for each type of abnormality is
created. Enlarged premature beats (premature ventricular contractions (PVCs) or atrial premature beats (APBs) with
aberrant intraventricular conduction) and narrow premature beats (supraventricular premature beats or PVCs narrower
than sinus beats) are the easiest arrhythmias to detect.The ease of detection of such abnormalities, as well as of couplets
does not differ greatly compared to that of isolated extrasystoles. However, all these phenomena can be detected more
confidently with the assistance of an experienced technician to run the analyzer. All users of Holter monitoring know that
the first generation of PVC counters could be grossly inaccurate in analyzing the ECG tracings in the presence of artifact.
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⊡ Figure .

(a) Overview on the analysis forms of the computer program (Medset system) showing real time three-channel ECG (top),
templates of QRS complexes (center), and summary of arrhythmias and heart-rate trend (bottom). (b) Overview on the anal-

ysis forms of the computer program (Oxford MedilogDarwin system) including heart-rate trend curve (top), QRS complex

templates (left), types of available templates (center), selected single lead strips (right), and three-channel real-time ECG

(bottom).

In this context, the superiority of human intervention compared to the use of an automatic detector is evident. However,
automatic detectors can be used for other purposes with more complex algorithms. An example is the recognition of
atrial fibrillation (AF) as opposed to sinus arrhythmia on the basis of studying only the irregularity of the R–R interval
distribution. Another example of the utility of the automatic analysis of arrhythmias is the detection of ventricular pauses
caused by SA or AV block. Visually, this search is very difficult and the automated approach provides higher sensitivity
at the slight expense of a larger number of false-positive reports.

The interactive technique, which requires an operator, uses variable criteria for the recognition of arrhythmias, prin-
cipally for ventricular or supraventricular extrasystoles.The simplest method is to use the classical criteria of recognition,
but with the possibility of modifying the thresholds of prematurity and QRS width according to the characteristics of
the particular ECG under study. However, more sophisticated detectors have appeared recently using different criteria
in order to obtain an improved separation between “normal” and “abnormal” QRS; that is to say, different QRS patterns.
These criteria can include the slope of the first component of the QRS complex, its derivative, the QRS area, or the mor-
phological pattern calculated from the analog signal or from a digitized ECG. These criteria can be utilized separately
or together in order to define the similarity between each QRS complex and the basic “normal QRS,” which is usually
learned by the machine with some prompting by the operator at the onset of the recording. With this operator-based
approach to setting up criteria, which can be adjusted – if necessary – during the tape analysis, the separation between
supraventricular and ventricular complexes is usually achieved satisfactorily. > Table . summarizes some important
causes of false positive and false negative findings in the analysis of arrhythmias from AECG.

... From Solid-State Recorders

In solid-state digital AECG systems, the total number of QRS complexes is analyzed and classified in different templates,
which can be interactively controlled and categorized into normal or abnormal premature ventricular complexes (PVCs)
or PSVCs. Togetherwith the R–R intervals, every type of bradyarrhythmia, tachyarrhythmia, supraventricular, or ventric-
ular premature complexes can be quantified by the computer protocol. A comparative real-time ECG printout provides
interactive control of the classification result of the computer (> Figs. . and > .). In addition, most solid-state
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⊡ Table .

Some technical causes of false-positive and false-negative findings in arrhythmia detection

and classification from the ambulatory electrocardiogram (AECG)

. Battery failure with “pseudotachycardia”

. Recorder malfunctionwith variable tape drive or inaccurate storage

. Incomplete degaussing or erasure of data from previously used tapes or memory storage

. Noise interference or lead-electrode baseline drift or artifact

. Low-voltage recording

. Physiologic variations in QRS form and voltage

. Inadequate computer QRS detection and classification algorithms

. Incorrect time stamping of AECG tracings

. Inadequate or incorrect technician interpretation during analysis

⊡ Figure .

Trend analysis of heart rate (top), counts of ventricular ectopic beats (second top row), ST-segment trends (third row), and

three-channel real-time ECG and single lead “full disclosure”ECG (bottom) (OxfordMedilogDarwin system).

systems provide a separate channel for pacemaker spike analysis, and software for analyzing HRV either in the time or
frequency domain or both.

After replay and digitizing the analog ECG signals from Holter magnetic tapes or – in case of solid-state ambu-
latory Holter systems – following transfer of the digital AECG data from the recorder to the computer via an interface,
subsequent analysis of all ECGdata is relatively easy, quick, and convenient if an appropriate software program is available.
Withmost solid-state systems, a primary computer-based automatic analysis is performed and these data are presented on
the screen as simultaneous multiple trend curves of heart rate (maximum,minimum, mean), PSVCs, PVCs, ST-segment
deviation, and QRS complex templates together with a strip of two or three channels of the original ECG (> Figs. .b
and > .). Using the cursor at each time of the heart-rate trend or arrhythmia strip, a control and reclassification of
QRS templates, arrhythmia classification, or ST-segment analysis can be made instantaneously. Moreover, further trend
curves of pacemaker activity, HRV trends and instantaneous values at a given period of the  h recording, and respiratory
activity may be displayed. Somemodern systems also provide a -lead ECG, which is either recalculated mathematically
from the -lead orthogonal X–Y–Z data using a transformation or an actual -lead ECG where the limb electrodes are
placed on the chest (see > Chap. ). Alternatively, a full disclosure ECG may be presented first page by page and by
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⊡ Figure .

Arrhythmia overview including counts of single arrhythmic events (left), single lead arrhythmic episodes extracted from the

overviewon left side, surveyonQRS templatesover the full -hperiodwith  s segments (right), and three-channel real-time

ECG (bottom) (OxfordMedilogDarwin system).

quick paging up or down and reading all ECG sequences. Abnormal episodes such as bradycardias, pauses, PVCs, or
tachycardias can easily be identified, marked by the mouse, presented in real-time, and finally confirmed or corrected if
necessary.

.. ST-Segment Analysis for Myocardial Ischemia

... Technical Aspects – Analysis of Ischemic Episodes

With respect to ST-segment analysis for detecting myocardial ischemia, some important technical, electrocardiographic,
and clinical aspects have to be considered, for which the following recommendations have been given []. The QRS-T
morphology must be carefully scrutinized to ensure that it is suitable for interpretation. Cardiac rhythm should be sinus
rhythm, the baseline ST segment should have �. mV deviation, and the ST segment ideally should be gently upslop-
ing with an upright T wave. A flat ST segment associated with an inverted T wave may still be interpretable. However,
downsloping or scooped ST-segment morphology should be avoided. The height of the R wave of the monitored lead
should be �.mV. The lead selected for ischemia monitoring should not have a Q wave � . s or marked baseline
ST-segment distortion. Patients with left-ventricular hypertrophy in the -lead ECG, left bundle branch block, nonspe-
cific intraventricular conduction delay �ms, or pre-excitation are not suitable for monitoring myocardial ischemia
in the AECG. Medication with digitalis or some antidepressant drugs may distort the ST segment and preclude accurate
interpretation of ST-segment deviations. ST-segment deviation is tracked by the use of a cursor within the PR segment to
define the isoelectric reference point, and another cursor at the J-point and/or –ms beyond the J point to identify the
presence of ST-segment depression. Myocardial ischemia is diagnosed by a sequence of flat or downsloping ST-segment
depression of�.mV, with a gradual onset and offset that lasts for a minimumperiod of min. Each episode of transient
ischemia must be separated by a minimum duration of at least min, during which the ST segment returns to baseline
(the so-called  ×  ×  rule [, ]). Many investigators prefer a duration of at least min between episodes, and the
ACC/AHA Task Force also recommends a -min interval between episodes because the end of one episode and the onset
of the next will take longer than min to be physiologically distinct. Episodes of ST-segment deviation are character-
ized by identification of an onset and offset time, magnitude of deviation, and heart rate before and during the episode.
Representative ECG strips at the time of ST-segment deviation in real time should be provided in the report format.
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⊡ Table .

Some causes of false-positive and false-negative findings in detection and interpretation of myocardial ischemia from the

ambulatory electrocardiogram (AECG)

. Inadequate lead system employed

. Incorrect or lack of lead calibration

. Inadequate recording fidelity

. Recording signal processing that compresses or filters the data, altering the ST-segment characteristics

. Height of R wave <.mV and Q wave �. s

. Downsloping or scooped ST-segment morphology

. Positional changes on the ST-segment

. Hyperventilation

. Vasoregulatory or Valsalva-induced ST segment changes

. Sudden excessive exercise-induced ST segment changes

. Preexcitation (WPW-syndrome)

. Intraventricular conduction disorders (LBBB, RBBB)

. Undiagnosed or unappreciated left ventricular hypertrophy

. ST segment changes secondary to tachyarrhythmias

. False ST segment changes from atrial fibrillation or atrial flutter

. ST segment changes secondary to electrolyte disturbance or drugs

Trend curves and/or a summary table of all ischemic episodesmay be displayed in the final report. Alternatively, a minia-
turized full-disclosure display can be printed out for all or part of the -h recording []. > Table . summarizes some
important causes of false positive and false negative findings regarding ST-segment analysis from the AECG.

One special problem is ST-segment elevation in variant angina, where the role of Holter monitoring is of consider-
able importance. During the playback analysis, the ST segment can be studied in two ways, either by visual examination
or by automatic measurement, which can provide a trend of the ST amplitude. Some systems continuously monitor the
ST amplitude, which is automatically compared to the baseline, defined by the onset of the accompanying QRS com-
plex. In this case, the point of measurement can usually be placed by the operator at an appropriate distance from the
J point in order to eliminate the detection of “physiological” ascent of the ST-segment depression. Other systems mea-
sure ST-segment depression automatically during the -h recording. This approach is subject to error in relating the
ST measurement point to a fixed QRS trigger, which may vary with different QRS morphologies, that is, from patient to
patient.

... Beat-to-Beat Analysis

The most recent technical developments are fully automatic algorithms for beat-to-beat ST-segment amplitude mea-
surements. Rather than identifying discrete sequential short episodes of ST-segment deviation, this approach utilizes
frequency distributions of the ST-segment amplitude measurements for each -h recording (typically of ,–,
beats) in order to yield a better global perspective of ST-segment shifts that have occurred during the whole recording
period [, ]. Following QRS detection and elimination of abnormal complexes, beat-by-beat isoelectric baseline esti-
mation by cubic splines, and noise determination, the initial (R-ST) and end point (R-ST) of the regression line of the
ST-slope is determined by the computer algorithm using the empiric formula for timing of the two points: R-ST = + K

√
RR and R-ST =  + K

√
RR. For a heart rate of  bpm, K was set to ms and K to ms, and the whole

range of K and K was evaluated over a spectrum of heart rates up to R − R intervals of ,ms. From the frequency
distribution (histogram) of the average displacement of the ST-segment (AVD) time series over  h, several parameters
indicative of transient myocardial ischemia were extracted. As expected, transient and ischemic episodes lasting only
several minutes were shown to be skewed to the left and to be asymmetrically spread around an average deviation of
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less than mm, whereas nonischemic frequency distribution was narrow and symmetric with an average deviation close
to mm. Using several parameters like percentiles, spread measures, skewness, and clustering, the authors were able to
distinguish between a normal cohort of  individuals and  patients with CAD by a cut-off point of . for the esti-
mated probability of ischemia in ambulatory monitoring []. In a second study, the influence of the autonomic nervous
system (ANS) on ST-segment variability was tested [], using the same technique of computerized ST-segment analysis
including a demodulator algorithm to compensate for respiratory baseline shifts. Nine healthy volunteers underwent the
following experimental protocol: control period (breathing room air at  cycles/min = .Hz for min), fast respira-
tion period (breathing room air at  cycles/min = .Hz for another min), metabolic period (breathing % oxygen
at  cycles/min for about min), and neurogenic period (after min breathing pure air, administration of atropine iv.
with breathing room air at  cycles/min for other min). Analysis of power spectral densities of the AVD signal during
the four different periods of the experimental protocol showed no effect of % oxygen inhalation, only a small effect
of mechanical respiratory activity, but a significant decrease of both total variability and relative power with atropine
intervention. The results were similar for HRV, and the conclusion of this study was that the ANS plays a significant role
in the regulation of AVD time series. This is a new important physiological finding and should encourage further sys-
tematic studies by using the ST segment not only as a simple detector of myocardial ischemia, but rather as a target and
component of comprehensive cardiovascular equilibrium [].

.. Analysis of HRV

Twenty-four-hour Holter AECG recordings represent a near ideal source for both short- and long-term assessment of
HRV. Analysis of HRV itself refers to beat-to-beat oscillations of the R − R interval, which in the absence of physical
activity, postural changes, or emotional stimuli represents the balance between cardiac sympathetic and parasympathetic
(vagal) efferent activity and in particular the autonomically mediated alterations of the sinus node discharge rate (R − R
tachogram,>Fig. .). In general, twomethods ofHRVanalysis have beendescribed, namely, time domain and spectral
analysis [, ].The term “time domain” reflects the fact that the majority of methods used provide measures in units of
time (e.g., milliseconds) and time domain parameters involve computing indexes that are not directly related to specific
cycle lengths.This method offers a simple means of defining patients with decreased variability in the mean and standard
deviations of the R − R intervals. In general, two methods of time domain analysis – statistical and geometric – are in
use [].

⊡ Figure .

Trend of heart-rate tachogram (center) during sinus rhythm (extreme left and extreme right) and AF (left and right center) as a
rough overview on HRV. Real time two-channel ECG (top) and heart-rate trend (bottom) are also included (Medset system).
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⊡ Figure .

Trend curves of different time domain parameters of HRV (SDNN, rMSSD, SDNN, and pNN) and heart rate (center and

bottom) together with a two-channel real-time ECG (top), same patient as in> Fig. . (Medset system).

... Statistical Methods for HRV Analysis

Among the statistical methods, time domain parameters analyzed include the mean R − R interval, the mean coupling
interval between all normal beats, SDANN = standard deviation of the averaged normal sinus R−R intervals for all -min
segments of the entire -h recording, SDNN = standard deviation of all normal sinus R − R intervals, SDNN index =
mean of the standard deviations of all normal R − R intervals for all -min segments of the entire recording, NN =
count of the number of pairs of adjacent R − R intervals differing by more than ms in the entire recording, pNN= the percentage of adjacent R − R intervals that varied by more than ms, and the rMSSD = root mean square of the
difference between the coupling intervals of adjacent R − R intervals. Solid state recorders provide hour-to-hour trend
analyses of different time-domain parameters (> Fig. .). rMSSD, NN, and pNN correlate highly and are markers
of high-frequency variations (vagal influence) in heart rate []. Of all parameters, rMSSD seems the most statistically
stable (in standard clinical populations, the distribution of rMSSD data is more normal than that of pNN or NN
values) and should be preferred, particularly since it correlates highly with others.

... Geometric Measures for HRV Analysis

The main practical limitation of statistical methods is the time-consuming and extensive offline-manual editing of the
ECG signals in order to ensure good quality R−R interval series.The use of filters to exclude outliers of R−R intervals, for
example, perhaps those differing by more than % of the preceding R − R interval, is sometimes unsuccessful and may
provide substantially inaccurate results.Therefore, a solution to eliminate incorrect R−R intervals is geometric measures,
that is, the conversion of R−R interval data into a geometric pattern, such as the sample-density histogram of R−Rinterval
duration, the sample-density histogram of the differences between successive R−R intervals (there exists little experience
with this method), and the duration of each R − R interval against the immediately preceding R − R interval (so called
Lorenz plots or Poincaré maps) (> Fig. .). Since the incorrect R−R intervals are usually substantially shorter (due to
premature ectopic beats) or longer (due to sinus or compensatory pauses) than the population of correct R−R intervals,
these incorrect R −R intervals fall outside the major peak of the distribution histogram and can easily be suppressed. Of
the three geometric methods, the triangular index is the most important and most frequently used measure of HRV. It is
calculated by dividing the total number of all R−R intervals by the height of the histogram of all R−R intervals measured
on a discrete scale with bins of .ms, when using a sampling frequency of Hz. Amodification of the triangular index
is the triangular interpolation of the R−R interval histogram (TINN), which is less dependent on the sampling frequency.
This method interpolates the R−R interval histogram by a triangle, which has its base on the horizontal axis and its peak
at themaximumpoint of the histogram,whereby the computation of themethod identifies a triangle for which the square
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⊡ Figure .

HRV histogram: Trend curve of heart rate (top row), histogram of the R–R interval differences (center left), R–R interval his-

togram (center), scatterplot with plotting the duration of each R–R interval against the immediately preceding R–R interval

(so called Lorenz plots, center right), and three-channel real-time ECG (bottom) (Oxford MedilogDarwin system).

difference between the histogram and the triangle is the minimum among all possible triangles. The length of the base
of such a triangle is used as the measure of HRV. Both the HRV triangular index and TINN, measured over  h, express
overall HRV and are more influenced by lower than by higher frequencies [].

Because many studies in the past have used different HRV parameters leading to a lack of standardization and given
that manymeasures correlate closely, the ESC/NASPE Task Force developed guidelines [] to standardize nomenclature
and methods of measurement.They recommended four time-domain HRV parameters:

. SDNN (as an estimate of the overall HRV)
. HRV triangular index (as an estimate of overall HRV)
. SDANN (as an estimate of long-term components of HRV), and
. RMSSD (as an estimate of short-term components of HRV)

... Frequency-Domain Analysis of HRV

Thebasic assumption underlying the technique of frequency-domain analysis is that every periodic signal such as systolic
arterial pressure or heart rate (R−R intervals) may be decomposed into a series of oscillatory components with different
frequency and amplitude.When considering short-term recordings (–min), spectral analysis of HRV is characterized
by three components:

. A high-frequency (HF) band in the range of .–.Hz, which can be considered as a measure of the physiological
respiratory sinus arrhythmia;

. A low-frequency (LF) band in the range of .–.Hz that corresponds to the LF rhythmicity of systolic arterial
pressure frequently observed in conditions of sympathetic activation; and

. A very low-frequency (VLF) band in the range of .–.Hz that often shows a progressive decrease of power
instead of a discrete spectral peak [].
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⊡ Figure .

Trend curves of frequency-domain parameters of HRV (bottom) and numeric printout for the various parameters ULF, VLF, LF,

and HF for every min interval (top) (Oxford MedilogDarwin system).

⊡ Table .

Correlation of the different time and frequency components of heart rate variability (HRV)

Spectral component Time-domain correlates Normal measures for  hours

HF rMSSD
pNN

<  h
< .%

LF SDNN index <  ms

VLF SDNN index <  ms

ULF SDNN
SDANN
HRV index

<  ms
<  ms
...

TP SDNN
HRV index

<  ms
...

Abbreviations: VLF=very-low frequency;ULF=ultra-low frequency; TP= total power; SDNN index=mean
of standard deviation of R-Rs; HRV index = integral of the total number of normal R-Rs divided by the
maximum of the density distribution

In practical terms, parasympathetic tone is primarily reflected in the HF component, the LF component is influenced by
both sympathetic and parasympathetic nervous systems, and the LF/HF ratio is considered a measure of sympathovagal
balance, reflecting sympatheticmodulations [].The spectral profile of long-term recordings is completely different from
that of short-term recordings, because most of the energy (up to % of total power) is distributed within the ultra-low-
frequency (ULF) range (�. Hz) and theVLF range, whereas power of LF andHF accounts for only % of total power.
Therefore, an alternative approach to the analysis of long-term recordings is to divide the entire -h period into a series
of around  consecutive -min periods that are analyzed as short-term recordings [, ] (> Fig. .). In general, it
should be stressed that the two analytical techniques of time and frequency-domain HRV are complementary in that they
are different mathematical analyses of the same phenomenon, which explains why certain time and frequency-domain
variables correlate strongly with each other, as shown in > Table ..
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... Pitfalls and Limitations of HRV Analysis

Some technical aspects and pitfalls of HRV analysis have to be borne in mind. HRV increases with increased periods of
observations, and it is important to distinguish ranges on the basis of duration of recordings. In practice, long-term -h
and short-term -min recordings are used. Frequency-domain methods are preferable for short-term, and time-domain
methods are mainly used for -h recordings (e.g., using SDNN, SDANN, and HRV triangular index), but also for short-
term recordings (e.g., using rMSSD). The recording period should last at least ten times the duration of the wavelength
of the lowest frequency under investigation (for HF components at least min, for LF components min). Most systems
contain and use computer-digitized data with a sampling rate of Hz, which is suboptimal for some experimental
short-term recordings, but useful for long-term recordings in adults. In such cases, template matching or interpolation
algorithms should be used to optimize the temporal accuracy of R-wave peak identification. If an analog recorder is
used, the digitization rate is not relevant, but magnetic tape data may introduce errors related to noise, motion-related
artifacts with missing R waves or spuriously detected beats, or other errors in R-wave timing such as might be related to
magnetic tape stretch. In addition, arrhythmias may introduce difficulties in the analysis of HRV, for example, persistent
AF renders HRV analysis impossible. If more than % of the detected beats are ectopic, because the interval before and
after each ectopic beat is usually eliminated from the analysis, numerical estimates of HRV will not be accurate. Two
methods exist for handling abnormal heartbeats, namely interpolation of occasional abnormal beats [] and limiting
analysis to segments that are free of abnormal beats, respectively.

.. Analysis of Heart-Rate Turbulence (HRT)

... Pathophysiological Background

The new parameter of heart-rate-turbulence (HRT) was initially described by Schmidt et al. in  []. The concept
depends on the influence of single ventricular ectopic beats on the post-extrasystolic oscillations of baroreflex activity.
Heart rate is controlled by vagal nerve activity with its direct effect on sinus node depolarization rate and AV-nodal
conduction, the latency time is very short (–ms) and thus, the heart responds in a beat-to-beat manner to any
changes in vagal nerve activity [, ]. Following a single VPB, an instant drop of systolic and diastolic blood pressure
ensues with a compensatory pause both in normals and in patients with compromised cardiac function that unloads
carotid and aortic baroreceptors with a subsequent decrease of tonic vagal nerve activity []. In healthy normals, the
drop of blood pressure is prolonged for the first – post-VPBs togetherwith a transient loss of vagal activity, which seems
to be responsible for the acceleration of heart rate.There then follows a steady increase of blood pressure with subsequent
baroreceptor loading and an increase of vagal activity leading to a final deceleration phase of cardiac rhythm. In patients
with depressed LV function, there is a sudden increase of systolic and diastolic blood pressure in the first post-VPB beat
due to post-extrasystolic potentiation that compensates for the drop of blood pressure and activates the baroreceptors.
The ensuing increased vagal nerve activity limits the initiation of early acceleration phase and prevents late deceleration
phase of cardiac rhythm, that is, HRT cannot be observed []. HRT is therefore considered as a parameter of baroreflex
sensitivity (BRS) that can be measured much more easily than the classic and complicated baroreflex testing approach.

... Parameters of Heart-Rate Turbulence

HRT can be quantified by two parameters: turbulence onset (TO) and turbulence slope (TS). TOquantifies the brief phase
of early acceleration (usually lasting for – sinus cycles) and is defined as the difference between the mean duration of
the first two sinus beats following a VPB and the mean duration of the last two sinus beats preceding the VPB, divided by
the mean duration of the last two sinus beats preceding the VPB. TO is expressed as a percentage. TS describes the speed
of the late heart-rate deceleration phase and is defined as the maximum positive slope of a regression line assessed over
any sequence of five subsequent R − R intervals within the first  sinus rhythm intervals after a VPB. TS is expressed
in ms/R − R interval. In patients at low risk for mortality, VPB triggers an early acceleration of heart rate followed by a
late deceleration phase, whereas in high-risk patients, HRT is blunted. For prognostic use of HRT, it is important to have
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appropriate cut-off values. TO and TS cut-off values were calculated by the group of Schmidt et al. [, ] with the use of
a “training sample” composed of  patients with AMI.The log-rank test statistics for all possible cut-off points revealed
optimal dichotomies of % for TO and .ms/R − R interval for TS.

... Pitfalls and Limitations

It is important to note that Holter AECG data are very useful for evaluation of HRT, in case single VPBs are present in the
entire recording, because different interesting time periods can be analyzed separately and, for example, diurnal variations
of HRT in relation to clinical events can be detected. Some limitations of this method have to bementioned.HRT analysis
is limited to patients with dominant sinus rhythm. It cannot be used in patients with atrial flutter (AFl) or fibrillation,
nor in those with second degree AV block or complete sinoatrial block. It cannot be used in patients with permanently
firing cardiac pacemakers, while it is clear that the presence of VPBs in short- or long-term AECG recordings is essential
for estimating HRT.

.. Analysis of QT Interval Variability (QTV)

... Pathophysiological Background

QT interval (QTI) measurements, particularly in AECG recordings are of special interest, since prolonged ventricular
repolarization with abnormal T-wave configuration and increased dispersion of QT-interval duration has been associated
with increased risk of life-threatening ventricular arrhythmias both in congenital and in acquired conditions. In normal
individuals, the QTI is modulated by multiple factors such as heart rate, circadian rhythm, and autonomic nervous-
system activity. AcquiredQTprolongation can be induced bymyocardial ischemia, cardiac failure, electrolyte imbalances,
diabetic neuropathy, and certain cardiac or non-cardiac drugs, while congenital QT prolongation and variability is caused
by the abnormal function of cardiac ion channels following specific gene mutations. The main problems that limit the
routine measurement of QTI are the absence of unequivocal criteria for determining T-wave offset, particularly in the
presence of superimposedUwaves, the absence of a general consensus on the best formula for adjusting the QTI to heart
rate, and the diffusion of appropriate age- and gender-related normal values for corrected QTIs [].

... Technical Aspects

In -lead as well as in -lead Holter ECG recordings, the end of the T wave for assessing QTI may be determined either
by the tangent method (drawing a tangent to the steepest point of downslope of T wave with T-wave offset being at the
crossing of the tangent with the isoelectric line) [], or visually by the return of the T wave to the TP baseline. In the
case of U waves interrupting the T wave, the QT offset is measured at the nadir of the curve between T and U waves [].
Finally, for AECG recordings analyzed by a computer-based technique, T-wave end may be automatically defined on a
beat-to-beat basis by calculating the first derivative of the ECG signal and comparing it in the vicinity of expected T end
with a threshold value [].

The dynamic assessment of QTI during AECG monitoring requires computerized automatic measurements, with
some technical problems due to low sampling rates, isoelectric baseline shifts, low signal-to-noise ratio, and difficult
determination of the T-wave end at faster heart rates []. A low-noise ECG can be generated by averaging procedures
that require the alignment of several consecutive beats over a given time interval with respect to R-wave peak (gen-
erally estimated by parabolic interpolation), and the averaged templates are then analyzed by specific algorithms that
automatically detect QRS-T-wave features []. Averaging methods provide robust QTI measurements, but they lose the
instantaneous variations in QT duration in the function of cycle length changes. Beat-to-beat analysis can explore instan-
taneous fluctuations of QT duration as a function of cycle length. However, this approach often requires the removal of
large proportions of non-physiological data due to baseline noise. Therefore, beat-to-beat QTI measurements are best
applied in short-term high-quality ECG recordings obtained under controlled conditions.
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For evaluating long-term QTI dynamicity, two methods have been proposed, namely, the evaluation of the circadian
excursion of the rate-correctedQTI (QTc), and the long-term evaluation of theQT/R−R relation, based on either beat-to-
beat or averaging procedures. These two methods are increasingly implemented on modern commercial Holter systems
and thus, are now available for routine clinical application.

.. Analysis of QT Dispersion (QTD)

... Pathophysiological Background

The concept of measuring inter-lead variations of the QTI as a noninvasive parameter of QTD is based on observa-
tions made early in the s, when Lepeschkin and Surawicz [] reported QTI differences of ms between leads
I, II, and III, and of observations of Han and Moe, who demonstrated that nonuniform (asynchronous) recovery of
excitability in themyocardium is an important factor for triggering ventricular tachyarrhythmias.They foundmeaningful
differences in refractory periods even in adjacent (atrial and ventricular) myocardial fibers, for example, for ventric-
ular refractory periods of ms at a cycle length of ms []. More recently, Antzelevich et al. showed important
differences in refractory periods of myocardial slices due to the significantly longer depolarization and repolarization
processes of the M cells in the midventricular myocardial wall compared to cells in the epicardial and endocardial
layers []. QTD measured as the difference between the longest and shortest QTI within a -lead body surface
mapping ECG, or a conventional -lead or a -lead Holter ECG is considered as a parameter of dispersion of ven-
tricular repolarization and might be a prognostic marker of the propensity of a patient to life-threatening ventricular
tachyarrhythmias.

... Technical Aspects

Evaluation of repolarization duration in surface ECGs does not necessarily require a multi-lead system, as demonstrated
by Sylvén et al. [], who showed that the averageQT duration computed from Frank’s orthogonal leads highly correlates(r = ., p < .) with average QT duration obtained from -lead body-surface mapping. Zareba et al. [] could
show that in comparison to -lead ECGs, dispersion parameters calculated from  orthogonal-like leads (I, aVF, V) were
equally effective in identifying patients who had arrhythmic cardiac death during follow-up. Thus, X, Y, and Z bipolar
leads may be used for -h Holter AECG recordings to assess QTD at various time segments of the entire recording
period.

... Pitfalls and Limitations

There are several serious arguments against equating QTD with dispersion of ventricular repolarization that have been
summarized by Rautaharju () []. These arguments are as follows:

. MeasuredQTD is determined primarily by dipolar components and does not represent dispersion of ventricular repo-
larization (the range of QTD in leads generated from strictly dipolar components is of the same order of magnitude
as in the original -leads)

. Inter-lead differences of QT duration are largely determined by T-wave “loop morphology” and by the projection of
the terminal T-wave vector on individual leads (longest QT occurs in leads with the T-wave vector along the lead axis
and shortest when near ○ angle)

. Abnormal T-wave morphology has a strong influence on QTD (abnormal strictly dipolar morphological patterns
can cause large inter-lead QT differences, which represent variability in amplitude/time domain rather than any
physiologically meaningful intervals related to repolarization)
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. Overall technical variability of QTDmeasurement in the short- and long-range is too large to establish feasible thresh-
olds and to separate normal from abnormal QTD (current consensus is that QTD values �ms are considered
abnormal, but such large variations are commonly occurring with grossly abnormal T-wave morphology)

. Variations in T-wave amplitude, lead vector strength, and noise level cause additional QTD variation (most Toffset
detection algorithms use fixed thresholds so that T-wave amplitude variations via projection of strictly dipolar
components may cause large QTD variations)

. The presence of non-dipolar components in body surface ECGduring repolarization has not been demonstrated as yet
(the presence of non-dipolar components is necessary for detection of the end of localized ventricular repolarization
and localized dispersion from QTmeasurements).

Regarding themany positive as well as negative studies on the prognostic value ofQTDmeasurements and these problem-
atic technical and physiological arguments, it is rather unclear at present whetherQTDmeasurements either from -lead
or from -leadHolter AECG recordings should be further used for stratifying patients with structural heart disease prone
to sudden cardiac death (SCD) from ventricular tachyarrhythmias [–].

.. Signal Averaging of the AECG

... Pathophysiological Background and Parameters of VLP

The technique of signal averagingwas developed in order to retrieve small electrical signals at themicrovolt level that arise
from areas of slow and inhomogeneous conduction in diseased ventricular myocardium. In the early s, advanced
techniques were introduced for refinement of filtering of the signals (bi-directional filtering), the selection of bipolar
orthogonalX, Y, andZ leads, and their combination into a vectormagnitude formaximal sensitivity. In addition, computer
algorithms were developed to identify QRS offset and provide numerical values for signals in the terminal part of the QRS
complex []. A task force of the ESC, AHA, and ACC [] published standards for acquisition and analysis of VLP and
provided clinical indications for a signal-averaged ECG (SA-ECG).Three common parameters for detecting the presence
of VLP have been accepted, and suggested cut-off values were given for two conditions, namely, when noise levels <μV
with Hz high pass filtering or <.μV with Hz high pass filtering are obtained:

. fQRS = filtered QRS duration; fQRS >ms is regarded as abnormal
. LAS = duration of the low-amplitude fQRS signal <μV immediately prior to QRS offset; LAS >ms is

regarded as abnormal, and
. RMS = the root mean square voltage of the terminal ms of the fQRS; RMS < μV is regarded as abnormal.

... Pitfalls and Limitations

From a theoretical point of view, signal averaging from Holter tapes may have some technical limitations such as those
due to speed stability of the recording and playback processes, a possible increase of background noise due to the patient’s
activities or inadequate electrode contact, and a restricted frequency bandwidth of the tape recorder. Most of these short-
comings can now be avoided with modern solid-state digital recorders, which provide a wide frequency bandwidth for
retrieving microvolt potentials and also have an appropriately high sampling rate (between , and , samples/s),
thus enhancing the quality of SA-ECGs and allowing frequency analysis methods without the current frequency restric-
tions. Despite some technical differences between ambulatory and real-time signal averaging, both methodologies have
examined orthogonal XYZ leads, but AECG signal averaging has shown that bipolar leads V, V, and aVF also correlate
closely with orthogonal leads XYZ. In addition, despite appreciable differences between real time and AECG signal-
averaging technologies for bandwidth sampling rate and bit resolution, clinical studies have found close correlation and
percent agreement between the two methodologies [, ]. Finally, the ability to record and analyze signal-averaged
high-resolution ECGs from Holter tapes or solid-state recorders offers clear advantages: easy handling of the recordings,
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the option of several different recording periods during -h of registration, and the chance to assess arrhythmias, ST-
segment changes, HRV, heart-rate turbulence, QTV, and late potentials from one data source and to correlate the results
with each other.

.. Reports

There exists no established standard for an adequate AECG report. Most modernHolter recording systems provide com-
posite trend curves for various parameters such as heart rate, arrhythmias, ST-segment deviations, and/or pacemaker
activity, histograms of HRV or pacemaker stimulation, tabular summaries of various data, and ECG strips of relevant
events either detected from the recordings or patient activated. Real-time ECG strips should provide samples of the ECG
at times during which the patient has complained of symptoms, and present a variety of real-time ECG data including
samples of each arrhythmia and any ST-segment changes. In many cases, the use of automated computer-based results
together with a laser scanning printout of the ECG is useful, particularly for summarizing the data from a lengthy period
of recording.

Twenty-four-hour heart-rate trend curves show a mean trend together with the maximum and minimum heart-rate
trends calculated over brief time intervals. The difference between these two curves represents the HRV (> Fig. .).
This visual representation is often useful in understanding the causes of events over a relatively long period of time and
for comparison with other events, for example, supraventricular or ventricular arrhythmias or ST-segment depression.
Combined with the enumeration of the QRS complexes, it provides some indices, which indicate the variation of the
dominant heart rate (usually sinus rate) according to the influence of autonomic tone. In general terms, the difference
between day time and night time heart-rate curves is a good index of the importance of sympathetic tone. Moreover,
depending on the different special features of Holter systems, many manufacturers provide histograms of QT/R − R
relation, HRV, pacemaker stimulatory activity (> Figs. . and > .), or respiratory behavior of the patient.

Diagrams of premature beats aremainly used for displaying counts of PVCs.They express the variation of the number
of abnormal events as a function of time and hence give an indication of the -h variation. The coupling interval of

⊡ Figure .

Pacemaker analysis: histogram of the intervals of successive pacemaker pulses (top left), histogram of the intervals of pace-

maker pulses relative to the corresponding R waves (top right), trend diagram of pacemaker-induced ventricular stimulation

in bpm over the whole monitoring period in a patient with predominant pacemaker activity (second row), and three-channel

real-time ECG (bottom) (Oxford MedilogDarwin system).
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⊡ Figure .

Pacemaker analysis: histogram of the intervals of successive pacemaker pulses (top left), histogram of the intervals of pace-

maker pulses relative to the corresponding R waves (top right), trend diagram of pacemaker-induced ventricular stimulation

in bpm over the whole monitoring period in a patient with intermittent pacemaker activity (second row), and three-channel

real-time ECG (bottom) (Oxford MedilogDarwin system).

the premature beats can also be determined and displayed on a separate diagram. The comparison between the heart-
rate trends and the PVC diagram is useful in presenting the relationship between heart rate and PVCs with their daily
variations (> Fig. .).

R−R interval or pacemaker stimulation histograms (> Figs. . and> .) are used by almost all manufacturers
with some variations. A histogram of the R − R intervals presents all the QRS complexes arranged as a function of the
preceding R−R interval.These R−R-interval histograms can be generated at fixed intervals during the  h of real time
and superimposed to illustrate their progressive variation or the sudden appearance of an arrhythmia. Another type of
graphic reporting is that of Lorenz or Poincaré plots, which summarize the data of HRV over a full AECG recording
period. Recently, a novel application of these Lorenz plots has been developed for summarizing the full -h ECG data
of AF (> Fig. .) together with hill-like trend curves (> Fig. .).

An essential part of a Holter AECG report is the presentation of a tabular summary of all relevant parameters on
an hourly basis, for example, total number of QRS complexes, supraventricular and ventricular ectopic beats, couplets,
triplets, or tachycardias, abnormal pauses of cardiac rhythm, HRV criteria both in the time and frequency domain, and
pacemaker stimulation as well as pacemaker failures. In addition, full -h ECG disclosure – if desired – should be pro-
vided, as well as a variety of real-time ECG strips including samples of each arrhythmia or pauses of cardiac rhythm, any
ST-segment changes and pacemaker dysfunction.

. Incidence of Arrhythmias in Apparently Healthy Individuals

Before interpreting an AECG recording, the physician should be well acquainted with the findings in the apparently
normal population. Some general points can bemade from the literature [, , –] concerning the usual and unusual
findings in apparently healthy persons.
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⊡ Figure .

Lorenz plots in a patient with sinus rhythm (top row) and AF for min intervals each (middle row) and trend of HRV time

domain parameters together with heart-rate trend (bottom) (Medset system).

⊡ Figure .

Hill-like plot of consecutive ECG complexes in a patient with sinus rhythm (upper and lower segments) and AF and trend of

HRV time domain parameters together with heart-rate trend (bottom, Medset system).

.. Maximal andMinimal Heart Rate

In general, the sinus rate tends to diminish with age as judged by AECG monitoring []. This is particularly obvious
for the maximum heart rate during daytime. In elderly persons, the heart rate does not usually exceed  bpm. On
the other hand, in a young population, it is not uncommon for the sinus rate to exceed  bpm during waking hours.
According to the literature, the mean heart rates for -h AECG monitoring are . ± . bpm, between  a.m. and
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 p.m. they are . ± . bpm, and between  a.m. and  a.m. . ± . bpm. Women have a significantly higher mean
heart rate than men (– bpm higher []). The usual definition of sinus bradycardia (less than  bpm) is inappropriate
for -h Holter ECG reports, because in all “normal” populations, a sinus rate between  and  bpm is commonly
registered during sleep.Theminimal sinus rate usually occurs at the end of sleep, that is, between  am and  am in persons
with a normal diurnal cycle. Diurnal and nocturnal variations of sinus rate can easily be appreciated by ambulatory
monitoring.

.. Sinoatrial Pauses

In association with sinus arrhythmia and bradycardia, sinus pauses ranging from . to  s are commonly encountered in
-h ECG. However, pauses greater than  s have been seen in less than % of the normal population, usually during sleep
and in young subjects. These pauses are probably caused in part by an enhanced vagal tone. Such findings are common
in athletes. Therefore, only sinus pauses in excess of  s can be considered as abnormal, and therefore require further
attention in adult or elderly subjects.

.. AV Block

First-degree and second-degree AV block are occasionally noted during ambulatory monitoring in healthy individuals.
These blocks most commonly occur during sleep and are accompanied by sinus bradyarrhythmia. Second-degree AV
block is always of the Mobitz type I, even if in some cases it occurs abruptly, thus making the increase of PR-interval
duration less obvious. These episodes, which occur during sleep in young subjects, are always asymptomatic. In some
rare cases, more significant conduction disturbances can be recorded, as in the example of > Fig. .. The ECGs are
from a -year-old man submitted to ambulatory monitoring because of atypical chest pain. The symptoms were sub-
sequently found to be unrelated to CAD, which was confirmed by coronary angiography and vasospastic provocative
tests. During sleep, two episodes of second-degree AV block occurred with two or three P waves blocked in succession.
Another recording performed one week later revealed the same phenomenon. This patient remained free of syncope or
dizziness after a -year follow-up. > Table . summarizes the arrhythmias that should be considered “normal for age”
according to the literature.

3 pm

4 am

5 am

⊡ Figure .

Paroxysmal AV block (blocked P waves are marked with crosses) occurring during the night in a young athletic man with no

detectable heart disease. After four years of clinical follow up, this subject remained asymptomatic.
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⊡ Table .

Normal findings of heart rate and arrhythmias on -hour ambulatory ECGmonitoring

according to age

Arrhythmias Age�  years Age – years Age >  years
Sinus pauses �  ms �  ms �  ms

AV block some occurring at night none (except in
case of regular
physical training)

none

APCs <  h− <  h− <  h−

Atrial tachycardia ( or
more APCs)

none none <  years
some >  years

some

PVCs <  h− <  h− <  h−

Ventricular tachycardia
( or more PVCs)

none single
<  QRS

single
<  QRS

.. Atrial Arrhythmias

Atrial premature contractions (APCs) detected by AECG are reported to occur in –% of normal persons studied
[–].The incidence of APCs increases significantly with age, being nearly absent in children (if it is distinguished from
physiological sinus arrhythmia), but almost constantly present in healthy individuals of  years and more. Moreover,
in these normal elderly patients, it is common to find frequent APCs (>min−) and/or episodes of paroxysmal atrial
tachycardia (PAT).The incidence of PAT varies greatly from one report to another, but an awareness of the high incidence
of PAT is of major importance for the interpretation of -h recordings in older patients complaining of symptoms. The
discovery of a short isolated PAT in an -year-old subject does not imply any relationship with the symptom if it was
not simultaneously felt during the recording.

.. Ventricular Arrhythmias

Theoccurrence of premature ventricular contractions (PVCs) in normal populations as detected byHolter recordings has
been reported to range from % to % of individuals studied [–]. Depending on the variable length of ambula-
tory examination in these studies, one may conclude that the incidence of PVCs is approximately % in normal persons
examined for  h and increases to approximately % in those studied for  h. Where various age groups have been
studied, there is a clear relationship between age and the incidence of PVCs. Normally, healthy individuals have less
than  PVCs per day without any runs of VT. In some healthy aged persons, however, numerous, perhaps multifo-
cal, PVCs can occur and, more rarely, short runs of VT. In particular, accelerated idioventricular rhythm may occur
during sleep.

According to these data, it is possible to consider as unusual the prevalence of frequent (>min−) or complex PVCs
in individuals less than  years old. Such a prevalence and frequency of PVCs is not, of course, necessarily pathologic,
but does require further examination to determine whether or not there is an underlying heart disease.

. ST-Segment Changes in Apparently Healthy Persons

There are notmany reports of ST-segment changes on -hECGs in apparently healthy persons.However, three important
studies have been published [–] involving , , and  volunteers, respectively.

In the first [], ST-segment depression was defined as at least .mV horizontal or downsloping shift of the ST
segment persisting ms after the J point of the QRS complex. It occurred in –% of the normal population in these
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studies, with multiple episodes in the majority of these during a single -h ECG recording. These changes usually took
place at the same time as daily exercise, with a cardiac rate of over  beats per minute. Isolated T-wave inversion was
even more frequent.

The frequency of ST-segment elevation (>.mV) at the J point in these healthy subjects is a matter of some debate,
being absent in the study of Armstrong et al. [] but present in % of the volunteers of Quyyumi et al. []. In this
study, ST-segment elevation occurred preferentially in young men, with a simultaneous low heart rate. At the same time,
T waves became upright and peaked. The mean duration was usually very long (several hours). The difference between
the two studies is probably caused by a difference in the criteria of positivity, while the pattern of ST changes is different
from that observed in spontaneous angina. In these latter patients, ST elevation includes the T wave, with an aspect of the
monophasic action potential, and the R wave increases.Thesemodifications are progressive and persist for a fewminutes
only. Some studies have emphasized the fact that ST-T changes are more frequently encountered in female volunteers
than in male volunteers; for example, % versus % in the Bjerregaard study [].

Many ST-T abnormalities may be caused by positional change of the subject during the course of  h, and every
effort should be made to assess whether ST-T change is indeed a genuine phenomenon. It should also be noted that
most analyzers available at the present time do not detect major T-wave changes including a complete reversal of T-wave
polarity. This is a significant shortcoming of all systems, although the operator could in fact position the ST marker at
a point in the early part of the T wave if a search for T-wave changes is particularly desired. According to the literature,
ST-segment elevation�.mV at night with T-wave increase upward or downward in individuals at ages below  years
are considered normal, as is the case for ST-segment depression �.mV during tachycardia with upward or downward
sloping ST segment accompanied by all types of T-wave changes as well.

Despite its shortcomings, -h ECG examination represents a useful diagnostic procedure in patients with sponta-
neous chest pain. In subjects with exercise-related symptoms, an exercise test provides more precise data with a higher
specificity.

. Clinical Relevance of AECG Recording

.. Evaluation of Patient’s Symptoms

Patients often complain of symptoms, which are transient but suggest a cardiac origin. Holter ECG is an essential exam-
ination in such cases. This noninvasive technique is able to provide an accurate diagnosis, especially if the symptom
coincides with any ECG abnormality detected during the recording. The most widely accepted use of AECG is the deter-
mination of patient’s transient symptoms to cardiac arrhythmias. Some symptoms such as palpitation, syncope, near
syncope, or dizziness are commonly caused by transient arrhythmias, whereas other transient symptoms such as short-
ness of breath, chest discomfort, diaphoresis, weakness, or transient ischemic cerebral attacks are less commonly related
to cardiac arrhythmias. In principle, four possible outcomes may be expected with AECG monitoring: () typical symp-
toms may occur with the simultaneous documentation of a cardiac arrhythmia, () symptoms may occur at periods with
no cardiac arrhythmias seen in the AECG, () during cardiac arrhythmias the patient may remain asymptomatic, and
() the patient may remain symptomatic during AECG recording, and no arrhythmias are documented. With regard to
situations () and (), such findings are useful for further management of the patient in that either the symptoms can be
related to arrhythmias or arrhythmias are not the cause of symptoms. The finding in the third situation is equivocal and
in the fourth situation not helpful for further clarification of the patient’s complaints.

... Palpitations

Many patients complain of a variety of symptoms grouped under the term palpitations [, –]. If these symptoms are
frequent, for example, every day, -h Holter ambulatory monitoring is the optimum way for their evaluation. In many
cases, an abnormality can be seen at the time of the symptoms, signifying that they are related to a cardiac arrhythmia.
Sometimes, a sinus tachycardia represents the electrocardiographic basis for palpitations. In contrast, it is well known
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that patients may have quite severe cardiac arrhythmias without being aware of them. This is particularly true for iso-
lated PVCs, for frequent PVCs, and for short runs of VT. In any event, if palpitations are perceived during the recording,
an accurate evaluation is easily provided by replaying the cassette tape or computer digitized ECG storage at the corre-
sponding time. The problem is quite different in the absence of palpitations during ambulatory monitoring. In this case,
the finding of one normal -h recording does not permit any conclusion to be drawn and the surveillance should be
continued if symptoms have previously occurred with a reasonable frequency.

More difficult is the problem of the relevance of some arrhythmias recorded during ambulatory monitoring without
simultaneous palpitations. Their significance depends on the incidence of the type of arrhythmia in the normal pop-
ulation. The occurrence of PVCs, even with some salvos, in an adult or aged patient, particularly if the patient suffers
from coronary heart disease (CHD), is of little relevance; it is of limited importance to conclude that palpitations are
caused by paroxysmal VT. Similarly, the discovery of short runs of atrial tachycardia in an elderly patient is irrelevant.
However, if the arrhythmia observed is unusual according to the characteristics of the patient, it is probable that it may
be the cause of the palpitations. This situation is variable according to the circumstances and the patient’s activities.
Nevertheless, the certainty of the diagnosis can only be assessed by an ECG recorded simultaneously with the symp-
tom. For all these reasons, AECG monitoring is the preferred diagnostic method of examining such patients and is
equally or more sensitive than other reported diagnostic techniques. The major exception is in relation to paroxysmal
reciprocating junctional tachycardia where the attacks are very rare. The AECG recording is always normal between the
attacks.

... Dizziness or Syncope

Transient disturbances of consciousness producing dizziness or syncope are most commonly caused by a critical cir-
culatory decrease in cerebral blood flow. Sinoatrial pauses or paroxysmal AV block may cause these symptoms, but
modifications of heart rate alone may also cause disturbances of cerebral blood flow, mainly through tachycardia [,
–]. It is now clear that healthy persons may tolerate a heart rate as low as  bpm and be asymptomatic, but
ventricular rates higher than  bpm, particularly in elderly subjects or when underlying heart disease is present,
often lead to a decrease in cerebral blood flow by causing inadequate ventricular diastolic filling and fall in cardiac
output.

In several studies, a continuous ECG recording taken until symptoms have occurred shows that dizziness or loss of
consciousness are, in the majority of cases, caused by a paroxysmal tachycardia (of atrial or ventricular origin) and not, as
might be expected, by paroxysmal SA or AV blocks. Important inter-individual variations in the tolerance of arrhythmias
are now well known. A normal young subject can tolerate an ectopic tachycardia with a heart rate in excess of  bpm
or ventricular pauses of more than  s without producing symptoms of cerebral ischemia, whereas an older patient may
faint after a few seconds of atrial tachycardia at  bpm. The state of the cerebral vessels, the presence or absence of
cardiac disease, the body position and the duration of tachycardia or bradycardia are important considerations, and the
occurrence or absence of symptoms depends on a combination of these factors.

Overall, the diagnostic yield of AECG monitoring for syncope or near syncope is relatively low. Seven to thirty-nine
percent of patients with symptoms during AECG were reported to have no arrhythmia, and –% to have arrhythmias.
In patients without symptoms during AECG, –% had no arrhythmia and –% had episodes of arrhythmias []. In
the study of Bass et al. [], the value of three consecutive -h monitoring periods was evaluated. A major abnormality
within the first -h recording was seen in % of patients, the additive yield was % on the second, and .% in the
third sequential recording. In this study, age, male sex, history of heart disease, and initial rhythm other than sinus were
identified as factors that identified a useful recording [].

... Previous Ischemic Strokes

With the development of -h Holter recordings, previous ischemic cerebrovascular attacks become an important indi-
cation for this examination [–]. In most cases of this type of disease, the exact cause of the stroke remains unclear.
Thus, the -h Holter examination is performed to search for a cardiac arrhythmia that might cause cerebral embolism.
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Those arrhythmias able to induce a systemic embolism are almost always paroxysmal atrial arrhythmias and, in a few
cases, VT, in the presence of left ventricular thrombus owing to previous myocardial infarction or cardiomyopathy.
When an underlying cardiac disease is present, the diagnosis of systemic embolism is easier, but if clinical examination
is completely normal, a -h AECG recording remains the best way of detecting a paroxysmal arrhythmia. However, the
systematic use of this technique in all ischemic strokes is disappointing, since only a small proportion of patients with sig-
nificant paroxysmal atrial arrhythmiasmay be identified.The greatmajority of these patients with previous stroke are over
 years old and the relevance of these arrhythmias is unclear. As previously described, a significant proportion of
“normal” elderly subjects can exhibit some short runs of atrial tachycardia. Therefore, the occurrence of such a disor-
der in a patient at risk of ischemic strokes does not prove by itself that the arrhythmia is the actual cause of the stroke.
Only a sustained atrial tachycardia (lasting more than min) should be considered as relevant in these elderly patients.
As a result, the practical consequences (that is, the decision to begin anti-arrhythmic and/or anticoagulant therapy) are
rarely directly related to the result of the -h AECG recording. In view of the economic and human costs of this tech-
nique, it is not recommended that it be performed systematically in all cases of stroke. It is preferable to reserve it for the
younger patients (in which case an atrial arrhythmia is definitely relevant) or for cardiac patients, in whom there is the
likelihood of a sustained arrhythmia.

... Chest Pain

Transient unpredictable chest pain is a frequent symptom and may present a diagnostic problem for the clinician.
Although exercise stress testing should be the first line of investigation, occasionally AECG may be a more practical and
useful diagnostic test, particularly if the chest pain is unpredictable with respect to time of onset or cannot be provoked by
exercise. Two- or three-channel AECG recording permits examination of anterior, inferior, and lateral myocardial leads
for the detection of ischemic ST-segment changes during episodes of chest pain with or without cardiac arrhythmias
[–].

Twenty-four-hour Holter ECG has emerged as a primary method of examination in patients with suspected vari-
ant angina in whom pain usually occurs unpredictably [, ]. The diagnostic value of this technique is demonstrated
in the example of > Fig. .. In this case, considerable ST-segment elevation occurs during an episode of atypical
chest pain, and there can be little doubt about the existence of variant angina probably caused by coronary artery
spasm. The absence of ST-segment changes, however, appears to be of lesser value in reassuring the patient and the
clinician that ischemic heart disease is absent because of the possibility of false-negative responses owing to inade-
quate lead positioning, short-lived ST-T changes, which are not detected during visual analysis of the replayed tape,
as well as other factors. Finally, it should be stressed that only considerable deviation of the ST segment should be
regarded as significant because of the frequency ofminor abnormalities in normal persons during continuous ambulatory
recordings.

.. Appraisal of theMechanism of Arrhythmias

One of the major advantages of AECG is the facility to clarify the circumstances preceding the onset of arrhythmias.
This technique enables the clinician to appreciate the many important characteristics concerning the mechanism of the
arrhythmias, in particular the role of the autonomic nervous system (ANS) in more general terms, he/she can deduce the
rhythmological explanation of the paroxysmal arrhythmia in question.

... Sinoatrial Disorders

The main use of -h Holter ECG in this particular group of disorders [, ] is to indicate whether SA dysfunction is
dependent on the daily cycle or on the sinus rate. This appears to be of importance in differentiating between “physio-
logical” vagotonic SA pauses occurring in a young athletic subject during sleep or at rest and “pathological” SA block
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⊡ Figure .

An example of an ECG recorded during an episode of variant angina. The ECG is produced as a fiber-optic printout where one

line represents min. The time of recording is indicated on the left. Note the alteration between deep negative Twaves on the

one hand (as at .) and marked ST elevation on the other (as at .).

occurring at any time of the day or night. Moreover, in some cases, Holter monitoring is able to indicate that SA dysfunc-
tion occurs specifically when the sinus rate increases. This is a strong argument for concluding that a phase III SA block
exists, and not merely a transient interruption of sinus automaticity. In this type of conduction disorder, the abnormalities
are usually detected during the first -h Holter recording. A completely normal AECG recording constitutes a strong
argument for the elimination of SA block from the differential diagnosis.

... AV Block and Intraventricular Disorders

AECG monitoring is sometimes able to determine the mechanism of AV or intraventricular conduction disorders.
This technique may be able to distinguish between proximal and distal AV block (between Mobitz type I and II) and
between physiological and pathological blocks. In general terms, if a nodal AV block exists, it is usually present on
numerous occasions during a -h recording, while it is easy to differentiate the physiological nodal AV block occur-
ring abruptly during sleep in a young athletic subject from the permanent pathological block (of varying degrees) in
an elderly patient. It is much rarer to capture a distal AV block during a single -h examination. However, in this case
it is sometimes possible to discern a peculiar mechanism such as modifications of sinus rate or occurrence of long or
short R–R cycles. A typical pattern of paroxysmal AV block caused by sinus tachycardia (phase III block) is shown
in > Fig. .. This kind of tachycardia-dependent AV block is characteristic of a distal localization (intra-Hisian or
infra-Hisian).

In these examples, all the usual characteristics of the conduction disorder are detected by AECG monitoring and
an EPS becomes unnecessary. In the same way, the mechanism of some intermittent intraventricular conduction dis-
turbances can be elicited by -h monitoring (phase III or phase IV blocks, succession of long and short R–R cycles).
The discovery of an intermittent bundle branch block may be important clinically. A paroxysmal AV block seems less
probable in the presence of an isolated intermittent bundle branch block than in the presence of a permanent bundle
branch block.
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⊡ Figure .

Paroxysmal AV block occurring during sinus tachycardia (phase III block) at bpm (heart rate indicated on figure in bpm). A

subsequent EPS showed intra-His bundle AV block reproduced by rapid atrial pacing.

... Paroxysmal Atrial Arrhythmias

In a large number of patients, the reason for the occurrence of a paroxysmal atrial arrhythmia [, ] remains unclear,
particularly when nomorphologic changes of the atria can be found. AECGmonitoring is often useful in such cases since
on many occasions it demonstrates the importance of the ANS in the genesis of the arrhythmia. Two opposite forms of
paroxysmal arrhythmias can then be described, namely, vagally induced arrhythmias and adrenergically induced arrhyth-
mias. With respect to the former, the atrial arrhythmia is preceded by a progressive decrease of sinus rate either during
night or at rest, as demonstrated by heart-rate trend curves (e.g., > Fig. .). Usually, this heart-rate threshold is not
unduly low (– bpm). Middle-aged patients may experience palpitations, and sometimes peripheral embolisms. The
atrial arrhythmia remains in paroxysmal form for a long period, commonly more than  years. It becomes progressively
more frequent, occurring either daily or several times a day, and appears resistant to conventional therapy. Beta block-
ers, digitalis, and verapamil usually aggravate the arrhythmia and class I drugs are also unsatisfactory. Only amiodarone
may be helpful when taken alone in the initial stages of the disease and in the later stages when combined with a class
I drug. In some instances, sinus bradycardia preceding the onset of the atrial arrhythmia occurs abruptly during a few
R–R cycles, suggesting a sudden increase in vagal tone as shown in > Fig. .. In these cases, it is sometimes possible
to find a gastrointestinal reason for this enhanced vagal tone. Treating this condition may suppress the arrhythmia simul-
taneously. In some cases, which are resistant to all combinations of drugs, rapid atrial pacing may improve the clinical
situation.

The opposite form, the paroxysmal adrenergic atrial arrhythmia, appears less frequent in contrast to the high fre-
quency of palpitations experienced during exercise, emotion, or other high-hyperadrenergic states, which are mainly
caused by isolated sinus tachycardia without rhythm disturbances. This type of arrhythmia is preceded by a progres-
sive increase of sinus rate during daytime, which is not necessarily related to physical exercise (> Fig. .). Except
for some patients with an unsuspected hyperthyroidism, any organic cardiac disease may be present. Beta blockers are
able to control the arrhythmia for some weeks or months, after which an escape phenomenon occurs, which requires
additional class I drug therapy. Amiodarone or propafenone may be useful due to their noncompetitive inhibitive
effect on the beta adrenoreceptors. The distinction between these two opposite forms of atrial paroxysmal arrhyth-
mia often appears to be somewhat theoretical, because many patients cannot be easily classified into one or other
type. On many occasions, however, ambulatory monitoring is of great value in these patients to provide a guideline
for therapy.
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⊡ Figure .

An example of a vagally induced atrial arrhythmia. A progressive sinus bradycardia with changes in atrial depolarization

precedes the onset of AF. The change in rhythm marked by the star is also detected on the rate-trend curves.

⊡ Figure .

Another example of a vagally induced atrial arrhythmia. The onset of AF is preceded by a sudden sinus bradycardia.

... Paroxysmal Junctional Reciprocating Tachycardias

Usually, Holter monitoring is unprofitable in paroxysmal junctional reciprocating tachycardias because of the rarity of
the attacks and the normality of the ECG recording between attacks. However, in some patients with frequent episodes
of this type of tachycardia, ambulatory monitoring is able to demonstrate the mechanism that triggers its onset. When
combined with the data from an EPS detailing the reentry circuit, the knowledge of the triggering mechanism often con-
stitutes a guideline for therapy, for patients incapacitated by their arrhythmia. The most frequent initiation mode of the
reciprocating tachycardia appears to be premature atrial contractions (PACs). It is interesting that in some patients, PACs
are able to trigger the arrhythmia only if they occur during sinus tachycardia, reflecting an increase in sympathetic tone.
This predisposing role of the adrenergic system is well known. Clinicians use isoprenaline during electrophysiological
studies to induce the tachycardia more easily by atrial premature stimulation; this is because of the facilitation of con-
duction through normal and/or accessory pathways. In some of these patients, beta-blocking drugs should be added to
previous antiarrhythmic therapy in order to obtain a satisfactory result.

Less frequently, the triggering mechanism of the tachycardia is PVCs, and in some patients with numerous PVCs it
is remarkable that the tachycardia occurs only with a couplet and never with isolated PVCs. In a similar manner, dur-
ing electrophysiological studies, a single ventricular extrastimulus is frequently unable to induce the tachycardia, which
occurs with two or more extrastimuli. The practical consequence in this case is that there is a good chance of success for
class I or III AADs being able to suppress the repetitive phenomena of PVCs. The three other mechanisms of triggering,
specific for accessory pathways, require individual recognition and treatment. Induction of reciprocating tachycardias
by sinus tachycardia (owing to a phase III block in concealed anterograde conduction through the accessory pathway)
should be treated by beta-blocking agents or by amiodarone.The reverse situation, that is, induction by junctional escape
beats (preventing concealed or patent anterograde conduction through a Kent bundle) or sinus bradycardia (with a phase
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⊡ Figure .

An example of an adrenergic atrial arrhythmia. Paroxysmal AF is preceded by a progressive sinus tachycardia. The change in

rhythm labeled by the asterisk can also be seen on the heart-rate trend curves.

IV block in the Kent bundle) usually requires pacemaker implantation or catheter ablation. The most recent and highly
effective mode of therapy is catheter ablation of the accessory pathway based on a detailed mapping procedure using
multiple intracardiac catheter electrodes.

... Ventricular Arrhythmias

AECG monitoring is normally less useful than electrophysiological studies in elucidating an electrophysiological mech-
anism of ventricular arrhythmias [–]. The EPS is superior in providing criteria that suggest reentry, for example.
In contrast, -h Holter monitoring is the examination of choice in the case of parasystolic beats, providing most use-
ful data for the study of these rhythm disturbances []. In general, recording the onset of VT often reveals important
information on the intrinsic mechanisms of the arrhythmia. Some examples illustrating these findings and their practical
consequences are now discussed.

> Figure . shows a run of VT initiated by a compensatory pause following a single PVC with a morphological
pattern different to those of the VT. This is a good demonstration of two different conditions necessary for the initiation
of VT; that is, an isolated PVC as the trigger mechanism and a ventricular pause creating local conditions favorable to
the sustaining mechanism of VT (focal or intraventricular reentry). In this situation, two therapeutic regimes can be
proposed: suppression of the trigger mechanism or depression of the sustaining mechanism. > Figure . is another
example of a possible duality of themechanisms involved in the genesis of a VT: an intraventricular reentry (as confirmed
subsequently by EPS) triggered by APBs. In this case also, antiarrhythmic therapy may suppress the clinical VT in two
different ways.The role of sympathetic tone, often important in the genesis of VT, is easily demonstrated by AECGmon-
itoring, showing the relationship between VT and sinus tachycardia, which reflects an enhanced sympathetic activity.
In the case presented in > Fig. ., paroxysmal VT occurs and persists during a period of sinus tachycardia owing
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⊡ Figure .

A two-channel Holter ECG showing a run of VT initiated by a PVC of different morphological patterns followed by a com-

pensatory pause. This spontaneous mode of initiation is unusual in patients with reentrant VT, which is easily induced by

electrophysiological means.

⊡ Figure .

An example of bitachycardia (coexistence of atrial and VT) in a patient with cardiomyopathy. A run of VT is initiated by a

couplet of APCs indicated by the first pair of stars. Two simultaneously recorded leads are shown. In this case, the VT could be

triggered by extra stimulation and was probably caused by a reentrant mechanism.

to psychological stress, and disappears only when sinus tachycardia ceases. In the same manner, in some cases of sud-
den death, sinus tachycardia indicating an increased sympathetic tone seems to play an important role in the triggering
mechanism of the fatal arrhythmia.

The understanding of the mechanism of sudden death in cardiac patients is probably the best recent example. As
demonstrated by some important series [–], the role of myocardial ischemia is practically confined to asystoles, and
the vast majority of sudden deaths caused by a ventricular tachyarrhythmia are not directly caused by ischemia. Iatro-
genic (drug-induced) “torsades de pointes” may be responsible for sudden death in noncoronary patients. Ventricular
fibrillation (VF) is the usual mode of sudden death in coronary patients without preceding ischemia. VF usually follows a
sustainedVT, which accelerates before its transformation intoVF.The electrophysiological phenomena leading toVT/VF
are a shortening of the coupling interval of PVCs, a long R–R cycle (postextrasystolic pause) in half of the cases, an atrial
arrhythmia or, more generally, an increase of heart rate reflecting an increase of sympathetic tone. This latter represents
the main determinant of VT/VF.
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⊡ Figure .

A fiber-optic printout showing clearly the catecholergicmechanismof a ventricular arrhythmia. The salvos of VT are preceded

by a marked acceleration of the sinus rhythm (indicated by arrows) and disappear when the sinus rate decreases.

.. Monitoring for Myocardial Ischemia

... General Considerations

In contrast to previous technical problems and limitations, with recent advancements of recorders with digital ECG
and high-sampling rates, it is generally accepted that AECG monitoring provides accurate and clinically meaning-
ful information about myocardial ischemia in patients with CAD [, , ]. After careful hook-up and testing for
nonspecific ST-segment alterations due to hypoventilation or positional changes (testing in supine, prone, lateral, and
sitting positions), the patients are asked to keep an accurate and complete diary of symptoms associated with spe-
cific events or activities, time of occurrence and disappearance of symptoms, and all other activities before the start
of the recording. Upon return of the patient, a thorough review and confirmation of the diary entries has to be
performed.

AECG provides a unique insight into the presence and severity of myocardial ischemia in patients with CAD. Unlike
stress testing, AECGevaluates patients in their usual environment, allowing for assessment of ischemic jeopardywhen the
patient is exposed to the emotional or physical stress of daily life. Such insights concerning ischemia are fundamentally
different from assessing ischemia in a supervised hospital or laboratory setting, where exercise stress testing is usually
performed.The correlations between indices of ischemia during AECGmonitoring and stress testing are quite weak [].
An assessment of ischemic jeopardy by one technique is not a surrogate for ischemic jeopardy by the other technique [,
]. Most studies using AECG for ischemia assessment have been performed in patients with CAD, and there is a paucity
of data regarding the role of AECGmonitoring in asymptomatic individuals without known CAD or peripheral vascular
disease. Thus, there is presently no evidence that AECG monitoring provides reliable information concerning ischemia
in asymptomatic subjects without known CAD [].

In addition to providing long-termmonitoring for myocardial ischemia in an outpatient setting, AECGmonitoring is
also useful for detection ofmyocardial ischemia in preoperative risk stratification for patientswho cannot exercise because
of peripheral vascular disease, physical disability, or advanced lung disease. Moreover, it can be helpful for evaluation of
patients with anginal episodes due to suspected variant angina, in whom an exercise test was negative. Finally, –-h
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AECG monitoring can provide information about the circadian pattern of myocardial ischemia and the pathophysio-
logical mechanisms responsible for the ischemic episodes. It is particularly useful for detecting the extent of painless
episodes of myocardial ischemia (so-called silent ischemia) that would otherwise remain undiagnosed, for example, by
an exercise test.

... Silent Myocardial Ischemia (SI)

The syndrome of painlessmyocardial ischemia was first described byGettes in  []. Since then, this syndrome, which
is now usually referred to as SI, has attractedmuch attention, particularly its relation to sudden death [–].The patho-
physiology of painless (silent) ischemia in patients with stable CAD is not completely understood. Myocardial ischemia
may occur either from episodic increase in myocardial oxygen demand, most conveniently identified by heart rate and
blood pressure increase, or from an episodic decrease in myocardial oxygen supply related to either transient coronary
artery vasoconstriction, transient platelet aggregation, or both.The actual identification of the presence of coronary vaso-
constriction is deduced from heart-rate thresholds at which ischemia occurs: if heart-rate thresholds for ischemia vary
in a given patient with stable CAD and ischemia occurs at lower heart-rate thresholds, it is likely that intermittent vaso-
constriction is responsible, and when vasoconstriction is relieved, or vasodilation occurs, ischemia develops at higher
heart-rate thresholds. If heart rate increases by � bpm prior to an ischemic episode, this may suggest an increase of
myocardial oxygen demand as the cause of ischemia, whereas the absence of heart-rate increase favors a decrease of oxy-
gen supply as the ischemia-producingmechanism []. The fact that ischemia can be seen on AECG during normal daily
activities at heart-rate thresholds –% lower than heart-rate thresholds for ischemia during an exercise test suggests
that episodes of ischemia during normal activities may at least in part be related to intermittent coronary vasoconstric-
tion [, ]. Understanding the pathophysiology of ischemia in patients with stable CAD is made more complicated
by the fact that many routine daily activities both increase myocardial oxygen demand and provoke coronary vasocon-
striction such as mental or physical stress, exposure to cold, or cigarette smoking. In addition, elevated serum cholesterol
or estrogen deprivation may create or exacerbate endothelial dysfunction that is responsible for coronary vasoconstric-
tion.These pathophysiological considerations are important, since pharmacological treatment is often quite different with
regard to the culprit mechanism of ischemia, and these different treatment options may also have important implications
for prognosis.

From the literature, it is quite clear that the vast majority of episodes of transient ST-segment deviation during AECG
monitoring occur in the absence of symptoms. Episodes of asymptomatic ischemia occur in –% of patients with
all types of CAD, that is, stable angina, unstable angina, and AMI, and the asymptomatic episodes may outnumber the
symptomatic episodes by more than -fold. Explanations for the fact that some episodes are painful and some produce
no symptoms include the following:

. Episodes of silent ischemia may be less “severe” than symptomatic episodes, so the anginal threshold is not reached
[].

. Disorders of the peripheral autonomic nerves, for example, diabetic neuropathy, may blunt the nociceptive signal of
ischemia [].

h. Increased beta-endorphin levels may decrease the central perception of myocardial pain [, ].
. Abnormal central processing of afferent messages from the heart may occur due to non-myocardial factors and emo-

tional or personality characteristics (so-called “gate theory”: the cerebral cortex itself modulates the nociceptive signal
that it receives) [].

Cohn [] has divided patients with SI into three groups:

. Asymptomatic individuals who may suddenly die from CHD
. Asymptomatic survivors of AMI; and
. Anginal patients who have painless, as well as painful episodes

While detection of groups  and  relies on exercise testing, Holter monitoring is the most valuable method for detecting
group . The clinical presentation of these  patient groups, as well as their prognosis, may be quite different. However,
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myocardial ischemia by itself represents an independent risk factor for patients with all types of CAD, that is, stable angina
pectoris as well as unstable coronary syndromes (NSTEMI, STEMI).

... Prevalence and Prognostic Significance of Myocardial Ischemia

In patients with stable CAD and angina pectoris, the prevalence of myocardial ischemia in AECG monitoring ranges
between % and %, and in patients with unstable angina or with a previous myocardial infarction, it is between %
and % []. Between % and % of ischemic episodes detectedby AECGmonitoring are reported to be asymptomatic.
As to the prognostic significance in AECG monitoring, silent as well as symptomatic myocardial ischemia identifies
patients at a significantly higher risk of future cardiac events and cardiac death [–]. > Table . shows the results
of these studies: at a mean follow-up between  and months, the event rate for death, cardiac death, myocardial infarc-
tion, unstable angina, or revascularization ranged from % to % in patients without ischemic episodes, compared to
event rates from % to % in patients with documented episodes of myocardial ischemia.These differences were statis-
tically significant for all studies cited. Moreover, some studies have shown that ischemia detected by AECG monitoring
can provide prognostic information additional to that obtained from established parameters during exercise testing [,
, , ].

In the past, AECGmonitoring has also been used to define the risk of perioperative events in patients without clinical
evidence of CAD undergoing surgery for peripheral vascular disease. These patients were reported to have evidence
of myocardial ischemia in –% of cases, and the perioperative event rates were between % and % in those with a
negative test as compared to those with event rates of –%with a positive test []. From a clinical point of view, it should
be emphasized that an exercise test alone, eventually combined with an echo or other imaging study, should suffice for
preoperative evaluation. Only in patients who cannot undertake an exercise test, AECG monitoring for ischemia can be
used for further evaluation.

AECG monitoring has also been used for evaluation of anti-ischemic therapy in patients with CAD. In this respect,
it should be stressed that due to the significant day-to-day variability of ischemic ST-segment alterations, prolonged
monitoring periods of at least  h should be performed. A number of studies have shown that -h AECG recording
performed at baseline and after initiation of antianginal therapy can provide reliable information about the anti-ischemic
efficacy and the prognosis of the patients. Some randomized clinical trials have demonstrated that suppression ofmyocar-
dial ischemia as evaluated by AECG monitoring may improve the outcome in patients with CAD (> Table .): the
event rates in patients on antianginal drugs versus placebo, or for % responders versus non-% responders, were
significantly lower in patients with successful antianginal or anti-ischemic therapy [–]. Since data on this impor-
tant application of AECG monitoring are relatively sparse, further large-scale prospective randomized clinical trials are
needed to confirm these results, and to evaluate the definite role of AECGmonitoring in the anti-anginal or anti-ischemic
management of patients with CAD.

... Limitations of Holter Monitoring for Myocardial Ischemia

When assessing patients with suspected myocardial ischemia, it is important to mention again that ST-segment changes
and other repolarization abnormalities can occur for reasons other than myocardial ischemia, for example, LV hyper-
trophy, LV dysfunction, hyperventilation, systemic hypertension (SH), postural changes, conduction abnormalities,
preexcitation, tachyarrhythmias, fluctuations of sympathetic tone, AADs, digitalis, psychotropic drugs, and electrolyte
abnormalities. Moreover, the importance of proper electrode placement to retrieve myocardial ischemia from all parts
of ventricular myocardium by using at least one anterior and one inferior lead has already been emphasized. A further
potential limitation is the marked day-to-day variability in the frequency, degree and duration of ST-segment alterations,
and ischemic episodes that makes the assessment of the effects of therapeutic interventions on ischemic indices very
difficult. This problem may be overcome by prolonging the AECG recording period to  or  h and assessing similar
physical and emotional activities of the patients during the serial monitoring sessions. Finally, in some patients, changes
in T-wave polarity andmorphology can be observed during Holter monitoring, but there are presently no data to suggest
that such changes are specific for myocardial ischemia [].
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⊡ Table .

Clinical trials regarding theeffect of anti-ischemic therapieson the prognostic significance of daily life ischemia

(modified according to Cohn PF )

Authors, year No. patients End points Follow-up Event rate by treatment group P

Pepine ()  Death, MI, UA, wors-
ening angina, or
revascularization

 year % placebo
% atenolol

.

Rogers ()  Death, MI, revascu-
larization, hospital
admission

 year % angina-guided medical strategy
% ischemia-guided medical strategy
% revascularization strategy

.

Dargie ()  Cardiac death, non-
fatal MI, and UA
Revascularization,
worsening angina

 years % atenolol
% nifedipine
% combination
% atenolol
% nifedipine SR
% combination

n.s.
n.s.

von Armin ()  Death, MI, UA, or
revascularization

 year % for non-% responders
% for % responders
% for nifedipine
% for bisoprolol

.
.

Abbreviations: MI =myocardial infarction; UA = unstable angina

.. Assessment of Risk in Patients with Cardiac Disease

When trying to stratify survivors of AMI or patients with congestive heart failure (CHF) with respect to their risk of
dying from an arrhythmic death, specific noninvasive risk-stratification methods like detecting the type and frequency
of ventricular arrhythmias, signal-averaged ECG, HRV, heart-rate turbulence, QTV, QTD, and, last but not least, assess-
ment of LV function (ejection fraction) are mainly used. From an epidemiologic as well as therapeutic interventional
point of view, a risk-stratifying test should provide a high positive predictive accuracy (PPA) combined with a reasonably
high sensitivity, so that as few patients as possible are unnecessarily exposed to treatment. Moreover, the current tests
used should not only predict total mortality, but also specific causes of death, particularly death from life-threatening
ventricular arrhythmias. Another practical prerequisite for using different tests is that they should be available not only
in specialized referral centers, but also to physicians in all hospitals that take care of cardiac patients.The performance of
each of the tests should be properly standardized.

... Post Myocardial Infarction

Prevalence of Ventricular Arrhythmias

Due to the widespread use of thrombolytic agents, and more recently due to routine acute mechanical recanalization
(PCI) of occluded coronary arteries as well as the routine use of aspirin, beta blockers, and ACE inhibitors, inhospital
mortality of patients with AMI has substantially decreased from % to % in the late s to –% in the early s,
while the -year risk of developing a malignant arrhythmia in AMI survivors after hospital discharge is % or less [].
Arrhythmogenic death accounts for approximately –% of total mortality in the first year after AMI, and thereafter,
the risk of dying from a malignant arrhythmia decreases significantly in the next – months to below approximately
%. It should be mentioned that mortality rates reported from controlled randomized trials are lower than those derived
from more unselected consecutive series of patients due to strict adherence to exclusion criteria resulting in exclusion of
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higher risk patients such as older patients, those with recurrent MIs, MI after coronary bypass grafting, or ineligibility for
thrombolysis or PCI.

Prognostic Significance of LV Function

For more than  years, depressed LV function assessed either by ejection fraction (EF) or by clinical signs of CHF
represents the principal method of determining the risk of postinfarction patients. Numerous studies both in the pre-
and post-thrombolysis, as well as the PCI era have demonstrated that depressed left ventricular ejection fraction (LVEF)< –% is the most powerful predictor of total mortality in the first year after MI, while in patients with LVEF < –
% the vast majority of deaths are due to pump failure []. In a literature survey, Bailey et al. [] have shown from 
studies involving a total of , patients that sensitivity and PPA of impaired LV function was between % and % and
between % and %, respectively, with a relative risk of .–. and an odds ratio of .–.. It is quite clear that since
the MADIT I and II trials in patients with an LVEF < –% no further risk stratification is necessary and that these
patients should receive an implantable cardiac defibrillator (ICD) []. In the remaining patients, at least in those with
an LVEF � –%, further tests for risk stratification have to be performed.

Prognostic Significance of Ventricular Arrhythmias

Since the s, premature ventricular contractions (PVCs) are considered as the “traditional” risk markers after AMI
[].> Table . with results from  studies in more than , patients [–] shows that sensitivity and positive
predictive value (PPV) of PVCs was between % and % and between % and %, respectively, with a relative risk of
.–. and an odds ratio of .–.. In general, frequent PVCs (e.g., �/h) and high-grade ventricular ectopy (e.g.,
repetitive PVCs, multiform PVCs, and non-sustained or sustained ventricular tachycardia (sVT)) have been associated
with a higher mortality, but once the patients have at least  PVCs per hour, the risk of an arrhythmic event does not
increase with more frequent PVCs [].The prognostic role of nonsustained VTs (nonsustained ventricular tachycardia
[nsVT]) has received special interest. In contrast to previous findings, the GISSI investigators demonstrated that nsVT
after AMI failed to predict arrhythmic death []. Similar results were reported by Hohnloser et al. [], who could
demonstrate that the prevalence of nsVT at the time of hospital discharge early after the index infarct was very low
( of  consecutive infarct survivors) in a general postinfarction population of patients treated according to current
therapeutic guidelines. During a mean follow-up of  months, the presence of nsVT was not an independent predictor
of either arrhythmic or nonarrhythmic cardiac death. Onmultivariate stepwise regression analysis for the primary study
endpoint of cardiac mortality and arrhythmic events, only the status of the infarct-related artery, HRV, and LV ejection
fraction were found to be independent predictors.

In the MADIT I Trial, nsVTs were also used as a risk marker for inclusion of the patients into the study. In long-term
survivors of MI with reduced LV function, it was shown that ICD implantation reduced the mortality rates by about %
in MI survivors with reduced LVEF (�%) and at least one symptomatic episode of nsVT, and in whom ventricular
fibrillation or sustained VT was reproducibly induced during EPS and not suppressed by intravenous administration of
procainamide []. At present, it is more or less accepted that in the thrombolysis or mechanical recanalization era (PCI
in AMI patients), nsVT on its own is not a useful risk stratifier in patients after MI, but rather PVCs in general with a
PPV between % and % should be combined with other risk markers such as impaired LV function, signal-averaged
ECG (SAECG), parameters of HRV or of HRT to improve their prognostic impact.

Prognostic Significance of VLP

In the s, the signal-averaged ECG (SAECG) was used to look for VLPs in patients after MI. VLPs were regarded as a
sign of slow conduction in the peri-infarct zone that may facilitate the initiation of malignant ventricular tachyarrhyth-
mias. Since then, numerous studies have been published on the prognostic significance of VLPs in survivors of MI before
hospital discharge. In summary, the survey of Bailey et al. [] on  studies in a total of , patients found that sensitiv-
ity and PPA of VLPs in the SAECG was between % and % and between % and %, respectively, with a relative risk
of .–. and an odds ratio of .–.. In this study, the SAECG was proposed as the first-step risk stratifier together
with depressed LV function (see below). In a recent study on , consecutive survivors of MI in sinus rhythm and
under  years, Bauer et al. [] reported that the presence of VLPs before hospital discharge was not associated with
the primary endpoint (SCD and serious arrhythmic events) in univariable and multivariable analysis after a follow-up
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period of median months. In contrast, low LVEF (�%) (hazard ratio ., %CI .–.), HRT turbulence category
 (either TO or TS abnormal) (hazard ratio ., % CI .–.), and HRT category  (TO and TS abnormal) (hazard
ratio ., % CI .–.) were significant predictors of the primary endpoint in both univariable and multivariable
analysis.

Prognostic Significance of HRV

The sympatho–vagal balance and its regulatory activity on the circulatory system is disturbed in survivors of myocardial
infarction, as can be determined from a decrease of HRV and BRS, as well as from a blunted heart-rate turbulence (HRT).
The specific mechanism of decreased vagal modulation remains unknown. Pragmatically, HRV, BRS, and HRT decrease
early after MI with a nadir of – weeks and then increase back to normal levels by – months. Decreased HRV and
BRS as well as blunted HRT are independent predictors of increased mortality rates, including sudden death, in patients
after MI (> Table .) [, , , , –]. The optimal time-domain parameters of HRV for analysis of risk are
SDNN and HRV triangular index, and high-risk patients have either an SDANN < ms, an HRV triangular index < ,
a BRS < ms/mm Hg, or HRT parameters TO � % and TS � .ms/R − R. Overall, the PPV of HRV parameters, BRS
and HRT criteria using the cut-off points mentioned is relatively low in the range of –% at a sensitivity level of %
[].

Prognostic Significance of Heart-Rate Turbulence

Heart-rate turbulence (HRT) has also been shown to be of prognostic significance in survivors of MI [, ]. In the
validation study of the PILP-cohort and the EMIAT placebo arm cohort, a strong and significant association of TO and
TS with total mortality was observed []. Two recent studies on large cohorts of postinfarction patients (, and ,
consecutive patients, respectively) have substantiated the prognostic power of HRT. In the first study [], both TO and
TS were predictive of death or SCD with hazard ratios of . and . in multivariable analysis, and in the second study
[], reduced post-ectopic TS (hazard ratio for SCD .) and nsVT (hazard ratio .) were also significant predictors.
However, the general problem is that using these predictors alone PPV is too low (between % and %), and the PPV
can be increased by a combination of several parameters (HRV plus VLPs plus HRT plus LVEF) at the cost of constantly
lowering the sensitivity down to % [].

Stepwise Risk Stratification

To overcome these practical problems, Bailey et al. [] proposed a clinically applicable risk stratification procedure in
three steps, based on the total number of , patients collected with a weighted overall estimated two-year major
adverse event (MAE) incidence of .%, which was used as a prior probability. Furthermore, to explore the implications
of combining tests, the analysis was simplified by using only the composite weighted mean values for sensitivity and
specificity. The first step was the combination of LVEF and SAECG. If the two tests were both negative or both positive
(as would be true for .% of the patients), further testing would not be done, as the two-year probability of a MAE
would be as low as .% in the former, and high enough (.%) in the latter situation to warrant consideration of ICD
implantation. The second step would be the performance of a -h AECG in the .% of patients who had only a low
LVEF or a positive SAECG, resulting in an intermediate two-year risk of .% for aMAE. If severe ventricular arrhythmia
(SVA) and abnormal HRV were both present or absent (% of patient population), no further testing would be needed,
because in the former case the posterior probability is still below the original prior probability, despite having either a low
LVEF or an abnormal SAECG, and in the latter situation, the posterior probability would again be high enough towarrant
consideration of ICD implantation.The third stepwould refer to the remaining .% of the original patients, who would
have an intermediate two-year risk of .%. They would undergo an EPS, and .% of the original group would have a
positive EPS, again with a two-year risk of .%, which is high enough to justify consideration of ICD implantation. At
the end of applying all three stages of risk stratification, there remains a small proportion (.%) of unstratified patients
with essentially the same risk of .% as the original prior probability of .% []. It should be noted that with the
exception of assessing LVEF (by echocardiography, left ventricular angiography or cardiac magnetic resonance imaging
[MRI]), all other parameters of step one and two can be derived from one -h AECG recording using modern solid-state
digital recorder devices, so that only two investigational tools are necessary to reach step three, if applicable, according
to the results of the different test parameters described.
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... Chronic Heart Failure

Prognostic Significance of Ventricular Arrhythmias

The majority of patients with CHF suffer from advanced structural heart disease, either ischemic or idiopathic dilated
cardiomyopathy (IDCM), with progressive symptoms. Death results mostly from VT or fibrillation, bradyarrhythmia or
asystole, progressive pump failure, recurrent ischemia or infarction, electromechanical dissociation, stroke, pulmonary
emboli, or renal complications. Ventricular arrhythmias are extremely common in patients with CHF []. Ambient
ventricular ectopic beats can be detected in �% of these patients, frequent VPCs in –% of DCM and heart fail-
ure, while many of these patients have complex and multiform PVCs and episodes of nsVT. In the Captopril–Digoxin
Multicenter study of  patients with mild to moderate heart failure and reduced LVEF < %, the frequency of VPBs
was significantly higher in older patients, in those with LVEF < %, or IDCM. In such high-risk group patients, %
also had episodes of nsVT compared to % with nsVT in the overall study. By multivariate analysis, only nsVT fre-
quency was an independent predictor of risk of sudden death. Patients with frequent occurrences of nsVT (>/day) had
an almost threefold increase in total mortality []. In the V-HeFT II study on  patients, ventricular couplets were
seen in % of patients and % had one or more episodes of nsVT. The presence of nsVT and ventricular couplets
identified a group of patients with increased mortality []. In the GESICA-Trial [], % of  patients showed
nsVT. These episodes of nsVT were more frequent in patients with advanced heart failure, higher heart rate, lower
systolic blood pressure, increased creatinine, or with Chagas disease. During a three year follow-up, the presence of
nsVT was associated with an increased risk of total mortality (relative risk ., p < .) and an increased rate of
SCD (relative risk ., p < .). It can be concluded from these three large studies that in patients with advanced
heart failure, the presence of nsVT identifies a subgroup with an increased risk of overall cardiac mortality and SCD.
However, despite identifying this population with an increased relative risk of an adverse event, AECG monitoring for
analysis of ventricular arrhythmias is either not sensitive enough or reveals a PPV that is too low for patient management
purposes.

Prognostic Significance of HRV

The prognostic significance of HRV in patients with CHF was unclear in the past. In one of the first studies in  patients
with CHF, compared with normals and those with a history of nsVT and normal cardiac function, there was no signifi-
cant difference in the HRV parameters despite a significantly lowered HRV in heart failure patients []. In a prospective
study of  patients with IDCM and CHF, Hoffman et al. [] studied HRV by time- and frequency-domain meth-
ods. After a follow-up period of  ±  months, no significant difference of time or frequency-domain indices of HRV
among patients with arrhythmic events compared with those without major arrhythmic events was found. In a fur-
ther study of  patients with IDCM and CHF,  patients died during follow-up. There was a significant correlation
between LVEF, increased SDNN, and pNN with an increased risk of cardiac death. However, the risk of SCD corre-
lated only with LVEF in contrast to an increased low-frequency power (LFP) and impairment of pNN that strongly
correlated with an increased risk of death from progressive pump failure. Further, two studies showed that HRV was
reduced in patients with CHF and there was a strong correlation between HRV and LV function and peak oxygen
consumption [, ].

More recently, several studies on larger patient populations have been published that showed a positive prognostic
power of HRV in patients with CHF (> Table .). Ponikowski et al. [] studied  consecutive patients with CHF
from ischemic or dilated cardiomyopathy, using AECG monitoring to assess all parameters of HRV both in the time and
frequency domain. During follow-up of ±  days,  patients died. Inmultivariate analysis, HRVparameters SDNN,
SDANN, and LF were found to predict survival independently of NYHA functional class, EF, peak oxygen consumption,
and the presence of VT within the AECG. The Kaplan–Meier survival curves revealed SDNN <ms to be a useful risk
factor. Szabo et al. [] investigated  patients with CHF due to ischemic or dilated cardiomyopathy, in whom both
time and frequency-domain parameters were measured at entry to predict the endpoint of cardiac mortality. During a
follow-up of  months (range –),  of  patients died of cardiac causes. Both pNN < .% and SDNN < ms
predicted cardiac death with a RR of . and . respectively, whereas pNN and LF power >ms predicted death from
pump failure with a RR of . and ., respectively. Boveda et al. [] reported on  patients with CHF and found the
time-domain parameter SDNN < ms to be significantly predictive for total death (RR ., CI .– .). In the VA trial,
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⊡ Table .

Prognostic significance of heart rate variability (HRV) for predicting cardiovascular and total mortality in patients with

congestive heart failure (CHF)

Author (Reference) No. of patients Criteria End points Adjusted RR (% CI)

Szabo ()  pNN <.%
SDNN <ms

cardiacmortality . (.–.)
. (.–.)

pNN <.%
LFP >ms

death from pump failure . (.–.)
. (.–.)

Boveda ()  SDNN <ms total death . (.–.)

Bilchick ()  SDNN <.ms
(lowest quartile)

total death .

sudden death .

La Rovere ()  LF �ms ( min controlled
breathing)

sudden death . (.–.)

�  VPB/hour sudden death . (.–.)

Aronson ()  SDNN (lower tertile)
SDANN
Total power
ULF

total mortality . (.–.)
. (.–.)
. (.–.)
. (.–.)

Adamson ()  SDAAM <ms (’) (from implanted
resynchronisation devices)

total death .

cardiovascular death .

Guzzetti ()  VLF night � ms progressive pump failure . (.–.)

LF night� ms sudden death . (.–.)

HF night�ms sudden death . (.–.)

Abbreviations: RR = relative risk; CI = confidence interval; nsVT = nonsustained ventricular tachycardia; VT = ventricular tachycardia; VPB =
ventricular premature beat

Bilchik et al. [] reported on  patients with CHF, in whom the lowest quartile of patients were compared with the
remaining, using SDNN as the sole HRV parameter. Among  patients meeting the inclusion criteria, SDNN < .ms
(the lowest quartile) was the sole independent factor predictive of survival in a multivariate model (p = .). A Cox
proportional-hazards model revealed that each increase of ms in SDNN conferred a % decrease in risk of mortality(p = .). Furthermore, patients with SDNN < .ms had a significantly increased risk of sudden death (p = .).
Thus, in this study, HRV was the only independent predictor of overall mortality and was significantly associated with
sudden death. Aronson et al. [] measured time and frequency HRV parameters from -h Holter recordings in 
patients with NYHA class III or IV hospitalized for decompensated CHF, and during a mean follow-up after discharge
of  ±  days,  patients (.%) died. Kaplan–Meier analysis indicated that patients with decreased values of SDNN
over a -h period, SDANN, total power, andULF power in the lower tertile were at higher risk of death. In amultivariate
Cox regression model, the same indexes in the lower tertile were independent predictors of mortality (RR from . to
.).The conclusion was that the severity of autonomic dysfunction during hospital admission for CHF decompensation,
as reflected by measures of overall HRV, can predict survival after hospital discharge.

La-Rovere et al. [] developed a multivariate survival model for the identification of sudden (presumably arrhyth-
mic) death from data of  consecutive patients with moderate to severe CHF. Both time- and frequency-domain HRV
parameters obtained from -min ECG recordings at baseline and during controlled breathing were challenged against
clinical and functional parameters. This model was then validated in  consecutive patients referred for CHF as the
validation sample. Sudden death was independently predicted by a model that included LFP of HRV during controlled
breathing�ms and left ventricular end-diastolic diameter� mm(RR ., %CI .–. andRR ., %CI .–.,
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respectively). LF � ms during controlled breathing and � VPCs per hour on Holter monitoring were both inde-
pendent predictors of sudden death (RR ., % CI .–., and RR ., % CI .–., respectively). The conclusion
was that reduced short-term LFP during controlled breathing is a powerful and independent predictor of sudden death
in patients with CHF. Similar results from the same group were reported by Guzzetti et al. [], who studied  con-
secutive CHF patients. Using time, frequency, and fractal analyses, the risk of pump failure and of sudden death could
be differentiated as follows: depressed power of night time HRV (�ms), VLP (<.Hz), high-pulmonary wedge
pressure (�mmHg), and low left-ventricular EF (�%) were independently related to pump failure, while reduction
of LFP (�ms) and increased left ventricular end systolic diameter (�mm) were linked to sudden (arrhythmic)
mortality. The dilemma, however, remains that there is no evidence that reducing the frequency of repetitive ventricular
arrhythmias or increasing the HRVwithmedications can significantly reduce the incidence of total death or suddendeath
in patients with severe CHF.

From a technical point of view, it is interesting to note that HRV parameters may also be retrieved from the mem-
ory of implanted devices, as has been shown by Adamson et al. []. In  patients, continuous HRV was measured
as the standard deviation of -min median atrial–atrial intervals (SDAAM) sensed by the biventricular pacing device.
SDAAM < ms, when averaged over  weeks, was associated with increased mortality risk (hazard ratio ., p = .),
and SDAAM was persistently lower over the entire follow-up period in patients who required hospitalization or died.
Automated detection of decreases in SDAAM was % sensitive in detecting cardiovascular hospitalizations, with .
false-positives per patient-year follow-up.

Prognostic Significance of Heart-Rate Turbulence

Koyama et al. [] measured heart-rate turbulence (HRT) in  patients with CHF,  with IDCM, and  with MI
and compared this with  patients without obvious heart disease as a control group. HRT slope and HRT onset were
measured by the original definition using digitized Holter ECG recordings, and cardiac pump function was assessed by
echocardiography. The value of the HRT slope was significantly lower in CHF than in controls (. ± . vs . ± .,
p < .). The value of HRT onset in patients with CHF was significantly higher than in control patients (−. ± . vs−. ± ., p < .). The HRT slope and onset in CHF patients with VT were nearly identical to those without VT. It was
concluded from this study that HRT slope appears to be a powerful prognostic marker that shows significant differences
between CHF subgroups when divided by clinical events such as death or hospitalization from CHF. Kawasaki et al. []
investigated  hypertrophic cardiomyopathy (HCM) patients, MI patients, and  normal controls using HRT onset
and slope.The latter parameterswere abnormal inMI patients, but not inHCMpatients as compared with normal control
subjects. During a follow-up period of  ± months,  HCM patients and MI patients either died from cardiac death
or were hospitalized for CHF. InMI patients, HRT onset was higher and the HRT slope was lower in patients with cardiac
events than in patients without, whereas in HCM patients, the HRT onset or slope was similar between patients with and
without cardiac events. It was concluded that, unlike MI patients, the HRT variables in selected HCM patients were not
abnormal and failed to predict the clinical prognosis.

In the study of Grimm et al. [] involving a cohort of  patients with IDCM, HRT analysis was performed in a
blinded fashion. During  ±  months of follow-up,  patients (%) died or underwent heart transplantation. On
Cox univariate regression analysis, abnormal HRT onset, HRT slope, HRT onset combined with HRT slope, LV ejec-
tion, LV size, and NYHA functional class III showed a significant association with total mortality or the need for heart
transplantation. On multivariable analysis, abnormal HRT onset identified patients without transplant-free survival, as
did LV size and NYHA class III heart failure. Major arrhythmic events were observed in  patients (%) during follow-
up. On univariate analysis, abnormal HRT onset with HRT slope, male sex, NYHA class III, LV ejection fraction, and
LV size were associated with a higher incidence of major arrhythmic events. On a multivariate analysis, only LV ejec-
tion fraction remained a significant arrhythmia risk predictor. It was concluded that in IDCM patients, HRT onset is a
significant predictor of transplant-free survival, as well as LV size and NYHA class. For arrhythmia risk stratification,
however, only LV ejection fraction remains a significant risk predictor. Again, the main problem is that, when using HRT
parameters alone, their PPV is too low though sensitivity is reasonably high. In conclusion, at present there is not suf-
ficient evidence to support routine use of AECG for HRT parameter analysis for therapeutic or prognostic purposes in
patients with CHF.
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... Hypertrophic Cardiomyopathy (HCM)

The prevalence of ventricular arrhythmias detected from AECGmonitoring is relatively high in patients with HCM [,
]. It is widely accepted that the presence and severity of ventricular arrhythmias in HCM are related to severe impair-
ment of left ventricular function (LVF). Moreover, SCD and syncope are common among patients with HCM. There are
studies showing that there is some association between ventricular arrhythmias and adverse events. However, they differ
on the nature of this association [–]. Studies onHRV in patients with HCM are sparse and the results equivocal, for
example, Counihan et al. [] found no association betweenHRV indexes and adverse events inHCM. ReducedHRV on
ambulatory monitor recordings appears to be less useful in risk stratification in patients with HCM, as compared to those
after acute MI, and thus is not widely used in this patient population. The features that most reliably identify the –%
ofHCMpatients at high risk of suddendeath include prior cardiac arrest or sVT,multiple and repetitive episodes of nsVT,
young age <  years at diagnosis (especially in those with extreme left ventricular hypertrophy (LVH) and wall thickness
�mm on echocardiography), a family history of HCM with sudden death, an abnormal blood pressure response to
exercise especially in patients younger than  years, and genetic abnormalities associated with increased prevalence of
sudden death []. In conclusion, the specific role of AECG monitoring to retrieve risk factors for prognostic reasons,
such as ventricular (tachy-) arrhythmias, reduced HRV, or blunted HRT, remains unclear in the day-to-day treatment of
HCM patients.

... Valvular Heart Disease

The frequency of PVCs and the grade of arrhythmia (repetitive forms) are significantly correlated with LVF, but neither is
related to the severity of valvular lesions (estimated valvular surface area or hemodynamically measured regurgitation).
The occurrence of salvos of VT during an AECG recording in a patient with valvular disease (e.g., aortic stenosis or
mitral regurgitation) is related in particular to a low LVEF and to an increased risk of sudden death []. Thus, the
existence and severity of ventricular arrhythmias in valvular heart disease has an important prognostic value indicating
poor myocardial performance, whatever the importance of the valvular lesion is.

A close relationship is now generally accepted betweenmitral valve prolapse and an increased frequency of ventricular
arrhythmias during AECGmonitoring compared to a normal population [–]. However, the prognostic significance
of these findings remains unclear. Ventricular arrhythmias are unrelated to the severity of valvular disease.The prevalence
of SVTs has been reported to be –%. However, it includes usually only short runs of atrial beats and non-sustained
tachycardias.

In conclusion, at present, the presence of mitral valve prolapse, chronic mitral regurgitation, aortic stenosis or regur-
gitation, or an aortic valve prosthesis without symptoms does not establish the need for AECG monitoring for analyzing
the spectrum of ventricular arrhythmias, nor the parameters of HRV or HRT [].

... Systemic Hypertension (SH)

In most patients with SH, LVH is present.This is associated with an increased incidence of complex ventricular arrhyth-
mias (VEA) and an increased risk of MI and sudden death [, ]. Because patients with SH and LVHwith complex or
frequent VEA have only a marginally significant risk of dying after adjusting for age, sex, and other clinical factors [],
AECG monitoring is of uncertain value in the management of asymptomatic patients with LVH. With respect to HRV, a
few studies have shown an increase of low-frequency components of HRV in hypertensive patients compared to normals,
with blunting of circadian patterns and reduced parasympathetic activity in hypertensives. In the Framingham Study,
the predictive power of HRV parameters for the incidence of hypertension was tested and after adjustment for factors
associatedwith hypertension, multiple regression analysis revealed that low-frequency components were associatedwith
incident hypertension []. In the ARIC study of , normotensives,  participants developed hypertension during
a -year follow-up, and a statistically significant inverse association between baseline HF band and the risk of incident
hypertensionwas observed []. In a further study on dipper and non-dipper essential hypertensive individuals, both the
LF and HF band were significantly lower in non-dipper hypertensives than in dipper hypertensive subjects throughout
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the day. In dipper hypertensives, the LF band showed a nocturnal decrease and the HF band an increase, whereas these
diurnal changes in LF and HF bands were significantly blunted in non-dipper subjects []. These data show that hyper-
tensives, and particularly non-dipper hypertensives, are characterized by decreased physiological circadian fluctuations
of the ANS. However, because of paucity of relevant clinical data, the true role of HRV in the diagnosis and treatment
of patients with essential hypertension remains unclear. In conclusion, there is not sufficient evidence to support routine
use of AECG for arrhythmia or HRV parameter analysis for therapeutic or prognostic purposes in patients with essential
hypertension and LVH.

... Miscellaneous

Diabetes is associated among other things with diffuse degeneration of sympathetic and parasympathetic small nerve
fibers, andmore than % of patients with symptomatic diabetic neuropathy will die within  years []. High-frequency
components of HRV may detect small changes in autonomic function in diabetic patients [, ] and distinguish dia-
betic subjects with neuropathy from those without neuropathy []. The clinical utility of HRV analysis as a reliable
test for cardiac parasympathetic function is limited in diabetics due to the fact that a large number of diabetic subjects
have reduced HRV and that there is no evidence that early identification of subclinical neuropathy will lead to improved
patient outcomes. Therefore, routine HRV testing in diabetic subjects is not indicated at this time [].

Patients with chronic renal failure who are on chronic hemodialysis bear an increased risk of CAD and of dying from
a cardiovascular event. They show an increase in ventricular ectopy during dialysis. Hemodialysis patients with known
CADorperipheral vascular disease display the highest risk of having an abnormalAECGrecording [].Thoughpatients
with higher grade VEA have a decreased survival compared to those without this type of VEA, it is unclear at present,
whether AECG monitoring should be routinely performed in these patients [].

Regarding pre- and postoperative evaluation, no association has been found between preoperative VEA and postop-
erative events when AECG monitoring was used before surgery in high-risk patients without myocardial ischemia and
depressed LV function, who underwent non-cardiac surgery []. In addition, no association has been found between
the occurrence of complex VEA after coronary artery bypass surgery and death after controlling for other clinical fac-
tors []. Therefore, at present there is no general recommendation for the routine use of AECG monitoring for risk
stratification in preoperative and postoperative patients [].

.. Evaluation of Therapeutic Interventions

... Pacemaker and ICD Function

Once a pacemaker or ICD is implanted, an AECG is useful in assessing postoperative device function and in guiding
appropriate programming of enhanced features such as rate responsiveness and automatic mode switching. Sometimes,
the AECG can be a useful adjunct to continuous telemetric observation or pacemaker/ICD-based monitoring in assess-
ing device function, though the present generation of pacemaker/ICD has limitedmonitoring capacity that is not capable
of entirely supplanting conventional AECG. Tabular data derived from complexes classified by the pacemaker algorithm
according to whether or not they are preceded by atrial sensed or paced beats can be obtained from the pacemaker
memory, which summarizes the number or percentage of atrial and ventricular events that were either sensed or paced,
including a separate quantification of sensed ventricular events preceding atrial activity. Current pacemaker devices do
not generally provide electrogram confirmation of the counts, so the accuracy provided by the devices depends on accu-
rate sensing and pacing functions. These tabular data can be used to broadly determine the frequency of VPBs, but the
resolution of the data does not allow for minute-to-minute counts or detailed characterization of repetitive ventricular
ectopy (rate, duration, or morphology of VT). Therefore, there is an important role for AECG monitoring in evaluating
patients’ symptoms, despite pacemaker implantation, or in detecting details of pacemaker failure.

Syncope, dizziness, and palpitations may persist or sometimes reappear in up to % of patients after pacemaker
implantation, and persistent symptoms are frequently due to various types of arrhythmia. Thus, indications for AECG
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⊡ Figure .

Arrhythmia overview in a patient with pacemaker-mediated tachycardia including counts of single arrhythmic events (left),

single lead arrhythmic episodes extracted from the overview on left side, survey on QRS templates over the full -h

period with  s segments (right), and three-channel real-time ECG and single lead “full disclosure” ECG (bottom) (Oxford

MedilogDarwin system).

monitoring in patients with an implanted pacemaker include evaluation of frequent symptoms of palpitation, dizziness,
syncope, or near syncope despite or due to pacemaker stimulation, for example, due to failure to sense, oversensing, fail-
ure to capture, or pacemaker pauses (myopotential inhibition) as well as due to pacemakermediated tachycardia (endless
loop tachycardia) (> Fig. .). Moreover, AECGmonitoring may assist in the programming of simple (lower rate inter-
val, AV interval, ventricular and postventricular refractory period, and upper rate response of DDD pacemakers) and of
enhanced features like rate responsiveness and automaticmode switching. Evaluation of suspected component failure by
AECGmonitoring is particularly important in cases where device interrogation is not definitive in establishing a conclu-
sive diagnosis. Pacemaker syndrome is another important symptomatic situation that needs AECG recording to exclude
the presence of pacemaker malfunction and to detect the appropriateness of atrio-ventricular synchrony. Pacemaker
syndrome as first described in patients with VVI pacemakers may also occur in dual-chamber pacing systems when the
programmed AV delay does not allow enough time for the atria to contract against open atrio-ventricular valves. This
phenomenonmay be observed in the following conditions: () programmed prolonged AV delay, () DDI or DDDIR pac-
ing modes, () pacemaker-mediated tachycardia, () sinus bradycardia below the lower limit in the VDD pacing mode,
() pace mode switching fromDDD(R) to VVI(R), and () rate smoothing or fallback during DDD pacing. In some cases,
it may be difficult to differentiate severe pacemaker syndrome from vasovagal syncope, and in these patients head-up tilt-
testing may help to clarify the situation. Finally, the efficacy of AADs to suppress concomitant intermittent tachycardias,
for example, paroxysmal AF or frequent VPBs that interfere significantly with pacemaker function, can also be assessed
by AECG monitoring.

Patients following ICD implantation for the managementof ventricular tachyarrhythmias often have ICD shock ther-
apy during follow-up. AECG monitoring can be a useful alternative or adjunct to continuous telemetric monitoring or
interrogation of ICDmemory in establishing the appropriateness of such therapy.Moreover, the rate of SVTs (sinus tachy-
cardia or AF with high ventricular rates) that eventually interfere with the cut-off parameters of the ICD device, with the
consequence of the delivery of inappropriate shocks, may be evaluated and the efficacy of adjunctive pharmacological
therapy in suppressing spontaneous arrhythmias in an attempt to minimize the frequency of device activation can be
assessed by the AECG, as well.
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... Antiarrhythmic Drugs (AADs)

AECG monitoring has been widely used in the past to assess the effects of antiarrhythmic therapy, because it is a non-
invasive technique that provides quantitative ECG data and permits correlation of symptoms with ECG phenomena.
However, there are important limitations of AECG as a therapeutic guide such as the significant day-to-day variability
in the type and frequency of arrhythmias in many patients, a lack of correlation between arrhythmia suppression after
an intervention and subsequent outcome, uncertain guidelines for the degree of suppression required to demonstrate
an effect, either clinical or statistical, and an absence of quantifiable spontaneous asymptomatic arrhythmias between
episodes in many patients with a documented history of life-threatening ventricular tachyarrhythmias [, ].

AECG monitoring with quantitative analysis has not been widely used to guide the therapy of supraventricular
arrhythmias because of the limited day-to-day occurrence of these arrhythmias and the uncertain significance of asymp-
tomatic non-sustained atrial ectopy. But for evaluating the effects of AADs in patients with supraventricular arrhythmias,
particularly AF, intermittent monitoring to confirm the presence of an arrhythmic episode during symptoms and to doc-
ument arrhythmia-free intervals has becomemore or less a standard approach. Moreover, the AECGmay also be used to
monitor the effects of AV nodal blocking agents on heart rate in patients with atrial arrhythmias (beta blockers, digitalis,
calcium channel blockers), particularly in AF. Since short-term reproducibility of the frequency and type of arrhyth-
mia, especially in ventricular arrhythmias, between repeat AECG recordings is rather poor, a large reduction between
% and % in arrhythmia frequency is required to ensure that the change is due to an antiarrhythmic effect of any
intervention [].

The best way of assessing the efficacy of a drug is probably to select a group of patients with the same arrhythmia
and to measure the spontaneous variability between a control and a placebo period. If the variability is small with a
good correlation between the two periods, a drug trial appears possible. It is then feasible to compare the respective
efficacy of two drugs in the same group of patients. The appropriate statistical method (such as that developed by Sami
et al. [, ]) uses a one-tailed % confidence interval calculated between baseline and placebo PVC measurements.
The appreciation of the antiarrhythmic effect is based on the comparison with the relation between drug and control
(> Fig. .). If a drug shifts a PVC value under the % confidence interval line, its effectiveness can most likely be
assumed in that patient. If a drug A shiftsmore patients under the % confidence interval line than drug B, A is probably
more effective than B in this selected arrhythmia. This method is largely used to compare a new drug with an established
treatment chosen as reference. An important limitation is the necessity to observe several periods without treatment
(control, placebo, follow-up). Patients with severe symptomatic arrhythmias cannot be included in these studies. Open
studies are indicated in such patients.

The data from the CAST trial, in which a higher mortality rate during follow-up was observed in those patients who
had suppression of spontaneous VPBs after a titration phase and then received chronic encainide or flecainide therapy
as opposed to placebo, led to a revision of the former concept that suppression of PVCs by AADs would improve the
prognosis of patients with structural heart disease. Indeed, the trial showed that antiarrhythmic therapy with encainide
or flecainide may be harmful to patients. More or less similar inconsistent results have been obtained with the empiric
use of amiodarone, since some studies such as the BASEL, CASCADE, or GESICA trials showed a benefit in patients with
preserved or depressed LV function [–], while others like EMIAT or CAMIAT revealed no significant change in
mortality rate [–]. In one trial, amiodarone produced a significant reduction in arrhythmia frequency but had no
effect on mortality rate [].

In contrast to supraventricular tachy(arrhythmias), placebo-controlled trials of antiarrhythmic interventions in
patients with sustained life-threatening ventricular tachyarrhythmias are problematic. Although in the study of Lampert
et al. [] improvements in arrhythmia-free survival in CHD patients whomet certain criteria for drug response during
serial AECG were reported, it is not possible to estimate the effects of the “healthy responder” phenomenon [] on
these observations, which means that patients who responded to the AECG-guided drug therapy had a different (more
favorable) prognosis than those who did not. With respect to the method of choice for monitoring the outcome of an
antiarrhythmic intervention, AECG as well as EP testing may be used.The ESVEM study [], which used both tests in
a randomized fashion on patients with an entry criterion of inducibility of sVT on two occasions and�VPBs/h showed
that there was no significant difference in predicting long-term success in either group, once a drug was determined to be
effective (EPS: suppressing inducible VT, AECG: suppression of VPBs). However, AECG monitoring had the advantage
in that it identified an AAD predicted to be effective more often than EPS in these patients. For practical reasons, despite
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⊡ Figure .

Results froma crossover comparative trial of quinidine ( g day−) and amiodarone (mgday−) in  patientswith frequent

PVCs using the statistical methodology of Sami et al. [, ]. Each diagram shows a correlation line with a one-tailed %

confidence interval indicated by the dashed line. In the top diagram, the control and placebo periods are compared with

respect to the incidence of PVCs while similar comparisons are shown in themiddle diagram for control versus quinidine and

in the lowerdiagram for amiodaroneversus control. The symbolN represents PVC frequencyper hour. The effectivenessof the

AAD therapy can be judged by the number of points beneath the % confidence interval line. In other words, the incidence

of PVCs in patients on these drugs is lower than in control or placebo periods. It can also be seen that the antiarrhythmic

efficacy is higher in patients with amiodarone than in those with quinidine.
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the many criticisms of the ESVEM trial, it may be concluded that AECGmonitoring may be used to assess AAD efficacy
in patients with frequent VPBs, but not in those with spontaneous sustained VTs.

The same holds true for assessing the phenomenon of proarrhythmia, which is defined as the aggravation of an
arrhythmia, particularly of VEA, for example, either the increase of the number or complexity of VEA or the new
incidence of a given ventricular arrhythmia, as well as sinus node dysfunction, or new or worsenedAV conduction abnor-
malities. Proarrhythmia may occur early or late during the course of therapy, and an increase of arrhythmia needed to
differentiate proarrhythmia from day-to-day variability may be estimated statistically on the basis of baseline arrhythmia
frequency [, , , ]. A particular type of proarrhythmia is the induction of torsades de pointes that may be
induced by drugs that prolong the QTI (e.g., class III AADs, tricyclic antidepressants, antihistamines, antibiotics, etc.).
In such cases, AECG monitoring may be useful for the evaluation of new markers of this type of proarrhythmia, such as
alternating QTIs or T waves, or altered QT-interval adaptation to changes in heart rate.

... Antianginal Drugs

Most antianginal drugs are commonly assessed by counting the frequency of anginal attacks, and the number of nitroglyc-
erin tablets consumed.This kind of investigation relies entirely on subjective symptom appreciation. Changes in lifestyle,
environmental conditions, or daily activity may deeply affect the results. ST-segment monitoring provides an objective
technique, as does stress testing, which is now routinely performed to evaluate these therapies. Thus, physicians should
use repetitive stress tests or continuous AECG monitoring in cases of exercise angina. Twenty-four-hour ECGs are more
efficient for characterizing the pharmacological properties of the drug, such as delay and duration of effect. In the case
of spontaneous (Prinzmetal’s) angina, ambulatory monitoring is the optimum technique allowing an accurate evaluation
of the drugs, which are used in this condition (calcium antagonists) []. The development of AECG has also revealed
that all patients with spontaneous angina exhibit painless episodes of ST-segment elevation in addition to experiencing
painful attacks. When an antianginal treatment such as a calcium antagonist is not completely effective, only painless
episodes persist. Repeated -h ECGs are then necessary to assess the efficacy of treatment and the need for an increase
in dosage or a change to another drug.Thus, suspected Prinzmetal’s angina is obviously a good indication for ambulatory
monitoring, which is useful both as a diagnostic procedure and for evaluation of therapy.

. Pediatric Patients

Similar to adult patients, the purposes of AECG monitoring in pediatric patients include the evaluation of symptoms,
risk assessment in patients with cardiovascular disease, with or without symptoms of an arrhythmia, and the evaluation
of cardiac rhythm after an intervention like drug therapy or device implantation []. Selection of the method of moni-
toring, for example, continuous versus patient activated recording, is predicated on the frequency and symptoms of the
arrhythmia. AECG monitoring may be useful for evaluation of symptoms in patients with known cardiovascular disease
and for medical therapy and intervention. In children with asymptomatic congenital heart block, a yearly Holter monitor
is recommended.The escape rate at resting conditions is used as one criterion for the need of pacemaker implantation.
In general, a resting heart rate greater than  bpm in children under  years, greater than  bpm in children – years,
and greater than  bpm in children over  years of age is considered to be an adequate escape rhythm. In addition, the
mean heart rate, the slowest heart rate, and the longest pause on AECG monitoring can also be used as supportive data,
and the presence of ventricular ectopy (as single escape beats) is another indication for pacemaker implantation.

.. Evaluation of Symptoms

AECG in pediatric patientsmay be used for the evaluation of symptoms including palpitations, dizziness, syncope or near
syncope, and chest pain and their relation to an underlying arrhythmia. Because of the paroxysmal nature of palpitations,
an event recorder is usually recommended to detect the cause of these symptoms. In –% of young individuals, an
arrhythmia, in most cases SVT, has been reported to correlate with symptoms (–), (> Table .), whereas ven-
tricular ectopy or bradycardia was demonstrated in only other –%. Interestingly, in about % of palpitations, sinus
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⊡ Table .

Yield of Holter monitoring for evaluation of palpitation in pediatric patients with no structural heart disease

Symptoms during monitoring,

n(%)

Author (year) No. of patients Method

Mean no. of days

of monitoring Arrhythmia No arrhythmia

No symptoms during

monitoring, no

arrhythmia, n (%)

Dick ()  TTM  ()  () 

Porter ()  TTM   ()  ()  ()

Fyfe ()  HM   () ( SVT)  ()  ()

Goldstein ()  TTM –  () (SVT)  ()  ()

Houyel ()+  TTM   () ( SVT)  ()  ()

Karpawich ()  TTM   ()  () 

 HM    ()  ()

Total   ()  ()  ()

Abbreviations: TTM = Trans Telephonic Monitoring, patient activated event recorder, HM = Holter Monitoring (-h monitoring), + Includes 
patients with heart disease

tachycardia was found, whereas –% of young patients have no symptoms in AECGmonitoring.Thus, one of the pri-
mary uses of AECGmonitoring in pediatric patients is to exclude an arrhythmia as the cause of palpitations []. Recently,
the value of transtelephonic monitoring (TTM) in the evaluation of symptoms in young persons has been clearly demon-
strated by Saarel et al. [] in a large cohort of  patients with palpitations,  with chest discomfort, and  with
presyncope and syncope. Fifty-two percent (n = ) of patients failed to transmit an ECG while experiencing symp-
toms. Of  symptomatic patients,  (%) had SVT, and all patients with SVT had palpitations. The overall sensitivity
of the TTM test was % ( of ) for detection of SVT, and the NPVwas % in this patient population.The conclusion
was that TTMs are useful for the evaluation of children and adolescents with palpitations but not with isolated chest pain,
syncope, or presyncope.

Because of the intermittent nature of transient neurological symptoms such as dizziness, syncope, or near syncope in
pediatric patientswithout structural heart disease, the efficacy of -h or -hAECGmonitoring is low and thus, its ability
to clarify patients’ symptoms is limited.Therefore, prolonged AECGmonitoring is only recommended in those individu-
als with known heart disease or with exertional symptoms, in whom the presence and significance of an arrhythmia may
be increased [, ]. An alternative diagnostic tool may be the implanted loop recorder (ILR) in case conventional
investigations have failed to identify the cause of syncope or palpitations. In a small series of  children with congenital
heart disease, who suffered from presyncope (n = ), syncope (n = ), and palpitations (n = ), an ILR was implanted.
All patients experienced typical symptoms and activated the device appropriately at a median of  days (–) after
implantation. In  of  cases, a likely cause for the symptoms was identified, with exclusion of more malignant arrhyth-
mic diagnoses in all patients.The conclusion from this study was that an ILR can be implanted in young children without
difficulty and that this devicemay prove to be very useful for excluding malignant arrhythmias as a cause of symptoms in
patients at high risk []. Chest pain is a relatively rare symptom, and a cardiac cause is identified in only % or less of
pediatric patients, so that the primary role of AECGmonitoring in these patients may be to exclude rather than diagnose
a cardiac cause [].

.. Evaluation of Patients with Known Cardiovascular Disease

AECG monitoring may be particularly useful in pediatric patients after surgery for congenital heart disease, but the
frequency of recording periods has to be based on the type of defect, ventricular function, and late postoperative arrhyth-
mias. Uncomplicated repairs of simple defects such as atrial or ventricular septal defects or with aortic or pulmonary
stenosis have a low incidence of late postoperative arrhythmias, whereas complex repairs or those with residual hemody-
namic abnormalities display a high incidence of late postoperative arrhythmia. High grade ambulatory VEA associated
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with ventricular dysfunction seems to identify patients at an increased risk of late sudden death [–]. Major atrial
surgery such as Mustard’s or Senning’s operation for transposition of great arteries or Fontan’s operation for functional
single ventricle hearts is often associated with sinus node dysfunction and with unusual types of AFl (which is called
incisional atrial re-entrant tachycardias = IART). Major ventricular surgeries such as tetralogy of Fallot repair, repair
of double outlet right ventricle, etc. may predispose to serious ventricular tacharrhythmias in the long run. In the past,
complex VEA or nsVT were considered as risk stratifiers in those patients. However, Cullen et al. [] showed, at least
in patients after repair of Fallot, that after a follow-up of  years, asymptomatic VPBs were common and the presence
of complex VEA or non-sustained VT were not prognostically significant in this patient group. Nevertheless, if com-
plex ventricular arrhythmias are detected with AECG monitoring in post-operative high-risk pediatric patients with
depressed ventricular function, there is a need for further investigation, even in the absence of overt clinical signs or
symptoms [].

A second group of pediatric patients may benefit from periodic AECG monitoring, namely, those with hypertrophic
or dilated cardiomyopathy as well as with the congenital long QT syndrome because of the tendency of progression of
these diseases and the need to adjust medication doses with growth []. The rate of –% of sudden death as a first
symptom in young patients with these types of disease is significantly higher than in adults, and AECG monitoring is
needed to identify occult arrhythmias that may indicate the need for reevaluation of therapy in asymptomatic patients,
though the absence of an arrhythmia during one or several monitoring periods does not necessarily indicate a low risk
of arrhythmic sudden death. There is no doubt that unexplained syncope or cardiovascular collapse in young patients
with known cardiovascular disease generally requires in-hospital continuous ECG monitoring and sophisticated (e.g.,
by MRI) or invasive evaluation when the cause of the event is uncertain. But if a cause cannot be established by MRI or
invasive methods, AECG monitoring may be used for subsequent surveillance to possibly detect both transient brady-
and tachyarrhythmias [].

.. Evaluation of Medical Therapy or Intervention

AECGmonitoring may be helpful to evaluate both beneficial and potentially harmful effects of pharmacological therapy
as well as to detect possible causes of symptoms in patients with pacemakers or after radiofrequency catheter ablation or
cardiac surgery, particularly when complicated by transient AV block [, ]. Another important indication for AECG
monitoring is the evaluation of cardiac rhythm after treatment of incessant tachyarrhythmias, which have been associated
with progressive ventricular dysfunction []. In this context, the above mentioned technical aspects and limitations of
AECG monitoring (e.g., day-to-day variability of arrhythmias, etc.) have to be taken into account.

. Future Perspectives of AmbulatoryMonitoring

Further advances in AECG monitoring analysis include better characterization of duration and dispersion of ventricular
depolarization (QTI), the detection of T-wave alternans, the identification of different patterns of onset of arrhythmias
(short–long–short sequence, tachycardia versus bradycardia dependence of arrhythmias), the computation of heart-rate
turbulence indexes, and the evaluation of P wave and QRS-wavemorphology including P-wave averaging and late poten-
tial analysis, from high-quality AECG signals []. By this means, old and newmarkers derived fromAECGmonitoring
could be integrated to provide a comprehensive noninvasive AECG test, to fully characterize all three components of the
triangle of risk factors (> Fig. .) that may lead to electrical instability and SCD: the electrophysiologic (arrhythmia)
substrate, the triggers for malignant ventricular arrhythmias provoking SCD, and the modulation of the (background)
sympatho–vagal balance of the ANS [].

Thanks to the availability of larger storage capacities, in the near future long-term (weeks–months) continuous high-
quality AECG monitoring may become available. Moreover, devices for long-term long-distance telemetric surveillance
using transtelephonic transmission of ECG data for high-risk cardiac patients have already become a reality. Some mod-
ern digital recorders already have the capability for multichannel (– channels) simultaneous ECG recordings, which
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⊡ Figure .

Schematic representation of the triangle of risk factors that may lead to electrical instability with subsequent ventricular

fibrillation, including the different parameters that can be derived from AECG monitoring: the electrophysiologic substrate,

the balance of the ANS, and the triggers of malignant ventricular arrhythmias that provoke SCD. Abbreviations: PVCs:

premature ventricular contractions, nsVT: non-sustained VT, SVA: supraventricular arrhythmias, HRV: heart-rate variability,

QT/R–R:QT/R–R interval relation,HRT: heart-rate turbulence, VA: ventricular arrhythmias, TWA: T-wavealternans, PWA:P-wave

duration from averaged ECG (Modified from Coumel ).

might be interesting for ischemia monitoring. Finally, multichannel digital recordings will allow the retrieval of different
biological signals by appropriate sensors, such as arterial pulse pressure, respiratory rate, peripheral oxygen tension, EEG,
and others. This will transform AECG monitoring into ambulatory polycardiography that will allow the comprehensive
evaluation of patients with complex disorders, such as CHF, cor pulmonale, or sleep apnea syndromes, and the detection
and quantification of underlying interactive pathophysiological mechanisms [].

References

. Harrison, D.C., J.W. Fitzgerald, and R.A. Winkle, Ambula-
tory electrocardiography for diagnosis and treatment of cardiac
arrhythmias. N. Engl. J. Med., ;: –.

. Hinkle, L.E., Jr., Equipment specifications and analytic
techniques: clinical implications, in Ambulatory Electro-
cardiographic Recording, N.K. Wenger, M.B. Mock, and I.
Ringqvist, Editors. Chicago, IL: Year Book Medical, ,
pp. –.

. Holter, N.J., New method for heart studies: continuous elec-
trocardiography of active subjects over long periods is now
practical. Science, ;: –.

. Kennedy, H.L., Ambulatory Electrocardiography – Current
Clinical Concepts. Cardiol. Clin.; Philadelphia/London/
Toronto/Montreal/Sydney/Tokyo: W.B. Saunders, .

. Van Keulen. G.J., J. Boter, C.A.A. Hakkenberg Van Gaasbeek,
and G.E.P.M. Van Venrooij, MFI Test “Holter Systems”: Long-
Term ECG Tape Recorder Systems. Utrecht: Institute of Medical
Physics TNO, .

. Sheffield, L.T., A. Berson, D. Bragg-Remschell, et al., Recom-
mendations for standards of instrumentation and practice in
the use of ambulatory electrocardiography. Circulation, ;:
A–A.



  Ambulatory ElectrocardiogramMonitoring

. Crawford, M.H., S.J. Bernstein, P.C. Deedwania, et al.,
ACC/AHA guidelines for ambulatory electrocardiography. A
report of the American College of Cardiology/American Heart
Association Task Force on Practical Guidelines (Commission
to Revise the Guidelines for Ambulatory Electrocardiography).
J. Am. Coll. Cardiol., ;: –.

. Lanza, G.A., M. Mascellanti, M. Placentino, et al., Usefulness of
a third Holter lead for detection of myocardial ischemia. Am. J.
Cardiol., ;: –.

. Osterhues, H.H., T. Eggeling, M. Kochs, and V. Hombach,
Improved detection of transient myocardial ischemia by a new
lead combination: value of bipolar lead Nehb D for Holter
monitoring. Am. Heart J., ;: –.

. Seeberger, M.D., J. Moerlen, K. Skarvan, et al., The inverse Nehb
J lead increases the sensitivity of Holter electrocardiographic
monitoring for detecting myocardial ischemia. Am. J. Cardiol.,
;: –.

. Cristal, N., M. Gueron, and R. Hoffman, VI-like and aVF-Iike
leads for continuous electrocardiographic monitoring. Br. Heart
J., ;: –.

. Jenkins, J.M., D. Wu, and R.C. Arzbaecher, Computer
diagnosis of supraventricular and ventricular arrhyth-
mias. A new esophageal technique. Circulation, ;:
–.

. Schnittger, I., I.M. Rodriguez, and R.A.Winkle, Esophageal elec-
trocardiography: A new technology revives an old technique.
Am. J. Cardiol., ;: –.

. Rosengarten, M.D., J.F. Leclercq, P. Attuel, and Ph. Coumel,
Holter monitoring and cardiac rhythm, in What’s New in Elec-
trocardiography, H.J.J. Wellens and H.E. Kulbertus, Editors. The
Hague: Nijhoff, , pp. –.

. Bragg-Remschell, D.A., C.M. Anderson, and R.A. Winkle, Fre-
quency response characteristics of ambulatory ECG monitoring
systems and their implications for ST segment analysis. Am.
Heart J., ;: –.

. Nygards, M.-E., T. Ahren, I. Ringqvist, and A. Walker,
Phase correction for accurate ST segment reproduction in
ambulatory ECG recording, in Computers in Cardiology,
, K. Ripley, Editor. Silver Spring, MD: IEEE, ,
pp. –.

. Shook, T.L., C.W. Balke, P.W. Kotilainen, et al., Comparison of
amplitude-modulated (direct) and frequency-modulated ambu-
latory techniques for recording ischemic electrocardiographic
changes. Am. J. Cardiol., ;: –.

. Nearing, B.D., P.H. Stone, and R.L. Verrier, Frequency response
characteristics required for detection of T-wave alternans during
ambulatory ECH monitoring. Ann. Noninvasive Electrocardiol.,
;: –.

. Kennedy, H.L., S.C. Smith, J. Mizera, et al., Limitations of ambu-
latory ECG real-time analysis for ventricular and supraventric-
ular arrhythmia accuracy detected by clinical evaluation. Am. J.
Noninvasive Cardiol., ;: –.

. Krahn, A.D., G.J. Klein, and V. Manda, The high cost of syn-
cope: cost implications of a new insertable loop recorder in
the investigation of recurrent syncope. Am. Heart J., ;:
–.

. Krasnow, A.Z. and D.K. Bloomfield, Artifacts in ambulatory
ECG monitoring, in Ambulatory ECG Monitoring, S. Stern, Edi-
tor. Chicago, IL: Year Book Medical, , pp. –.

. Leclercq, J.F., L ‘Enregistrement Holter en Rhythmologie. Paris:
Labaz, .

. Quiret, J.C., J.L. Rey, M. Lombaert, and P. Bernasconi. Les arte-
facts au cours de ’e:nregistrement electrocardiographique con-
tinu par la methode de Holter. Arch. Mal. Coeur Vaiss., ;:
–.

. Cashman, P.M.M., Methods for tape analysis II. Postgrad. Med.
J., ;(Suppl. ): –.

. Crow, R.S. and R.J. Prineas, Quality control, in Ambulatory
Electrocardiographic Recording, N.K. Wenger, N.I.B. Mock, and
I. Ringqvist, Editors. Chicago, IL: Year Book Medical, ,
pp. –.

. Palma Gamitz, J.L., Electrocardiografia de Holter. Madrid:
Norma, .

. Corday, E. and T.-W. Lang, Accuracy of data reduction systems
for diagnosis and quantification of arrhythmias. Am. J. Cardiol.,
;: –.

. Coumel, Ph., P. Attuel, J.F. Leclercq, and D. Flammang, Comput-
erized quantitative evaluation of cardiac arrhythmias, in Com-
puters in Cardiology. (). New York: IEEE, , pp. –.

. Weber, H.S., G. Joskowicz, D. Glogar, K.K. Steinbach, and
F. Kaindl, Clinical importance of computer assisted long-
term ECG analysis, in Long-Term Ambulatory Electrocardiog-
raphy, J. Roelandt and P.G. Hugenholtz, Editors. The Hague:
Nijhoff, .

. Stern, S. and D. Tzivoni, Early detection of silent ischaemic heart
disease by -hour electrocardiographic monitoring of active
subjects. Br. Heart J., ;: –.

. Cohn, P.F. and W.B. Kannel, Recognition, pathogenesis, and
management options in silent coronary artery disease. Circula-
tion, ;: II-.

. Benhorin, J., F. Badilini, A.J. Moss, et al., New approach
to detection of ischemic-type ST segment depression, in
Noninvasive Electrocardiology – Clinical Aspects of Holter
Monitoring, A.J. Moss and S. Stern, Editors. London/
Philadelphia/Toronto/Sydney/Tokyo: WB Saunders, ,
pp. –.

. Badilini, F., W. Zareba, E.L. Titlebaum, and A.J. Moss,
Analysis of ST segment variability in Holter recordings, in
Noninvasive Electrocardiology – Clinical Aspects of Holter
Monitoring, A.J. Moss and S. Stern, Editors. London/
Philadelphia/Toronto/Sydney/Tokyo: WB Saunders, ,
pp. –.

. Ghuran, A. and M. Malik, Time domain heart rate variability,
in Noninvasive Electrocardiology in Clinical Practice, W. Zareba,
P. Maison-Blanche, and E.H. Locati, Editors. Armonk/New York:
Futura, , pp. –.

. Lombardi, F., Frequency domain analysis of heart rate vari-
ability, in Noninvasive Electrocardiology in Clinical Practice,
W. Zareba, P. Maison-Blanche, and E.H. Locati, Editors.
Armonk/New York: Futura, , pp. –.

. Task Force of the ESC and NASPE, Heart rate variability stan-
dards of measurement, physiological interpretation, and clinical
use. Circulation, ;: –.

. Malliani, A., M. Pagani, F. Lombardi, et al., Cardiovascular neu-
ral regulation explored in the frequency domain. Circulation,
;: –.

. Saul, J.P., Y. Arai, R.D. Berger, et al., Assessment of autonomic
regulation in chronic congestive heart failure by heart rate
spectral analysis. Am. J. Cardiol., ;: –.

. Schmidt, G., M. Malik, P. Barthel, et al., Heart-rate-turbulence
after ventricular premature beats as a predictor of mortality after
acute myocardial infarction. Lancet, ;: –.



Ambulatory ElectrocardiogramMonitoring  

. Hainsworth, R., Physiology of the cardiac autonomic system, in
Clinical Guide to Cardiac Autonomic Tests, chapter , M. Malik,
Editor. London: Kluwer Academic, , pp. –.

. Voss, A., V. Baier, A. Schymann, et al., Postextrasystolic regu-
lation patterns of blood pressure and heart rate in idiopathic
dilated cardiomyopathy. J. Physiol. (London), ;: –.

. Schneider, R., P. Barthel, G. Schmidt, Methods for the assess-
ment of heart rate turbulence in Holter ECGs. J. Am. Coll.
Cardiol., ;(Suppl. A): A.

. Locati, E.H., QT interval duration and adaptation to heart rate,
in Noninvasive Electrocardiology in Clinical Practice, W. Zareba,
P. Maison-Blanche, and E.H. Locati, Editors. Armonk/New York:
Futura, , pp. –.

. Lepeschkin, E. and B. Surawicz, The measurement of the QT
interval of the electrocardiogram. Circulation, ;: –.

. Cowan, J.C., K. Yusoff, M. Moore, et al., Importance of
lead selection in QT interval measurement. Am. J. Cardiol.
;: –.

. Laguna, P., N.V. Thakor, P. Caminal, et al., New algorithm for QT
analysis in -hour Holter ECG: performance and applications.
Med. Biol. Eng. Comput., ;: –.

. Maison-Blanche, P., D. Catuli, J. Fayn, and P. Coumel, QT
interval, heart rate and ventricular arrhythmias, in Nonin-
vasive Electrocardiology – Clinical Aspects of Holter Monitor-
ing, A.J. Moss and S. Stern, Editors. London/Philadelphia/
Toronto/Sydney/Tokyo: WB Saunders, , pp. –.

. Han, J. and G.K. Moe, Nonuniform recovery of excitability in
ventricular muscle. Circ. Res., ;: –.

. Antzelevich, C., W. Shimizu, G.X. Yan, et al., The M cell: its
contribution to the ECG and normal and abnormal electri-
cal function of the heart. J. Cardiovasc. Electrophysiol., ;:
–.

. Sylven, J.C., B.M. Horacek, C.A. Spencer, et al., QT interval vari-
ability on the body surface. J. Electrocardiol., ;: –.

. Zareba, W., A. Nomura, and J. Perkiömäki, Dispersion of repo-
larization: concept, methodology, and clinical experience, in
Noninvasive Electrocardiology in Clinical Practice, W. Zareba, P.
Maison-Blanche, and E.H. Locati, Editors. Armonk/New York:
Futura, , pp. –.

. Rautaharju, P.M., Why did QT dispersion die? CEPR, ;:
–.

. Malik, M., QT dispersion: time for an obituary? Eur. Heart J.,
;: – (Editorial).

. Simson, M.B., Use of signals in the terminal QRS complex to
identify patients with ventricular tachycardia after myocardial
infarction. Circulation, ;: –.

. Breithardt, G., M. Cain, N. El-Sherif, et al., Standards for anal-
ysis of ventricular late potentials using high-resolution signal-
averaged electrocardiography: a statement by a Task Force Com-
mittee of the European Society of Cardiology, the American
Heart Association, and the American College of Cardiology. J.
Am. Coll. Cardiol., ;: –.

. Kelen, G., R. Henkin, M. Lannon, et al., Correlation between
the signal-averaged electrocardiogram from Holter tapes
and from real-time recordings. Am. J. Cardiol., ;:
–.

. Leenhardt, A., P. Maison-Blanche, I. Denjoy, et al., Signal aver-
aging of ventricular late potentials using Holter recordings. Eur.
Heart J., ;:  (Abstract).

. Kostis, J.B., A.E. Moreyra, M.T. Amendo, J. Di Pietro,
N. Cosgrove, and P.T. Kuo, The effect of age on heart rate in

subjects free of heart disease. Studies by ambulatory electrocar-
diography and maximal exercise stress test. Circulation, ;:
–.

. Bjerregaard, P., Mean  hour heart rate, minimal heart rate
and pauses in healthy subjects – years of age. Eur. Heart
J., ;: –.

. Bjerregaard, P., Prevalence and variability of cardiac arrhyth-
mias in healthy subjects, in Cardiac Arrhythmias in the Active
Population. Prevalence, Significance and Management, D.A.
Chamberlain, H. Kulbertus, L. Mogensen, and M. Schlepper,
Editors. Molndal Sweden: Hassle, , p. .

. Bjerregaard, P., Premature beats in healthy subjects – years
of age. Eur. Heart J., ;: –.

. Djiane, P., A. Egre, M. Bory, B. Savin, S. Mostefa, and
A. Serradimigni, L’enregistrement electrocardiographique chez
les sujets normaux. Arch. Mal. Coeur Vaiss., ;: –.

. Goulding, L., Twenty-four hour ambulatory electrocardiogra-
phy from normal urban and rural populations, in ISAM ,
F.D. Stott, E.B. Raftery, P. Sleight, and L. Goulding, Editors.
London: Academic, , pp. –.

. Verbaan, C.J., J. Pool, and J. Van Wanrooy, Incidence of car-
diac arrhythmias in a presumed healthy population, in ISAM
, F.D. Stott, E.B. Raftery, P. Sleight, and L. Goulding, Editors.
London: Academic, , pp. –.

. Brodsky, M., D. Wu, P. Denes, C. Kanakis, and K.M. Rosen,
Arrhythmias documented by  hour continuous electrocar-
diographic monitoring in  male medical students without
apparent heart disease. Am. J. Cardiol., ;: –.

. Armstrong, W.F., J.W. Jordan, S.N. Morris, and P.L. McHenry,
Prevalence and magnitude of S-T segment and T wave abnor-
malities in normal men during continuous ambulatory electro-
cardiography. Am. J. Cardiol., ;: –.

. Quyyumi, A.A., C. Wright, and K. Fox, Ambulatory electrocar-
diographic ST segment changes in healthy volunteers. Br. Heart
J., ;: –.

. Bjerregaard, P., Prevalence and magnitude of ST segment and
T-wave abnormalities in healthy adult subjects during contin-
uous ambulatory electrocardiography, in Ambulatory Monitor-
ing: Cardiovascular System and Allied Applications, C. Marchesi,
Editor. The Hague: Nijhoff, , pp. –.

. Burckhardt, D., B.E. Luetold, M.V. Jost, and A. Hoffmann, Holter
monitoring in the evaluation of palpitations, dizziness and syn-
cope, in Long-Term Ambulatory Electrocardiography, J. Roe-
landt and P.G. Hugenholtz, Editors. The Hague: Nijhoff, ,
pp. –.

. Krasnow, A.Z. and D.K. Bloomfield, The relationship between
subjective symptomatology and objective findings from ambula-
tory ECG monitoring studies in a large unselected population, in
Ambulatory ECG Monitoring, S. Stem, Editor. Chicago, IL: Year
Book Medical, , pp. –.

. Shenasa, M., P.V.L. Curry, and E. Sowton, The relationship
between symptoms and arrhythmias during -hour ECG
recording, in ISAM , F.D. Stott, E.B. Raftery, and L. Gould-
ing, Editors. London: Academic, , pp. –.

. Bass, E.B., E.I. Curtiss, V.C. Arena, et al., The duration of Holter
monitoring in patients with syncope: is  hours enough? Arch.
Intern. Med., ;: –.

. Babalis, D., P. Maison-Blanche, J.F. Leclercq, and Ph. Coumel,
Interet d’un electrocardiogramme de longue duree chez les
patients ayant eu un accident cerebral ischemique. Arch. Mal.
Coeur Vaiss., ;: –.



  Ambulatory ElectrocardiogramMonitoring

. Fisher, M., Holter monitoring in patients with transient focal
cerebral ischemia. Stroke, ;: –.

. Reed, R.L., R.G. Siekert, and J. Merideth, Rarity of transient focal
cerebral ischemia in cardiac dysrhythmia. J. Am. Med. Assoc.,
;: –.

. Tonet, J.L., R. Frank, A. Ducardonnet, et al., L’enregistrement de
Holter dans les accidents ischemiques cerebraux. Nouv. Presse
Med., ;: –.

. Allen, R.D., L.S. Gettes, C. Phalan, and M.D. Avington, Painless
ST-segment depression in patients with angina pectoris. Corre-
lation with daily activities and cigarette smoking. Chest, ;:
–.

. Araki, H., Y. Koiwaya, O. Nakagaki, and M. Nakamura, Diurnal
distribution of ST-segment elevation and related arrhythmias
in patients with variant angina: a study by ambulatory ECG
monitoring. Circulation, ;: –.

. Biagini, A., M.G. Mazzei, C. Carpeggiani, et al., Vasospastic
ischemic mechanism of frequent asymptomatic transient ST-T
changes during continuous electrocardiographic monitoring in
selected unstable angina patients. Am. Heart J., ;: –.

. Gettes, L.S. and S.R. Winternitz, The use of ambulatory ECG
monitoring to detect “silent” ischemia, in Ambulatory ECGMon-
itoring, S. Stern, editor. Chicago, IL: Year Book Medical, ,
pp. –.

. Sellier, P., F. Proust, P. Dellebarre, J.L. Guermonprez, P. Ourbak,
and P. Maurice, l’enregistrement electrocardiographique continu
dans I’insuffisance coronaire interet diagnostique. Arch. Mal.
Coeur Vaiss., ;: –.

. Stern, S. and D. Tzivoni, Evaluation of ST-T alterations in the
ECG by ambulatory monitoring, in Ambulatory ECGMonitoring,
S. Stern, editor. Chicago, IL: Year Book Medical, , pp. –.

. Coumel, Ph., D. Milosevic, M. Rosengarten, J.F. Leclercq, and P.
Attuel, Interet theorique et pratique du monitoring de Holter
dans le bloc sino-auriculaire. Ann. Cardiol. Angeiol. ;:
–.

. Coumel, Ph., J.-F. Leclercq, P. Attuel, J.-P. Lavalle, and D. Flam-
mang, Autonomic influences in the genesis of atrial arrhythmias:
atrial flutter and fibrillation of vagal origin, in Cardiac Arrhyth-
mias Electrophysiology, Diagnosis and Management, O.S. Narula,
Editor. Baltimore, MD: Williams and Wilkins, , pp. –.

. Coumel, Ph., P. Attuel, J.F. Leclercq, and P. Friocourt, Arythmies
auriculaires d’origine vagale ou catecholergique. Effets compares
du traitement Beta-bloquant et phenomene d’echappement.
Arch. Mal. Coeur Vaiss., ;: –.

. Anderson, G.J. and M. Greenspan, Ventricular ectopic beats with
exit block: a retrospective Holter monitor study. J. Electrocar-
diol., ;: –.

. Coumel, Ph., J.-F. Leclercq, P. Attuel, J.-P. Lavallee, and D.
Flammang, Autonomic influences: sympathetic drive and
the genesis of ventricular arrhythmias, in Cardiac Arrhyth-
mias. Electrophysiology, Diagnosis and Management, O.S.
Narula, Editor. Baltimore, MD: Williams and Wilkins, ,
pp. –.

. Lown, B., M. Tykocinski, A. Garfein, and P. Brooks, Sleep and
ventricular premature beats. Circulation, ;: –.

. Vellani, C.W. and A. Murray, The effect of sinus rhythm on
the periodicity and coupling interval of ventricular parasystolic
rhythm. Eur. Heart J., ;: –.

. Deedwania, P.C., Ischemia detected by Holter monitoring in
coronary artery disease, in Noninvasive Electrocardiology –
Clinical Aspects of Holter Monitoring, A.J. Moss and S. Stern,

Editors. London/Philadelphia/Toronto/Sydney/Tokyo: WB
Saunders, , pp. –.

. Stone, P.H. and G. MacCallum, ST segment analysis in ambula-
tory ECG (Holter) monitoring, in Noninvasive Electrocardiology
in Clinical Practice, W. Zareba, P. Maison-Blanche, and E.H.
Locati, Editors. Armonk/New York: Futura, , pp. –.

. Stone, P.H., B. Chaitman, R.P. McMahon, et al. for the ACIP
Investigators, The relationship between exercise-induced and
ambulatory ischemia in patients with stable coronary disease.
Circulation, ;: –.

. Tzivoni, D. and S. Stern, Complimentary role of ambulatory
electrocardiographic monitoring and exercise testing in eval-
uation of myocardial ischemia. Cardiol. Clin.; in Ambulatory
Electrocardiography – Current Clinical Concepts, H.L. Kennedy,
Editor. Philadelphia/London/Toronto/Montreal/Sydney/Tokyo:
W.B. Saunders, , pp. –.

. Gettes, L.S., Painless myocardial ischemia. Chest, ;: –
 (editorial).

. Stern, S. and D. Tzivoni, Early detection of silent ischaemic heart
disease by -hour electrocardiographic monitoring of active
subjects. Br. Heart J., ;: –.

. Cohn, P.F., Silent myocardial ischemia and infarction. New York:
Marcel Dekker, .

. Cohn, P.F., Silent myocardial ischemia: the early years, in Silent
Myocardial Ischemia, S. Stern, Editor. London: Martin Dunitz,
, pp. –.

. Stone, P.H. and A.P. Selwyn, The prognostic signifi-
cance of silent myocardial ischemia, in Silent Myocardial
Ischemia, S Stern, Editor. London: Martin Dunitz, ,
pp. –.

. Deanfield, J.E., A.P. Selwyn, S. Chierchia, et al., Myocardial
ischemia during daily life in patients with stable angina: its
relation to symptoms and heart rate changes. Lancet, ;ii:
–.

. Chipkin, S.R., D. Frid, J.S. Alpert, et al., Frequency of pain-
less myocardial ischemia during exercise tolerance testing in
patients with and without diabetes mellitus. Am. J. Cardiol.,
;: –.

. Marchant, B., V. Umachandran, R. Stevenson, et al., Silent
myocardial ischemia: role of subclinical neuropathy in patients
with and without diabetes. J. Am. Coll. Cardiol., ;: –
.

. Droste, C. and H. Roskamm, Experimental pain measurement
in patients with asymptomatic myocardial ischemia. J. Am. Coll.
Cardiol., ;: –.

. Droste, C. and H. Roskamm, Pain perception and endogenous
pain modulation in angina pectoris. Adv. Cardiol., ;: –
.

. Rosen, S.D., E. Paulsen, P. Nihoyannopoulos, et al., Silent
ischemia as a central problem: regional brain activation com-
pared in silent and painful myocardial ischemia. Ann. Intern.
Med., ;: –.

. Rocco, M.B., E.G. Nabel, S. Campbell, et al., Prognostic impor-
tance of myocardial ischemia detected by ambulatory monitor-
ing in patients with stable coronary artery disease. Circulation,
;: –.

. Tzivoni, D., A. Gavish, D. Zin, et al., Prognostic significance of
ischemic episodes in patients with previous myocardial infarc-
tion. Am. J. Cardiol., ;: –.

. Hedblad, B., S. Juul-Möller, K. Swensson, et al., Increased mor-
tality in men with ST segment depression during h ambulatory



Ambulatory ElectrocardiogramMonitoring  

long-term ECG recording. Results from prospective population
study “Men born in ” from Malmo, Sweden. Eur. Heart J.,
;: –.

. Deedwania, P.C. and E.V. Carbajal, Silent ischemia during daily
life is an independent predictor of mortality in stable angina.
Circulation, ;: –.

. Raby, K.E., L. Goldman, E.F. Cook, et al., Long-term progno-
sis of myocardial ischemia detected by Holter monitoring in
peripheral vascular disease. Am. J. Cardiol., ;: –.

. Yeung, A.C., J. Barry, J. Orav, et al., Effects of asymptomatic
ischemia on long-term prognosis in chronic stable coronary
disease. Circulation, ;: –.

. Deedwania, P.C. and E.V. Carbajal, Usefulness of ambulatory
silent myocardial ischemia added to the prognostic value of exer-
cise test parameters in predicting risk of cardiac death in patients
with stable angina pectoris and exercise-induced myocardial
ischemia. Am. J. Cardiol., ;: –.

. Quyumi, A.A., J.A. Panza, J.G. Diodati, et al., Prognostic impli-
cations of myocardial ischemia during daily life in low risk
patients with coronary artery disease. J. Am. Coll. Cardiol.,
;: –.

. Moss, A.J., R.E. Goldstein, J. Hall, et al., Detection and signif-
icance of myocardial ischemia in stable patients after recovery
from an acute coronary event. JAMA, ;: –.

. de Marchena, E., J. Asch, J. Martinez, et al., Usefulness of
persistent silent myocardial ischemia in predicting a high car-
diac event rate in men with medically controlled, stable angina
pectoris. Am. J. Cardiol., ;: –.

. Madjilessi-Simon, T., M. Mary-Krause, F. Fillette, et al., Per-
sistent transient myocardial ischemia despite beta-adrenergic
blockade predicts a higher risk of adverse cardiac events in
patients with coronary artery disease. J. Am. Coll. Cardiol.,
;: –.

. Gill, J.B., J.A. Cairns, R.S. Roberts, et al., Prognostic impor-
tance of myocardial ischemia detected by ambulatory monitor-
ing early after acute myocardial infarction. N. Engl. J. Med.,
;: –.

. Pepine, C.J., P.F. Cohn, P.C. Deedwania, et al., Effects of treat-
ment on outcome in mildly symptomatic patients with ischemia
during daily life: the Atenolol Silent Ischemia Study (ASIST).
Circulation, ;: –.

. Rogers, W.J., M.G. Bourassa, T.C. Andrews, et al., Asymptomatic
Cardiac Ischemia Pilot (ACIP) study: outcome at  year for
patients with asymptomatic cardiac ischemia randomized to
medical therapy or revascularization: the ACIP Investigators.
J. Am. Coll. Cardiol., ;: –.

. Dargie, H.J., I. Ford, and K.M. Fox, Total Ischaemic Burden
European Trial (TIBET): effects of ischmaemia and treatment
with atenolol, nifedipine SR and their combination on outcome
in patients with chronic stable angina: the TIBET Study Group.
Eur. Heart J., ;: –.

. von Arnim, Prognostic significance of transient ischemic
episodes: response to treatment shows improved prognosis:
results of the Total Ischemic Burden Bisoprolol Study (TIBBS)
follow-up. J. Am. Coll. Cardiol., ;: –.

. Bailey, J.J., A. Berson, H. Handelsman, and M. Hodges, Utility of
current risk stratification tests for predicting major arrhythmic
events after myocardial infarction. J. Am. Coll. Cardiol., ;:
–.

. Moss, A.J., W.J. Hall, D.S. Cannom, et al., Improved survival
with an implanted defibrillator in patients with coronary disease

at high risk for ventricular arrhythmia: Multicenter Automatic
Defibrillator Implantation Trial Investigators. N. Engl. J. Med.,
;: –.

. Denes, P., A.M. Gillis, Y. Pawitan, et al., Prevalence, charac-
teristics and significance of ventricular premature complexes
and ventricular tachycardia detected by -hour continuous
electrocardiographic recording in the Cardiac Arrhythmia Sup-
pression Trial. CAST Investigators. Am. J. Cardiol., ;:
–.

. Ruberman, W., E. Weinblatt, J.D. Goldberg, et al., Ventricu-
lar premature complexes and sudden death after myocardial
infarction. Circulation, ;: –.

. Olson, H.G., K.P. Lyons, P. Troop, et al., The high-risk acute
myocardial infarction patient at -year follow-up: identification
at hospital discharge by ambulatory electrocardiography and
radionuclide ventriculography. Am. Heart J., ;: –.

. Mukharji, J., R.E. Rude, W.K. Poole, et al., Risk factors for sud-
den death after myocardial infarction: two-year follow-up. Am.
J. Cardiol., ;: –.

. Kostis, J.B., R. Byington, L.M. Friedman, et al., Prognostic sig-
nificance of ventricular ectopic activity in survivors of acute
myocardial infarction. J. Am. Coll. Cardiol., ;: –.

. Verzoni, A., S. Romano, L. Pozzoni, et al., Prognostic signifi-
cance and evolution of late ventricular potentials in the first year
after myocardial infarction: a prospective study. Pacing Clin.
Electrophysiol., ;: –.

. Gomes, J.A., S.L. Winters, M. Martinson, et al., The prognos-
tic significance of quantitative signal-averaged variables rela-
tive to clinical variables, site of myocardial infarction, ejection
fraction and ventricular premature beats: a prospective study.
J. Am. Coll. Cardiol., ;: –.

. Richards, D.A., K. Byth, D.L. Ross, et al., What is the best pre-
dictor of spontaneous ventricular tachycardia and sudden death
after myocardial infarction? Circulation, ;: –.

. Farrell, T.G., Y. Bashir, T. Cripps, et al., Risk stratification for
arrhythmic events in postinfarction patients based on heart rate
variability, ambulatory electrocardiographic variables and the
signal-averaged electrocardiogram. J. Am. Coll. Cardiol., ;:
–.

. de Cock, C.C., F.C. Visser, M.J. van Eenige, et al., Independent
prognostic value of supraventricular arrhythmias on -h ambu-
latory monitoring following myocardial infarction. Eur. Heart J.,
;: –.

. Steinberg, J.S., A. Regan, R.R. Sciacca, et al., Predicting
arrhythmic events after acute myocardial infarction using the
signal-averaged electrocardiogram. Am. J. Cardiol., ;:
–.

. Bigger, J.T., Jr, J.L. Fleiss, R.C. Steinman, et al., Frequency
domain measures of heart rate period variability and mortality
after myocardial infarction. Circulation, ;: –.

. Pedretti, R., M.D. Etro, A. Laporta, et al., Prediction of
late arrhythmic events after acute myocardial infarction
from combined use of noninvasive prognostic variables and
inducibility of sustained monomorphic ventricular tachycardia.
Am. J. Cardiol., ;: –.

. McClements, B.M. and A.A. Adgey, Value of signal-averaged
electrocardiography, radionuclide ventriculography, Holter
monitoring and clinical variables for prediction of arrhyth-
mic events in survivors of acute myocardial infarction
in the thrombolytic era. J. Am. Coll. Cardiol., ;:
–.



  Ambulatory ElectrocardiogramMonitoring

. Kuchar, D.L., C.W. Thorburn, and N.L. Sammel, Prognostic
implications of loss of late potentials following acute myocardial
infarction. Pacing Clin. Electrophysiol., ;: –.

. Hohnloser, S.H., P. Franck, T. Klingenleben, et al., Open infarct
artery, late potentials, and other prognostic factors in patients
after acute myocardial infarction in the thrombolytic era: a
prospective trial. Circulation, ;: –.

. Hermosillo, A.G., V. Araya, J.M. Casanova, et al., Risk strat-
ification for malignant arrhythmic events in patients with an
acute myocardial infarction: role of an open infarct-related
artery and the signal-averaged ECG. Coron. Artery Dis., ;:
–.

. El-Sherif, N., P. Denes, R. Katz, et al., Definition of the best
prediction criteria of the time domain signal-averaged electro-
cardiogram for serious arrhythmic events in the postinfarction
period. J. Am. Coll. Cardiol., ;: –.

. La Rovere, M.T., J.T. Bigger Jr, F.I. Marcus, et al., Baroreflex sen-
sitivity and heart-rate variability in prediction of total cardiac
mortality after myocardial infarction. ATRAMI (Autonomic
Tone and Reflexes After Myocardial Infarction) Investigators.
Lancet, ;: –.

. Hohnloser, S.H., T.K. Klingenleben, M. Zabel, and O. Mauss,
Prevalence, characteristics, and prognostic value during long-
term follow-up of nonsustained ventricular tachycardia after
myocardial infarction in the thrombolytic era. J. Am. Coll. Car-
diol., ;: –.

. Kleiger, R.E., J.P. Miller, J.T. Bigger, et al., Decreased heart
rate variability and its association with increased mortality
after acute myocardial infarction. Am. J. Cardiol., ;:
–.

. Odemuyiwa, O., M. Malik, T. Farrell, et al., Comparison of the
predictive characteristics of heart rate variability index and left
ventricular ejection fraction for all-cause mortality, arrhythmic
events and sudden death after acute myocardial infarction. Am.
J. Cardiol., ;: –.

. Zuanetti, G., J.M. Neilson, R. Latini, et al., Prognostic signif-
icance of heart rate variability in post-myocardial infarction
patients in the fibrinolytic era. The GISSI- results. Gruppo Ital-
iano per lo Studio della Sopravvivenza nell’Infarto Miocardio.
Circulation, ;: –.

. Copie, X., K. Hnatkova, A. Staunton, et al., Predictive power of
increased heart rate versus depressed left ventricular ejection
fraction and heart rate variability for risk stratification after
myocardial infarction. Results of a two-year follow-up study.
J. Am. Coll. Cardiol., ;: –.

. Lanza, G.A., V. Guido, M.M. Galeazzi, et al., Prognostic role of
heart rate variability in patients with a recent acute myocardial
infarction. Am. J. Cardiol., ;: –.

. Katz, A., I.F. Liberty, A. Porath, et al., A simple bedside test
of -minute heart rate variability during deep breathing as a
prognostic index after myocardial infarction. Am. Heart J.,
;: –.

. Malik, M., A.J. Camm, M.J. Janse, et al., Depressed heart rate
variability identifies postinfarction patients who might bene-
fit from prophylactic treatment with amiodarone: a substudy of
EMIAT (The European Myocardial Infarct Amiodarone Trial).
J. Am. Coll. Cardiol., ;: –.

. Mäkikallio, T.H., P. Barthel, R. Schneider, et al., Prediction of
sudden cardiac death after acute myocardial infarction: role of
Holter monitoring in the modern treatment era. Eur. Heart J.,
;: –.

. Bauer, A., P. Guzik, P. Barthel, et al., Reduced prognostic power
of ventricular late potentials in post-infarction patients of the
reperfusion era. Eur. Heart J., ;: –.

. Schmidt, G. and Malik, M., Heart rate turbulence, in Non-
invasive Electrocardiology in Clinical Practice, W. Zareba,
P. Maison-Blanche, and E.H. Locati, Editors. Armonk/New York:
Futura, , pp. –.

. Kjekshus, J., Arrhythmias and mortality in congestive heart
failure. Am. J. Cardiol., ;: –.

. Gradman, A., P. Deedwania, R. Cody, B. Massie, M. Packer,
B. Pitt, and S. Goldstein, Predictors of total mortality and sud-
den death in mild-to-moderate heart failure. Captopril-Digoxin
Study Group. J. Am. Coll. Cardiol., ;: –.

. Fletcher, R.D., G.B. Cintron, G. Johnson, J. Orndorff, P. Car-
son, and J. Cohn for the V-HeFT VA Cooperative Studies
Group, Enalapril decreases prevalence of ventricular tachycar-
dia in patients with chronic congestive heart failure. Circulation,
;(Suppl.): VI-–.

. Doval, H.C., D.R. Nul, H.O. Grancelli, et al., Nonsustained ven-
tricular tachycardia in severe heart failure: independent marker
of increased mortality due to sudden death. GESICA-GEMA
Investigators. Circulation, ;: –.

. Fei, L., P.J. Keeling, J.S. Gill, Y. Bashir, D.J. Statters, J. Poloniecki,
W.J. McKenna, and A.J. Camm, Heart rate variability and its rela-
tion to ventricular arrhythmias in congestive heart failure. Br.
Heart J., ;: –.

. Hoffman, J., W. Grimm, V. Menz, and B. Maisch, Heart rate
variability and major arrhythmias in patients with idiopathic
dilated cardiomyopathy. Pacing Clin. Electrophysiol., ;:
–.

. Yi, G., J.H. Goldman, P.J. Keeling, M. Malik, and W.J. McKenna,
Heart rate variability in idiopathic dilated cardiomyopathy:
relation to disease severity and prognosis. Heart ;:
–.

. Fauchier, L., D. Babuty, P. Cosnay, M.L. Autret, and J.P. Fauchier,
Heart rate variability in idiopathic dilated cardiomyopathy:
characteristics and prognostic value. J. Am. Coll. Cardiol.,
;: –.

. Ponikowski, P., S.D. Anker, T.P. Chua, et al., Depressed heart rate
variability as an independent predictor of death in chronic con-
gestive heart failure secondary to ischemic or idiopathic dilated
cardiomyopathy. Am. J. Cardiol., ;: –.

. Szabo, B.M., D.J. van Veldhuisen, N. van der Veer, J. Brouwer,
P.A. De Graeff, and H.J.G.M. Crijns, Prognostic value of HRV
in chronic congestive heart failure secondary to idiopathic
or ischemic dilated cardiomyopathy. Am. J. Cardiol., ;:
–.

. Boveda, S., M. Galinier, A. Pathak, et al., Prognostic value of
heart rate variability in time domain in congestive heart failure.
J. Intervent. Card. Electrophysiol., ;: –.

. Bilchik, K.C., B. Fetics, R. Djoukeng, et al., Prognostic value
of heart rate variability in chronic congestive heart failure
(Veterans Affair’s Survival Trial of Antiarrhythmic Therapy in
Congestive Heart Failure). Am. J. Cardiol., ;: –.

. Aronson, D., M.A. Mittleman, and A.J. Burger, Measures of
heart period variability as predictors of mortality in hospital-
ized patients with decompensated congestive heart failure. Am.
J. Cardiol., ;: –.

. La-Rovere, M.T., G.D. Pinna, R. Maestri, et al., Short-term heart
rate variability strongly predicts sudden cardiac death in chronic
heart failure patients. Circulation, ;: –.



Ambulatory ElectrocardiogramMonitoring  

. Guzzetti, S., M.T. La-Rovere, G.D. Pinna, et al., Different spec-
tral components of  h heart rate variability are related to
different modes of death in chronic heart failure. Eur. Heart J.,
;: –.

. Adamson, P.B., A.L. Smith, W.T. Abraham, et al., Continu-
ous autonomic assessment in patients with symptomatic heart
failure: prognostic value of heart rate variability measured by
an implanted cardiac resynchronization device. Circulation,
;: –.

. Koyama, J., J. Watanabe, A. Yamada, et al., Evaluation of heart
rate turbulence as a new prognostic marker in patients with
chronic heart failure. Circ. J., ;: –.

. Kawasaki, T., A. Azuma, S. Asada, et al., Heart rate turbu-
lence and clinical prognosis in hypertrophic cardiomyopathy
and myocardial infarction. Circ. J., ;: –.

. Grimm, W., J. Sharkova, M. Christ, et al., Prognostic significance
of heart rate turbulence following ventricular premature beats in
patients with idiopathic dilated cardiomyopathy. J. Cardiovasc.
Electrophysiol., ;: –.

. McKenna, W.J., S. Chetty, C.M. Oakley, et al., Arrhythmia in
hypertrophic cardiomyopathy: exercise and  hour ambula-
tory electrocardiographic assessment with and without beta
adrenergic blocking therapy. Am. J. Cardiol., ;: –.

. Maron, B.J., D.D. Savage, J.K. Wolfson, et al., Prognostic signifi-
cance of  hour ambulatory electrocardiographic monitoring in
patients with hypertrophic cardiomyopathy: a prospective study.
Am. J. Cardiol., ;: –.

. McKenna, W.J., C.M. Oakley, D.M. Krikler, et al., Improved
survival with amiodarone in patients with hypertrophic car-
diomyopathy and ventricular tachycardia. Br. Heart J., ;:
–.

. Fanapazir, L., A.C. Chang, S.E. Epstein, et al., Prognostic deter-
minants in hypertrophic cardiomyopathy. Circulation, ;:
–.

. McKenna, W.J. and E.R. Behr, Hypertrophic cardiomyopa-
thy: management, risk stratification, and prevention of sudden
death. Heart, ;: –.

. Counihan, P.J., L. Fei, Y. Bashir, et al., Assessment of heart rate
variability in hypertrophic cardiomyopathy: association with
clinical and prognostic features. Circulation, ;: –.

. Elliott, P.M., J. Poloniecki, S. Dickie, et al., Sudden death
in hypertrophic cardiomyopathy: identification of high risk
patients. J. Am. Coll. Cardiol., ;: –.

. Von Olshausen, K., F. Schwarz, J. Apfelbach, N. Rohrig,
B. Kriimer, and W. Kiibler, Determinants of the incidence and
severity of ventricular arrhythmias in aortic valve disease. Am.
J. Cardiol., ;: –.

. Chesler, E., R.A. King, and J.E. Edwards, The myxomatous mitral
valve and sudden death. Circulation, ;: –.

. Jeresaty, R.M., Sudden death in the mitral valve prolapse-click
syndrome. Am. J. Cardiol., ;: –.

. Leclercq, J.F., M.C. Malergue, D. Milosevic, M.D. Rosengarten,
P. Attuel, and Ph. Coumel, Troubles du rythme ventriculaires et
prolapsus mitral. A propos de  observations. Arch. Mal. Coeur
Vaiss., ;: –.

. Winkle, R.A., M.G. Lopes, R.L. Popp, and E.W. Hancock, Life-
threatening arrhythmias in the mitral valve prolapse syndrome.
Am. J. Med., ;: –.

. Kannel, W.B., A.L. Dannenberg, and D. Levy, Population impli-
cations of electrocardiographic left ventricular hypertrophy.
Am. J. Cardiol., ;: I–I.

. Levy, D., K.M. Anderson, D.D. Savage, et al., Risk of ventricu-
lar arrhythmias in left ventricular hypertrophy: the Framingham
Heart Study. Am. J. Cardiol., ;: –.

. Bikkina, M., M.G. Larson, and D. Levy, Asymptomatic ven-
tricular arrhythmias and mortality risk in subjects with left
ventricular hypertrophy. J. Am. Coll. Cardiol., ;: –.

. Singh, J.P., M.G. Larson, H. Tsuji, et al., Reduced heart rate
variability and new-onset hypertension: insights into the patho-
genesis of hypertension. Hypertension, ;: –.

. Liao, D., J. Cai, R.W. Barnes, et al., Association of cardiac auto-
nomic function and the development of hypertension: the ARIC
Study. Am. J. Hypertens., ;: –.

. Kohara, K., W. Nishida, M. Maguchi, et al., Autonomic ner-
vous function in nondipper essential hypertensive subjects:
evaluation by power spectral analysis of heart rate variability.
Hypertension, ;: –.

. Ewing, D.J., I.W. Campbell, B.F. Clarke, et al., The natural history
of diabetic autonomic neuropathy. QJ Med., ;: –.

. Malpas, S.C. and T.J. Maling, Heart rate variability and cardiac
autonomic function in diabetes. Diabetes, ;: –.

. Ewing, D.J., J.M. Neilson, C.M. Shapiro, et al., Twenty four
hour heart rate variability: effects of posture, sleep, and time
of day in healthy controls and comparison with bedside tests
of autonomic function in diabetic patients. Br. Heart J., ;:
–.

. Bellavere, F., I. Balzani, G. DeMasi, et al., Power spectral analysis
of heart-rate variations improves assessment of diabetic cardiac
autonomic neuropathy. Diabetes, ;: –.

. D’Elia, J.A., L.A. Weinrauch, R.E. Gleason, et al., Application of
the ambulatory -hour electrocardiogram in the prediction of
cardiac death in dialysis patients. Arch. Intern. Med. ;:
–.

. O’Kelly, B., W.S. Browner, B. Massie, et al., Ventricular arrhyth-
mias in patients undergoing noncardiac surgery: the Study
of Perioperative Ischemia Research Group. JAMA, ;:
–.

. Huikuri, H.V., S. Yli-Mayry, U.R. Korhonen, et al., Prevalence
and prognostic significance of complex ventricular arrhyth-
mias after coronary arterial bypass graft surgery. Int. J. Cardiol.,
;: –.

. DiMarco, J.P. and J.T. Philbrick, Use of ambulatory electrocar-
diographic (Holter) monitoring. Ann. Intern. Med., ;:
–.

. Sami, M., H. Kraemer, D.C. Harrison, N. Houston, C. Shimasaki,
and R.I. De Busk, A new method for evaluating antiarrhythmic
drug efficacy. Circulation, ;: –.

. Sami, M., D.C. Harrison, H. Kraemer, N. Houston, C. Shimasaki,
and R.F. De Busk, Antiarrhythmic efficacy of encainide and
quinidine: validation of a model for drug assessment. Am. J.
Cardiol., ;: –.

. Burkart, F., M. Pfisterer, W. Kiowski, et al., Effect of antiar-
rhythmic therapy on mortality in survivors of myocardial infarc-
tion with asymptomatic complex ventricular arrhythmias: Basel
Antiarrhythmic Study of Infarct Survival (BASIS). J. Am. Coll.
Cardiol., ;: –.

. Ceremuzynski, L., E. Kleczar, M. Krzeminska-Pakula, et al.,
Effect of amiodarone on mortality after myocardial infarction:
a double-blind, placebo-controlled pilot study. J. Am. Coll. Car-
diol., ;: –.

. Doval, H.C., D.R. Nul, H.O. Grancelli, et al., Randomised trial of
low-dose amiodarone in severe congestive heart failure: Grupo



  Ambulatory ElectrocardiogramMonitoring

de Estudio de la Sobrevida en la Insufficiencia Cardiaca en
Argentina (GESICA). Lancet, ;: –.

. The CASCADE Investigators, Randomised drug therapy in sur-
vivors of cardiac arrest (the CASCADE Study). Am. J. Cardiol.,
;: –.

. Julian, D.G., A.J. Camm, G. Frangin, et al., Randomised trial
of effect of amiodarone on mortality in patients with left-
ventricular dysfunction after recent myocardial infarction:
EMIAT, European Myocardial Infarct Amiodarone Trial Inves-
tigators. Lancet, ;: –.

. Cairns, J.A., S.J. Conolly, R. Roberts, et al., Randomised trial of
outcome after myocardial infarction in patients with frequent
or repetitive ventricular premature depolarisations: CAMIAT,
Canadian Amiodarone Myocardial Infarction Arrhythmia Trial
Investigators. Lancet, ;: –.

. Singh, S.N., R.D. Fletcher, S.G. Fisher, et al., Amiodarone in
patients with congestive heart failure and asymptomatic ven-
tricular arrhythmias: Survival Trial of Antiarrhythmic Ther-
apy in Congestive Heart Failure. N. Engl. J. Med., ;:
–.

. Lampert, S., B. Lown, T.B. Graboys, et al., Determinants of
survival in patients with malignant ventricular arrhythmia asso-
ciated with coronary artery disease. Am. J. Cardiol., ;:
–.

. Hallstrom, A.P., H.L. Greene, and M.L. Huther, The healthy
responder phenomenon in non-randomized clinical trial. CAST
Investigators. Stat. Med., ;: –.

. Mason, J.W., A comparison of electrophysiologic testing with
Holter monitoring to predict antiarrhythmic-drug efficacy for
ventricular tachyarrhythmias: Electrophysiologic Study Versus
Electrocardiographic Monitoring Investigators. N. Engl. J. Med.,
;: –.

. Morganroth, J. and C.M. Pratt, Prevalence and characteristics
of proarrhythmia from moricizine (ethmozine). Am. J. Cardiol.,
;: –.

. Kennedy, H.L., Late proarrhythmia and understanding the time
of occurrence of proarrhythmia. Am. J. Cardiol., ;: –
.

. Balasubramanian, V., M.W. Millar Craig, A.B. Davies, and E.B.
Raftery, Verapamil therapy in variant angina: assessment by
high-fidelity frequency modulated ambulatory ECG. Am. Heart
J., ;: –.

. Dick, M., II, D. McFadden, D. Crowley, et al., Diagnosis and
management of cardiac rhythm disorders by transtelephonic
electrocardiography in infants and children. J. Pediatr., ;:
–.

. Porter, C.J., P.C. Gillette, and D.G. McNamara, Twenty-four-
hour ambulatory ECGs in the detection and management of
cardiac arrhythmias in infants and children. Pediatr. Cardiol.,
;: –.

. Fyfe, D.A., D.R. Holmes, S.A. Neubauer, et al., Transtele-
phonic monitoring in pediatric patients with clinically sus-
pected arrhythmias. Clin. Pediatr., ;: –.

. Goldstein, M.A., P. Hesslein, and A. Dunningan, Efficacy of
trans-telephonic electrocardiographic monitoring in pediatric
patients. Am. J. Dis. Child., ;: –.

. Hoyel, L., A. Fournier, S. Centazzo, et al., Use of transtelephonic
electrocardiographic monitoring in children with suspected
arrhythmias. Can. J. Cardiol., ;: –.

. Karpawich, P.P., D.L. Cavitt, and J.S. Sugalski, Ambulatory
arrhythmia screening in symptomatic children and young
adults: comparative effectiveness of Holter and telephone event
recordings. Pediatr. Cardiol., ;: –.

. Saarel, E.V., C.B. Stefanelli, P.S. Fischbach, et al., Transtele-
phonic electrocardiographic monitors for evaluation of chil-
dren and adolescents with suspected arrhythmias. Pediatrics,
;: –.

. Seliem, M.A., D.W. Benson, J.F. Strasburger, et al., Complex ven-
tricular ectopic activity in patients less than  years of age with
or without syncope, and the role of ventricular extrastimulus
testing. Am. J. Cardiol., ;: –.

. Driscoll, D.J., S.J. Jacobsen, C.J. Porter, et al., Syncope in children
and adolescents. J. Am. Coll. Cardiol., ;: –.

. Sanatani, S., A. Peirone, C. Chiu, et al., Use of an implantable
loop recorder in the evaluation of children with congenital heart
disease. Am. Heart J., ;: –.

. Wolfe, R.R., D.J. Driscoll, W.M. Gersony, et al., Arrhyth-
mias in patients with valvular aortic stenosis, valvular
pulmonary stenosis, and ventricular septal defect: results
of -hour ECG monitoring. Circulation, ;(Suppl. I):
I-–I-.

. Garson, A., Jr, M. Bink-Boelkens, P.S. Heslein, et al., Atrial flut-
ter in the young: a collaborative study of  cases. J. Am. Coll.
Cardiol., ;: –.

. Cullen, S., D.S. Celermajer, R.C. Franklin, et al., Prognostic sig-
nificance of ventricular arrhythmia after repair of tetralogy of
Fallot: a -year prospective study. J. Am. Coll. Cardiol., ;:
–.

. Chandar, J.S., G.S. Wolff, A. Garson, Jr, et al., Ventricular
arrhythmias in postoperative tetralogy of Fallot. Am. J. Cardiol.,
;: –.

. Garson, A., Jr, Ventricular arrhythmias after repair of congen-
ital heart disease: who needs treatment? Cardiol. Young, ;:
–.

. Paul, T., C. Marchal, and A. Garson, Jr, Ventricular couplets in
the young: prognosis related to underlying substrate. Am. Heart
J., ;: –.

. Krongrad, E., Prognosis for patients with congenital heart dis-
ease and postoperative intraventricular conduction defects. Cir-
culation, ;: –.

. Fenelon, G., A. d’Avila, T. Malacky, et al., Prognostic significance
of transient complete atrioventricular block during radiofre-
quency ablation of atrioventricular node reentrant tachycardia.
Am. J. Cardiol., ;: –.

. Packer, D.L., G.H. Bardy, S.J. Worley, et al., Tachycardia-induced
cardiomyopathy: a reversible form of left ventricular dysfunc-
tion. Am. J. Cardiol., ;: –.

. Locati, E.H., Advances in modern electrocardiographic equip-
ment for long-term ambulatory monitoring. Card. Electrophys-
iol. Rev., ;: –.

. Coumel, P., Noninvasive exploration of cardiac arrhythmias.
Ann. NY Acad. Sci., ; –.



 The Pre-Hospital Electrocardiogram
Johan Herlitz ⋅ Leif Svensson ⋅ Per Johansson

. Background .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Historical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Ideological Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Three Major Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Symptoms that Indicate a Prehospital ECG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Benefits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Detection of ECG Abnormalities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Myocardial Ischemia/Infarction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Arrhythmias. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Improved Triage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Direct Transport to Coronary Care Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Direct Transport to Catheterization Laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Direct Transport to Remote Hospital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Earlier Start of Treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Earlier Start of Fibrinolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Prior to Hospital Admission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... In Hospital. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Earlier Start of Percutaneous Coronary Intervention (PCI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Earlier Start of Antiplatelet and Antithrombotic Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Earlier Start of Anti-IschemicTherapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Earlier Start of Antiarrhythmic Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Improved Outcome .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Reduced Mortality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Reduced Morbidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Health Economy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Negative Consequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Increase in Delay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. False Information. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Implementation.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Education and Training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Technical Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Practical Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Process Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. In-Field Interpretation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... By Health-Care Providers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

P. W. Macfarlane, A. van Oosterom, O. Pahlm, P. Kligfield, M. Janse, J. Camm (eds.), Comprehensive Electrocardiology, DOI ./----_,
© Springer-Verlag London Limited 



  The Pre-Hospital Electrocardiogram

... With Computer Assistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Wireless Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. To Nearest Hospital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. To Remote Hospital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Elsewhere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. ECG Indicators for Myocardial Ischemia/Infarction and Adverse Outcome . . . . . . . . . . . . . . . . . . . . . . . 
.. ST Elevation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. ST Depression. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. T-Wave Inversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Other Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Prehospital Continuous ECGMonitoring .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Method Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Occurrence of Arrhythmias. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Wide QRS Complex. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Advantages of Continuous Prehospital ECGMonitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Number of Electrodes for Detection of Myocardial Ischemia/Infarction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Different Technical Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Medtronic Lifepak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Ortivus Mobimed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Other . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Various Types of Arrhythmia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. No Cardiac Arrest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Bradyarrhythmias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Tachyarrhythmias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Cardiac Arrest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Ventricular Fibrillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Pulseless Electrical Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Asystole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Electrocardiographic Factors Associated with Outcome in Cardiac Arrest. . . . . . . . . . . . . . . . . . . . . . . . . 
.. Ventricular Fibrillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
... Waveform Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Pulseless Electrical Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Use of a Prehospital Electrocardiogram in a Global Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Use and Transmission of a Prehospital ECG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.. Important Prehospital ECG Research Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. Future Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 



The Pre-Hospital Electrocardiogram  

. Background

.. Historical Background

The firstmobile coronary care unit was reported by Frank Pantridge in  []. He described  patients with presumed
acute myocardial infarction who were treated prior to hospital admission. Ten of them were successfully resuscitated
following an out-of-hospital cardiac arrest. In , electrocardiographic telemetry from ambulances was first described
[]. At that stage, only rhythm strips were transmitted. However, in the s, at the time of the introduction of fibrinol-
ysis, many ambulance organizations started to routinely record a -lead electrocardiogram (ECG). This was originally
done with the sole purpose of detecting ST-segment elevation, thereby starting treatment with fibrinolysis prior to hos-
pital admission. However, when this research area was in its infancy, it was thought that all patients with an impending
myocardial infarction could perhaps benefit from this treatment [] and the need for a prehospital ECG was therefore
not obvious [].

In an important meta-analysis published in  [], it was clearly shown that patients who would benefit from fibri-
nolysis were those with ST-segment elevation or left bundle branch block and that the earlier the treatment started, the
better it would be.This important finding put the -lead prehospital ECG in focus. However, in large screening studies, it
was shown that only a minority of patients with acute chest pain, who were transported by ambulance, had these changes
on their prehospital ECG []. At this early stage, it was shown that other ECG changes, such as ST depression, were also
an alarming ECG sign, but the prehospital treatment for these changes was not established.

During the last few years, the use of the prehospital ECG has become more and more widespread, with the aim not
only of starting prehospital fibrinolysis but also improving the prehospital triage of patients with acute chest pain. Parallel
to this, research on out-of-hospital cardiac arrest has been going on for the past  decades. In this case, the prehospital
ECG is the most important tool when it comes to advising optimal treatment. During the last decade, ECG research has
focused on the opportunity to predict the outcome of defibrillation in ventricular fibrillation based onwave-form analysis.

.. Ideological Background

Two major pathophysiological considerations constitute the principal background for the need for a prehospital ECG
when a heart attack is suspected: () “Time is saved myocardium” and () the occurrence of life-threatening arrhythmias
in myocardial ischemia and myocardial infarction, which is most common in the very early phase.

. The opportunity to limit myocardial damage with early medication was first described in dogs in  []. These find-
ings have been followed by a very large number of studies in humans, showing that early treatment with medical []
or mechanical [] reperfusion and with antiplatelet [] and anti-ischemic agents [] will improve the outcome in a
threatening myocardial infarction.
Although we lack absolute proof of the value of prehospital initiated aspirin versus aspirin started after hospital admis-
sion [–], for example, our current knowledge strongly indicates that the earlier the various interventions in acute
coronary syndrome are started, the better it would be. The question of whether to start treatment prior to or after
hospital admission is more a cost-benefit issue. Based on such thinking, the most optimal solution for every single
patient with any suspicion of acute coronary syndrome should be that he or she has an ECG recorded prior to hospital
admission.

. The fact that life-threatening arrhythmias are most frequent in the early phase of acute coronary syndrome and nearly
half the deaths from ischemic heart disease occur outside hospital (mostly as sudden deaths) underlines the impor-
tance of research in this area []. More knowledge on the information that is hidden in the electrocardiogram in this
scenario might improve the outcome for these patients.

. At present, we do not knowwhether a prehospital ECGmight be of benefit in other clinical scenarios in the prehospital
setting. Theoretically, there are conditions such as stroke [].
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.. ThreeMajor Objectives

The three major objectives for a prehospital ECG are:

. Detection of myocardial ischemia/infarction.
. Detection of arrhythmias.
. Remaining objectives, of which little is known, but heart rate variability and stroke are interesting aspects.

In what follows, these three objectives will be evaluated in more detail.

.. Symptoms that Indicate a Prehospital ECG

The indications for a prehospital ECG should be liberal, since a variety of symptomsmight be caused by an acute coronary
syndrome.These symptoms are listed in>Table .. Although the typical symptom in acute coronary syndrome is acute
chest pain, the disease can present with pain in other locations and various other symptoms.The symptoms that are listed
in the table often appear in combination.

.. Benefits

Theprinciple behind the proposed benefit of using a prehospital ECG is shown in> Table ..The detection of the pres-
ence or absence of ECG abnormalities will improve the triage in patients in whom it is used. In selected patients, this will
result in the earlier treatment of myocardial ischemia/infarction or arrhythmias, which are associatedwith hemodynamic
consequences. It is to be hoped that this will then result in an improved outcome.

. Detection of ECG Abnormalities

The various ECG abnormalities (excluding arrhythmias) that the ambulance crew or other health-care providers
should look for in the prehospital setting are shown in > Table .. The percentage of patients with an abnormal or

⊡ Table .

Symptoms that indicate a prehospital ECG

Suspicion of Ischemia/Infarction

Typical symptoms

Pain/oppression in chest

Atypical symptoms

Dyspnea

Pain in arms

Pain in back

Pain in stomach

Pain in neck

Unexplained tiredness

Nausea

Suspicion of arrhythmias

Palpitation

Syncope

Vertigo
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⊡ Table .

Aspects on mechanisms of how the introduction of a prehospital ECG might

improve outcome in acute chest pain

. Detection of electrical abnormalities

(a) Myocardial ischemia/infarction

(b) Arrhythmia

(c) Other (for example decreased heart rate variability)

. Improved triage

(a) Direct transport to coronary care unit

(b) Direct transport to catheterization laboratory

(c) Direct transport to a remote hospital

. Earlier start of treatment

(a) Earlier start of fibrinolysis

(I) Prior to hospital admission

(II) In hospital

(b) Earlier start of percutaneous coronary intervention (PCI)

(c) Earlier start of other antiplatelet agents

(d) Earlier start of other anti-ischemic agents

(e) Earlier start of antiarrhythmic treatment

. Improved outcome

(a) Reduced mortality?

(b) Reduced morbidity?

⊡ Table .

ECG abnormalities to look for when a prehospital ECG is recorded

Acute ischemia/infarction

ST elevation

ST depression

T-wave inversion

Q wave

Bundle branch block

Other abnormalities

Pacemaker ECG

Left ventricular hypertrophy

QRST signs indicating previous myocardial damage

pathological ECG depends on the study population. Reported studies have comprised patients who call for an ambulance
due to acute chest pain or other symptoms raising suspicion of an acute coronary syndrome [–]. In these reports, a
high percentage have an abnormal ECG (> Fig. .). It is important to stress that patients who call for an ambulance
represent a population with high comorbidity and a high likelihood of underlying cardiac pathology as compared with
other chest pain populations [–]. So, if a prehospital ECG was recorded among patients who visited a general prac-
titioner because of acute chest pain, the percentage of patients with a pathological ECG could be expected to be lower,
since these patients are less likely to have a cardiac pathology []. The most common ECG abnormalities in the prehos-
pital ECG among patients with acute chest pain are those indicating myocardial ischemia/infarction and various rhythm
abnormalities.
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Name:

x1.0 .05-40HZ  25mm/sec DEMO UNIT 11 PHYSIO-CONTROL 3207410-005 25H55R0K02B90P LP1537181862

Record ID:
12-Lead1
07 Jan 09010709104813

I V1 V4

II

III

Patient ID: PR 0.198s

Sex:F
Incident: QT/QTc

Age: 60 P-QRS-T Axes

HR 46 bpm Abnormal ECG **Unconfirmed**

*** MEETS ST ELEVATION MI

CRITERIA***

10:50:03

QRS 0.088s

0.382s/0.358s Sinus rhythm with 2nd degree A-V block,
Mobits (Wenckebach)

Lateral ST elevation, CONSIDER ACUTE
INFARCT

ST junctional depression is nonspecific

66°53°56°

aVR

aVL

MEDTRONIC PHYSIO-CONTROL P/N 805319

V2 V5

V6V3aVF

⊡ Figure .

A -lead ECG report from a Lifepak. This simulated example shows ST elevation that is correctly detected and highlighted.

.. Myocardial Ischemia/Infarction

Myocardial ischemia/infarction have been reported in about % of patients who called for an ambulance due to acute
chest pain and in whom a prehospital ECG was recorded [–, ]. Signs of myocardial ischemia/infarction include
ST-segment deviation, Q waves and T-wave inversion. The relative importance of these changes will be described sep-
arately. In overall terms, when any of these are present in association with acute chest pain, the likelihood of a fresh
myocardial infarction is high and the presence of any of them are mostly equivalent to an acute coronary syndrome.The
presence of ECG changes indicating acute ischemia/infarction is also an alarming sign with regard to the risk of early
death [].

Difficulties in interpretation arise when a complete left bundle branch block is present. If this abnormality is new, it
could indicate an extensive myocardial infarction and is therefore an indication for early reperfusion []. However, there
are difficulties in the prehospital setting when it comes to determining whether the left bundle branch block is new or not,
as no previous ECG is generally available for comparison. Similar difficulties might also arise for other ECG indicators
of myocardial ischemia/infarction.

.. Arrhythmias

The rate of occurrence of various arrhythmias is entirely dependent on the study population. Among patients with acute
chest pain who call for an ambulance, life-threatening arrhythmias leading to cardiac arrest are found, but only among
a small percentage [, ]. On the other hand, among patients found in cardiac arrest and in whom resuscitation was
attempted, about one third are found in ventricular fibrillation []. However, in such a study population, particularly if
there is a cardiac etiology, a much higher percentage (about %) is thought to have ventricular fibrillation at the onset
of cardiac arrest [].

Supraventricular arrhythmias, such as atrial fibrillation, during ambulance transport have been reported to occur
in about % of patients with acute chest pain [] and in less than % of patients with ST-elevation acute myocardial
infarction [–]. The occurrence of various arrhythmias during continuous ECGmonitoring will be described later in
this chapter.
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.. Other

Other ECG abnormalities suggesting a cardiac pathology, including signs of a previous acutemyocardial infarction, pace-
maker ECG, and signs of left ventricular hypotrophy, are frequently seen in patients transported by ambulance with acute
chest pain (between % and %) [, ]. It was recently reported that, among patients with trauma, the evaluation of
heart rate variability in the prehospital setting might improve triage, if information on the Glasgow Coma Score (the
degree of consciousness) was not available [] and also independent of the Glasgow Coma Score [].

. Improved Triage

To date, the prehospital ECG has primarily resulted in the improved triage of patients with an acute coronary syndrome
and patients with various arrhythmias. This improvement will have a number of consequences.

.. Direct Transport to Coronary Care Unit

Information on the percentage of patients with acute coronary syndrome or ST-elevation acute myocardial infarction,
who are directly transported to a coronary care unit, bypassing the emergency department, is limited. In one previous
study, it was reported that % of patients transported by ambulance fulfilled these criteria and that these patients had
improved survival []. Experience from Sahlgrenska University Hospital in Göteborg, Sweden, indicates that among
ambulance transported patients, % of patients with ST-elevation myocardial infarction have been directly transported
to a coronary care unit and that this has been associated with a marked improvement in long-term survival [].

.. Direct Transport to Catheterization Laboratory

Today in urban areas, there are single ambulance organizations which can transport the vast majority of patients with ST-
elevation acute myocardial infarction directly to the catheterization laboratory with a median delay between the onset
of symptoms and the start of percutaneous coronary intervention (PCI) of less than  h (unpublished observations). If
the nearest hospital has facilities for PCI, effective collaboration can increase the opportunity for very early coronary
intervention.

.. Direct Transport to Remote Hospital

Since primary coronary intervention is currently regarded as the preferred treatment strategy in ST-elevation acute
myocardial infarction, it has been suggested that these patients should be transported to hospitals with these facilities,
even if the transport time is prolonged []. It has been stated that patients admitted to noninterventional hospitals should
be immediately transferred to interventional hospitals for primary coronary intervention, if the time from the first med-
ical contact to balloon inflation is kept at less than min [–]. Recent data indicate that an even longer delay might
be acceptable [].

In previous studies, patients have waited between min andmore than  h at local hospitals before being transferred
to the intervention hospitals [, , ].This local hospital delaymay be reduced or even eliminated by prehospital diag-
nosis if a combined strategy of rerouting patients directly to an intervention hospital is implemented. However, limited
evidence is available about the benefit, safety and feasibility of this kind of re-routing strategy. However, programs to
further evaluate the possible benefits of such a procedure have been described [].
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. Earlier Start of Treatment

.. Earlier Start of Fibrinolysis

... Prior to Hospital Admission

A number of studies have shown that, if a -lead prehospital ECG is recorded and is followed by prehospital fibrinolysis,
the potential time saved with regard to the start of fibrinolysis varies between  and min [, , , , –]. In
a national perspective (Sweden) it has been shown that treatment can start � h after the onset of symptoms in half of
patients []. However, such figures will vary between countries due to local facilities. It has been suggested that more
patients can be treated at an early stage in urban areas compared with rural areas [].

... In Hospital

It has also been shown that a prehospital ECG reduces the in-hospital delay to the start of fibrinolysis (door-to-needle
time) []. A systematic review in which , citations were identified and five studies met the inclusion criteria []
indicated that the introduction of a -lead prehospital ECG and advanced emergency department notification reduced
the mean door-to-needle time by min (% confidence limits –min).

In a national registry of acute myocardial infarction in the USA, the mean door to in-hospital drug time was reduced
from  to min with a prehospital ECG (p < .) []. A meta-analysis comprising four studies ( patients) from
an original , publications revealed a shortening of the in-hospital delay to reperfusion by min (% confidence
limits –min) with the introduction of a prehospital ECG [].

.. Earlier Start of Percutaneous Coronary Intervention (PCI)

A study from North Carolina revealed that prehospital wireless transmission of an ECG to a cardiologist’s hand-held
device reduced the median door-to-reperfusion time (PCI) by about min []. In a national survey in Sweden, it
was shown that, among patients who were transported by ambulance and had ST-elevation acute myocardial infarction,
those who did not have a prehospital ECG had a delay between the onset of symptoms and reperfusion (PCI) of min
as compared with min among patients with a prehospital ECG (p < .) (a time saving of min) []. In the
National Registry of Acute Myocardial Infarction in the USA, it was shown that, with a prehospital ECG, the in-hospital
delay time to PCI was reduced from  h min to  h min []. A number of studies performed during the last few years
have further confirmed these data, strongly suggesting a clear reduction in delay to PCI in ST-elevation acute myocardial
infarction where a prehospital ECG is used and communicated to hospital appropriately [–].

.. Earlier Start of Antiplatelet and Antithrombotic Therapy

Various antiplatelet agents such as aspirin [] and clopidogrel [] and various antithrombotic agents such as heparin []
have been shown to improve the prognosis in acute coronary syndrome. A prehospital ECG improved the opportunity
to start this treatment prior to hospital admission. Aspirin treatment can then start as early as – h after the onset of
symptoms. Similar findings have been reported for heparin and low molecular weight heparin [].

.. Earlier Start of Anti-Ischemic Therapy

Beta-blockers have been shown to improve the prognosis in acute myocardial infarction [], and intravenous treatment
with beta-blockers, started prior to hospital admission, has been shown to relieve pain []. A prehospital ECG increases
the opportunity to select the right patients for this treatment in the prehospital setting.
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.. Earlier Start of Antiarrhythmic Therapy

Based on findings in the prehospital ECG, a number of antiarrhythmic drugs are of potential value in the prehospital
setting when it comes to treating supraventricular and ventricular arrhythmias []. They include adenosine [, ],
verapamil [], diltiazem [], and amiodarone [].

. ImprovedOutcome

.. Reduced Mortality

A systematic review found one study that revealed a nonsignificant reduction in all-cause mortality from .% to .%
associated with the introduction of a prehospital ECG and advanced emergency department notification as compared
with no such intervention [].

In an observational study in Sweden on patients who had ST-elevation acute myocardial infarction, were transported
by ambulance, and were treated with percutaneous coronary intervention, it was shown that a prehospital ECG was
an independent predictor of reduced -day mortality []. Field triage of patients with ST-elevation acute myocardial
infarction has also been shown to reduce mortality in Australia []. A similar trend was also found in the USA [].

.. Reduced Morbidity

We are not aware of any study evaluating morbidity (various complications associated with the disease) changes asso-
ciated with the introduction of a prehospital ECG. It can be assumed that there are subsets of patients in whom the
duration of hospital stay (number of days in hospital) might be shortened. In a recent report, field triage with a prehospital
electrocardiogram was associated with a preserved left ventricular function [].

.. Health Economy

The use of health-economic analyses to assess the value of medical technologies is well established, but these analyses
have been under-used in studies of ECG. One article [] has outlined a general framework for the economic evaluation
of the ECG and applied these methods to the development of an economic analysis protocol for assessing the economic
attractiveness of the wireless transmission of ECG data to the cardiologist making the treatment decision.

. Negative Consequences

There are two major negative consequences of the prehospital ECG.

.. Increase in Delay

The delay to arrival at hospital will increase, particularly among patients in whom the ECG does not show any patholog-
ical changes. However, it has been shown that the on-scene time is not dramatically prolonged by the recording of a
-lead ECG [, ]. A systematic review revealed that the on-scene time increased by .min (% confidence
limits .–.min) [].
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.. False Information

The second major negative consequence is that ECG abnormalities may mimic myocardial infarction, but may in fact be
caused by other conditions []. It has been reported that, among patients with chest pain and ST elevation in the prehos-
pital setting [] and at the emergency department [], % and % respectively had diagnoses other than myocardial
infarction. Conditions in which misinterpretation has occurred and in which fibrinolytic treatment can be detrimental
include intracranial hemorrhage [] and aortic dissection [].

Negative consequences associated with technical problems will be dealt with in the implementation part of this
chapter.

. Implementation

.. Education and Training

There is currently a wide range of teaching techniques that can be used to train healthcare professionals in the use of
-lead ECG-monitoring equipment and ECG interpretation.

The methods identified range from

. Traditional teaching methods including (a) books, (b) lectures, (c) videos, (d) hospital placements (using patients),
and (e) practical laboratory sessions (using volunteers) to

. Advanced teaching methods including (a) PC-based ECG software packages (b) -lead ECG signal generators, and
(c) advanced training mannequins (patient simulators) [].

The traditional teaching methods have some disadvantages in terms of patient or volunteer consent and discomfort and
also in terms of teaching effectiveness.The more advanced teachingmethods make use of simulation which can be either
screen based (computer software) or physical (realistic models or mannequins).

There are a number of ECG simulators on the market that can be connected to an ECG machine. Various models of
ECG simulators that are connected to a mannequin are also available.

.. Technical Problems

The transmission of ECGs is the most common technical problem associated with the use of a prehospital ECG. With
a few exceptions, the transmission of an ECG is associated with problems at the start. Most EMS systems experience
a learning curve when a -lead ECG transmission technology is first implemented. One study reported a % failed
transmission rate after initiating the system, but it had been reduced to %  months later [].

.. Practical Implementation

Implementing a prehospital ECG program represents a significant investment in terms of time, effort, personnel and
resources.The implementation has three phases: () phase I is a retrospective baseline analysis; () phase II is a feasibility
and safety assessment; and () phase III involves the implementation of the accurate and routine prehospital identification
of candidates for various aspects of treatment of an acute coronary syndrome, such as candidates for treatment with
fibrinolysis or percutaneous coronary intervention []. Eligibility for fibrinolysis or percutaneous coronary intervention
canbe determined bymeans of a check list, the results ofwhich canbe sent to either the base or the receiving physician [].
A written protocol including clinical algorithms for prehospital personnel should be established []. Finally, an effective
quality assurance and improvement program should be initiated before implementing a prehospital ECG program [].
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Prehospital -lead ECG programs should be strongly considered by all EMS systems with advanced life support
capability. Prehospital -lead ECG programs should be implemented through a systematic process that encompasses
every facet of the EMS system [].

.. Process Monitoring

One of the principal aims of the introduction of a prehospital ECG is to reduce the time to reperfusion in ST-elevation
myocardial infarction. In order to evaluate the impact on this important end point, the delay from the firstmedical contact
to the start of reperfusion either with fibrinolysis or with percutaneous coronary intervention must be continuously
monitored. Although, as previously stated, the short-term impact on delay to reperfusion with a clear-cut reduction is
impressive, the results in the long-term perspective are less well described. It is to be hoped that, in the long term, the
teamwork between prehospital and in-hospital health-care providers will improve with a successive decline in the time
to reperfusion over the years.

However, the results so far are disappointing. In a recent -year survey, it was shown that the delay from door to
primary coronary intervention was not sustained []. In the first year of the intervention (including the implementation
of the prehospital ECG), the time from hospital arrival to primary coronary intervention was min. In years , , and
, this delay was , , and min, respectively. In ,  years after the intervention, the delay had increased to
min [].

Experience from the Swedish registry on heart intensive care indicates that the time between admission to hospital
and the start of reperfusion has remained unchanged during the last few years [].

. Interpretation

The category of health care professionals who interpret the prehospital ECG varies markedly. They include cardiologists,
emergency physicians, anesthesiologists, general practitioners, nurses, semi-nurses (nursing assistants), paramedics, and
emergency technicians. The educational levels of these various categories vary considerably. So, when discussing the
problem of interpreting the prehospital ECG, each category of health-care professionals must be discussed separately,
and separate educational programs should probably be implemented for these various groups.

There are different ways to interpret the prehospital ECG.

.. In-Field Interpretation

... By Health-Care Providers

In-field interpretation by health-care providers without assistance requires a high educational level. This type of inter-
pretation is most common when a physician is on board the ambulance or when a general practitioner sees the patient
prior to the arrival of the ambulance. In several countries such as France, this is the most commonway of interpreting the
prehospital ECG. However, it has been suggested that highly trained paramedics in an urban EMS system can identify
patients with ST-elevation acute myocardial infarction as accurately as blinded physician reviewers []. This has been
supported by others [] and it seems as though paramedics as well as CCU nurses can learn to conduct live reperfusion
decision making in ST-elevation myocardial infarction [].

... With Computer Assistance

Computer algorithms for the diagnosis of ST-elevationmyocardial infarction may also be considered [, ]. This strat-
egy has, however, previously been restricted to the diagnosis of large ST-elevationmyocardial infarctions with cumulative
ST elevation above –, μ V [, ]. Interpretation in the field with computer assistance has been reported to be a
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relatively safe procedure []. Recently, a new acute coronary syndrome computer algorithm for interpreting prehospital
ECGs was suggested []. The results demonstrated that, with the assistance of the new algorithm, the emergency physi-
cian and cardiologist improved their sensitivity when it came to interpreting acutemyocardial infarction by % and %
respectively, without any loss of specificity. The patients’ age and gender were taken into consideration in the algorithm.
However, it was recently suggested that a correction should be made to obtain optimal results in the automated analysis
of ECGs [].

. Wireless Transmission

.. To Nearest Hospital

The in-field transmission of the prehospital ECG to the emergency department, coronary care unit, another hospital ward,
or directly to the on-call cardiologist for interpretation by a more experienced health-care provider is common []. This
mode of interpretation is more common when the ambulance is manned by a nurse and or a paramedic.

Studies have shown that cardiologists’ diagnoses of cardiac abnormalities on a liquid crystal display are very similar
to their interpretation of the same ECGdisplayed on paper [, ]. Furthermore, there was no significant difference with
regard to cardiologists’ decisions to initiate reperfusion therapy when interpreting study-displayed ECGs versus ECGs
displayed on a liquid crystal display screen []. Inmany countries, this is a widespreadmeans of communication between
the prehospital and in-hospital health-care providers [].

.. To Remote Hospital

Even in urban areas, up to % of ambulance-transported ST-elevation myocardial infarction patients can be diagnosed
prehospitally using telemedicine []. In principle, a strategy of this kind could be adapted in any region covered by a
mobile phone network and the health-care providers (mostly a physician) responsible for the diagnosis can be located at
a central unit serving a large catchment area [, , , ]. It is possible to speculate that primarily low-risk patients
(limited ST elevation) will be found to be eligible for prehospital referral directly to an intervention centre []. However,
the opposite has been found, that is, patients transported directly to the intervention center were those with a more
pronounced ST elevation []. It is most likely that there is a geographical border, at a certain distance or transport time
from the intervention center, beyond which patients may obtain a beneficial effect from prehospital fibrinolysis or even
in-hospital fibrinolysis.

An attractive way of solving the problem is to obtain an ECG on the scene for subsequent transmission to the inter-
vention center. A physician on call will evaluate the ECG, phone the ambulance, possibly interview the patient who is in
the ambulance and equipped with headphones, and thereby establish the prehospital diagnosis []. An ECG could also
be sent to an attending cardiologists mobile telephone for rapid triage and transport to a primary PCI center [].

.. Elsewhere

The in-field transmission of the ECG to an advanced mobile phone outside hospital was recently described []. This
is an alternative when a helicopter is very far from the hospital, and an emergency medical service physician capable of
interpreting the ECG is at a shorter distance, for example. He can then view the ECG on his advanced phone and give
recommendations about fibrinolysis or other treatment alternatives. A novel approach is to use a cell phone with a camera
feature. This method will allow transfer of ECG images to the local hospital and the PCI center [].
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. ECG Indicators for Myocardial Ischemia/Infarction and Adverse Outcome

More than  years ago, it was shown that, in the prehospital setting, a pathological ECG was a strong predictor and
was associated with a fourfold increase in the risk of a cardiac pathology as the etiology of acute chest pain []. It has
also been shown that, if the patient has chest pain and/or other symptoms indicating acute coronary syndrome, signs of
myocardial ischemia (including new ST-T wave changes or Q waves) are associatedwith a marked increase in -day and
-year mortality, particularly if there is simultaneous elevation of biochemical markers prior to hospital admission [].

.. ST Elevation

Among patients with chest pain and/or other symptoms of acute coronary syndrome, the presence of ST elevation in
the prehospital ECG has been reported to increase the likelihood of acute myocardial infarction nearly  times when
simultaneously considering other risk indicators including the elevation of biochemical markers [].

.. ST Depression

It is important to stress that, from ECG studies in which the ECG was recorded directly after hospital admission, ST
depression in the ECG among patients with symptoms indicating acute coronary syndrome has been reported to be
associated with an adverse long-term prognosis [, ]. Among patients with chest pain or other symptoms of acute
coronary syndrome, the presence of ST depression in the prehospital ECG has been reported to be associated with a
fourfold increase in the risk of acute myocardial infarction [].

Although by tradition patients with ST elevation or (presumed) new left bundle branch block have formed the group
demanding urgent revascularisation in acute coronary syndrome, there are subsets among patients showing ST depres-
sion who also suffer from a critical coronary stenosis or occlusion and who therefore most likely would benefit from a
similar treatment strategy. These include patients with marked ST depression in anterior leads and those with extensive
ST depression where a large number of leads is involved.

A gender perspective has been found. If there are symptoms of acute coronary syndrome, the presence of ST depres-
sion in the prehospital ECG appears to be more strongly associated with acute myocardial infarction in men than in
women [].

.. T-Wave Inversion

Although the presence of T-wave inversion without simultaneous changes in the ST segment might indicate myocardial
ischemia [], these changes are less frequently associated with an ongoing acute myocardial infarction [].

.. Other Changes

Needless to say, the presence of Q waves might also indicate acute myocardial infarction [, ]. However, as things
stand, it is not possible in the prehospital setting to make comparisons with previous ECG findings and a Q wave in
isolation without concomitant ST-T wave changes might therefore be a sign of an old myocardial infarction. Other ECG
abnormalities found in the prehospital ECG, such as pacemaker ECG, bundle branch block, and signs of left ventricular
hypertrophy, are less specific for acute myocardial infarction but are, on the other hand, often indicators of an adverse
outcome in a long-term perspective [].
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. Prehospital Continuous ECGMonitoring

.. Background

Little is known about the natural course of myocardial ischemia and the development of arrhythmias in the prehospital
phase of acute coronary syndrome. Small pilot studies indicate a relatively high prevalence of tachyarrhythmias during
prehospital ECG monitoring as compared with the first ECG recording in hospital []. Recent reports suggest that pre-
hospital ECG monitoring should have the potential to detect myocardial ischemia in the prehospital phase much more
frequently than a standard -lead ECG [].

.. Method Development

This has been done in particular by Drew et al. []. A system was developed that: () synthesizes a -lead ECG from
five electrodes, () measures ST amplitudes in all  leads every  s and () automatically transmits an ECG to the target
emergency department if there is a change in ST amplitude of μ V in one lead or more or μ V in two contiguous
leads or more lasting .min.

.. Occurrence of Arrhythmias

Among all the patients involved in the first part of a randomized clinical trial [] (the ST SMART Study; n = ),
one third overall (%) had some arrhythmias during continuous prehospital ECG monitoring as compared with %,
according to the initial hospital ECG diagnosis among patients with chest pain – anginal equivalent (p < .). The
corresponding figure for patients with acute coronary syndrome was % versus % (p < .). In overall terms,
more tachyarrhythmias (sinus tachycardia, atrial fibrillation/flutter, supraventricular tachycardia of unknown mecha-
nism and sustained ventricular tachycardia) were observed in continuous prehospital ECG monitoring, whereas more
bradyarrhythmias (complete heart block, sinus arrest with junctional or ventricular escape rhythm) were observed in the
first hospital ECG.

.. Wide QRS Complex

Amongpatientswith acute coronary syndrome, %had a rhythmwith awideQRS complex and secondary repolarization
abnormalities that confound the diagnosis of myocardial ischemia.These ECG confounders included left bundle branch
block (%), right bundle branch block (%) and ventricular pacing rhythm (%) [].

.. Advantages of Continuous Prehospital ECGMonitoring

In the area of early reperfusionwith percutaneous coronary intervention in acute coronary syndrome, a rerouting strategy
may result in somepatients being transported longer distanceswithout any accompanying staff skilled in the diagnosis and
treatment of malignant arrhythmias. Continuous real-time, one-lead ECG transmission from ambulance to hospital may
then allow physicians to support ambulance personnel in the treatment of arrhythmias during this kind of transportation
[]. Furthermore, continuous prehospital STmonitoring indicates that patients with ST-elevationmyocardial infarction
are heterogeneous and various types of dynamic change in the prehospital setting might indicate a more favorable or a
more adverse prognosis []. A pre-specified ST-monitoring classificationmay therefore be useful for stratifying patients
at the time of percutaneous coronary intervention into groups with a low, intermediate, and high-risk profile [].
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.. Number of Electrodes for Detection of Myocardial Ischemia/Infarction

Theoptimal number of electrodes that should be used in the diagnosis ofmyocardial infarction/ischemia has beendebated
over the years []. An alternative to the -lead ECG, such as the five-electrode-derived EASI ECG, has been tested in
the prehospital setting [, ]. It offers the advantages of using only five electrode positions (four active and one ground)
over easy-to-locate, bony structures on the torso.The E electrode is therefore placed on the lower extreme of the sternum,
the A and I electrodes in the left and rightmid-axillary lines respectively and at the same transverse level as the E electrode,
and the S electrode on the sternal manubrium.

The five-electrode-derived EASI ECG has been compared with the paramedic-acquired -lead ECG using Mason–
Likar limb lead configuration in patients with chest pain [, ]. Both appear to produce a similar difference compared
with standard ECGs in terms of wave forms. It has been suggested that either method can be used as a substitute for
standard ECGs for monitoring, but neither should be regarded as being equivalent to the standard ECG for diagnostic
purposes [].

Parallel to this research, studies have been performed using -lead prehospital ECGmapping []. In these studies,
the sensitivity has increased to % as compared with % for a -lead ECG []. The specificity remained unchanged
(%) for an -lead ECG versus % for a -lead ECG [].

. Different Technical Models

.. Medtronic Lifepak

TheMedtronic Lifepak (> Fig. .) is a traditional system transmitting a standard -lead ECGand is capable of defib-
rillation. The principle for this system is that it registers a snapshot ECG. This procedure can be repeated if the patient’s
symptoms change during transportation to hospital. One Lifepak version is able to transmit continuous ST monitoring
while using a reduced number of electrodes [].

⊡ Figure .

The Lifepak in use. The ECG (cf> Fig. .) report is produced directly from the machine as shown.
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⊡ Figure .

The OrtivusMobimed.

⊡ Table .

Clinical determinants of patient instability

Altered mental status

Significant hypotension

Pulmonary edema

Ischemic chest pain

Ischemic electrocardiographic changes (or other evidence of significant hypoperfusion)

.. Ortivus Mobimed

Ortivus Mobimed (> Fig. .) is a prehospital concept presenting data in aWindows setup.This system is able to trans-
mit a -lead ECG, continuous vector trends, or ST analysis and collect data such as patient files. This system requires a
separate defibrillator.

.. Other

Several other manufacturers offer equipment for prehospital ECG recording and defibrillation. There are variations
between countries in respect of choice of machine and a complete review is not appropriate here.

. Various Types of Arrhythmia

The use of the prehospital ECG to detect various arrhythmias is particularly important when there are signs of clinical
instability []. These signs are listed in > Table ..
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.. No Cardiac Arrest

... Bradyarrhythmias

Limited data are available on the occurrence of various bradyarrhythmias and the value of various treatments such as
atropine and the use of pacemakers in these conditions. Continuous ECG monitoring among patients with chest pain
indicated that % had sinus bradycardia (heart rate <  beats/min), .% had heart block, and .% had sinus arrest with
ventricular escape rhythm during ambulance transport [].

... Tachyarrhythmias

Paroxysmal Supraventricular Tachycardia

Paroxysmal supraventricular tachycardia is usually a regular narrow-complex tachyarrhythmia caused by a reentry, which
may or may not be accompanied by underlying cardiovascular disease.Many of these patients are clinically stable and in
these patients a prehospital ECG will be a support for improved triage rather than improved treatment. Among patients
with acute chest pain, supraventricular tachycardia (unknown mechanism) was reported to occur in % [].

Atrial Fibrillation/Flutter

Because the disorder is not commonly seen by emergency medical system providers (the reported incidence among
ambulance-transported patients ranges from only .–.%) [], there is no consensus on the optimal prehospital ther-
apy.Amongpatientswith acute chest pain, continuous ECGmonitoring in the prehospital phase revealed atrial fibrillation
flutter in % of cases []. Almost every patient with rapid atrial fibrillation has another underlying disease, such as heart
failure, chronic obstructive pulmonary disease, or ischemic heart disease.

Perfusing Ventricular Tachycardia

Hemodynamically stable monomorphic ventricular tachycardia can be treated either pharmacologically or with synchro-
nized cardioversion []. Cardioversion is the therapy of choice for unstable patients and for those with marginal blood
pressure in whom there may not be enough time or stability to allow for drug infusion. Among patients with chest pain
who underwent continuous ECG monitoring during transport, sustained ventricular tachycardia was reported to occur
in .% of cases [].

.. Cardiac Arrest

Every year, between  and  patients per , inhabitants suffer an out-of-hospital cardiac arrest, and in such cases, it
is regarded asmeaningful to attempt resuscitation [].The prehospital ECG is usedmost importantly in order to distin-
guish patients with a shockable rhythm from those without. However, detection of ST elevation immediately after return
of spontaneous circulation, has also been shown to reflect the presence of acute myocardial infarction as the underlying
etiology behind cardiac arrest [].

... Ventricular Fibrillation

The percentage of patients found in ventricular fibrillation among cardiac arrest victims has been reported to have
decreased during the last  decades [, ]. The mechanism behind this decrease is unclear. The earlier a prehospital
ECG is recorded, the more likely is it to find the patients in a shockable rhythm. Out-of-hospital cardiac arrest has there-
fore been regarded by many as a community problem rather than an ambulance problem, as the ambulance frequently
reaches the patient too late in the course of events. Over the years, a strong relationship has been reported between the
delay from cardiac arrest and defibrillation, that is, the earlier the patient is defibrillated, the higher the likelihood of
survival [].
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... Pulseless Electrical Activity

The percentage of patients suffering an out-of-hospital cardiac arrest in whom resuscitation was attempted and who were
found in pulseless electrical activity has been reported to be about % []. These patients have been reported to have
a low chance of survival (–%). However, other studies have shown more encouraging results, indicating that some of
these patients can be successfully resuscitated [, ]. The data do not indicate a strong relationship between the delay
from cardiac arrest to the arrival of the rescue team and survival [].

... Asystole

The percentage of patients suffering an out-of-hospital cardiac arrest in whom resuscitation was attempted and who were
found in asystole has been reported to be about % [].The longer the delay from cardiac arrest to ECG recording, the
greater the likelihood of finding the patients in asystole. In one study, it was reported that, the earlier the mobile coronary
care unit arrived at the patient’s side, the greater the likelihood of survival [].

. Electrocardiographic Factors Associated with Outcome in Cardiac Arrest

.. Ventricular Fibrillation

... Waveform Analysis

Thedetermination of the optimal time for delivering a defibrillatory shock has focused on the ventricular fibrillation wave
form in many studies [–]. It has been suggested that a characteristic pattern of median frequency could be used to
estimate the duration of ventricular fibrillation [, ]. Eftestøl et al. described a combination of spectral features in
the ventricular fibrillation wave form from which they developed a probability function for successful defibrillation in a
study of ventricular fibrillation in cardiac arrest patients []. They were subsequently able to confirm their findings in
an independent data set [].

Following these findings, wavelet transform methods of ventricular fibrillation that could be useful in identifying
patients for whom shocks would be ineffective were described [, ]. Further support for ECG analysis in order to
predict outcome in ventricular fibrillation was given by Snyder et al. [].

It was recently reported that the accuracy of shock outcome prediction could be further increased by using filtered
ECG features from higher ECG subbands instead of features derived from the main ECG spectrum [].

A new method, based on the roughness of the ventricular fibrillation waveform, called the logarithm of the abso-
lute correlation, has been suggested to better predict the duration of ventricular fibrillation and thereby the chance of
successful defibrillation [].

By calculating the mean slope of the electrocardiogram it has been possible to estimate the association between the
time without chest compression and the probability of return of spontaneous circulation [].

By calculating themedian slope of the electrocardiogram, a new indicator of a chest compression qualitymeasurement
has been developed []. The configuration of the waveform has also been shown to be helpful in the identification of
acute myocardial infarction as the underlying etiology behind ventricular fibrillation [].

It has been hypothesized that interventions with thrombolytic therapy in ventricular fibrillation will change the wave
form with increased amplitude and thereby increase the chance of successful defibrillation [].

.. Pulseless Electrical Activity

Previous ECG studies performed in animals and patients demonstrated a progression of ECG characteristics in pulse-
less electrical activity with the time from the onset of anoxia. In a retrospective study comprising  patients whose
prehospital initial rhythm was pulseless electrical activity, Aufderheide et al. found that patients who were successfully
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resuscitated had significantly higher initial heart rates, a higher incidence of p-values, and shorter average QRS and QT
intervals than patients who did not respond to therapy []. It has been suggested that pulseless electrical activity often
follows prolonged untreated ventricular fibrillation and that the characteristics of initial post-countershock pulseless
electrical activity may predict the resuscitation outcome [].

In animals, it has been shown that those with post-countershock pulseless electrical activity, which were converted
to spontaneous circulation, had fewer shocks prior to the onset of initial post-countershock pulseless electrical activ-
ity, greater ventricular fibrillation wavelet amplitude prior to initial post-countershock pulseless electrical activity, and
short QRS intervals and a higher heart rate []. It is therefore possible that various ECG characteristics among patients
suffering from pulseless electrical activity might be used in order to predict outcome in these patients.

. Use of a Prehospital Electrocardiogram in a Global Perspective

.. Use and Transmission of a Prehospital ECG

This information is based on rough estimations by leading authorities in the field. One exception is the USA, where data
are collected from a reference []. The use of or response to a prehospital ECG is mainly dependent on the level of
education among the EMS personnel who are in charge of the EMS vehicle. In cases where there is a physician in the
ambulance (as in Spain and France), ECGs are usually interpreted on line by a doctor and there is usually no need for
ECG transmission from the patient/ambulance to the hospital. However, in cases where a paramedic or a registered nurse
(as is mostly the case in Scandinavia, Canada, and the USA) is in charge of the ambulance, the ECG must be transmitted
to a nearby hospital. Printable copies of the ECG can be transmitted to the hospital emergency department, coronary
care unit, or intensive care unit through a cellular phone or using the patient’s regular phone. The doctor on call and the
EMS personnel can then jointly discuss the ECG findings, patient symptoms, and risk profile. In some countries (like the
Netherlands), an effective computerized algorithm is used to support the nurse when assessing the patient.

This estimation of the global use of prehospital ECG is unfortunately restricted to Europe and North America. In
a large US survey among patients suffering from myocardial infarction , patients used the ambulance. Among
them, only % had a prehospital ECG recorded. In a large database in the USA, it was recently shown that among ,
patients with ST-elevation myocardial infarction % used EMS and among them % had a prehospital ECG []. In
contrast to these data, the -City survey in the USA previously reported that % of all emergency medicine service
organizations do have a -lead ECG system (> Table .) [].Thus, with regard to the USA there is some uncertainty
of the actual proportion of ambulance organizations using a prehospital ECG. The estimation indicates that, in overall
terms, a prehospital ECG is implemented in the routine prehospital care of patients with a presumed acute coronary
syndrome more frequently in Europe than in North America. However, the proportion of patients with presumed acute
coronary syndrome in whom a prehospital ECG is recorded is not known.

.. Important Prehospital ECG Research Projects

Perhaps the most important ongoing clinical trial of the use of a prehospital ECG is the ST SMART trial in the USA
[]. This is an ongoing study which aims to evaluate the impact of implementing prehospital ST monitoring with the
automatic mobile telephone transmission of ST events to the target hospital. It is a prospective, randomized trial using
these ST data for real-time clinical decision-making. The first patient had been randomized by November ,  and
randomization should continue for  years. All subjects calling  for chest pain or anginal equivalent symptoms receive
prehospital, synthesized, -lead, ST-segment monitoring with the manual transmission of an initial ECG and the auto-
matic transmission of subsequent ST-event ECGs to the target hospital.The experimental group of patients has incoming
ECGs from the field conveyed to clinical staff at the hospital, heralded by an audible voice message and printed out at
the emergency department. The control group of patients have no field ECGs printed out and the first ECG is recorded
after hospital admission. It is to be hoped that this study will document the value of prehospital ECG monitoring in a
presumed acute coronary syndrome.
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⊡ Table .

Use of prehospital ECG in a global perspectivea

Country Overall prehospital ECG use% Transmission Comments

Norway > % Yes Mostly no physician – 

Sweden > % Yes No physician – 

Denmark > % Yes Mostly no physician – 

Spain > % No Physician operating – 

Netherlands > % No/Yes No physician but online computerized ECG – 

France > % No Physician operating – 

Canada % Yes No physician – 

USA %b Yes Williams D JEMS ;:–

a Personal communication with: () Hans Morten Lossius, () Leif Svensson, () C Juhl Terkelsen, () Fernando Rosell, () Evert Lamfers, () Patrick
Goldstein, and () Laurie Morrison.
b In ref [], it was reported that only % of EMS transported patients with ST-elevationmyocardial infarction received a prehospital ECG in  in
the USA.

. Future Perspective

A number of important implementation and research issues remain to be addressed in the near future with regard to the
prehospital ECG.Themost important one is to implement a prehospital ECG in all EMS systems.The use of a prehospital
ECG is probably the most important part of the prehospital care of patients suffering a heart attack. It seems as though
the speed of this process varies in different parts of the world. It remains to be proved whether continuous ECG moni-
toring will improve the prehospital care in a presumed acute coronary syndrome as compared with a single -lead ECG
recording on the arrival of the rescue team.

The optimal number of electrodes for use in the prehospital ECG has not been clarified. Should we use a -lead ECG
or shouldwe reduce or increase the number of electrodes?Wave-form analysis in ventricular fibrillation could perhaps be
improved still further in order to optimize the timing of defibrillation. Finally, we need to decide whether there is hidden
information in the ECG among patients suffering a cardiac arrest and pulseless electrical activity, which could guide us
in the management of these patients.

But, most likely, the most important challenge for the future is to overcome barriers to the implementation and
integration of the prehospital electrocardiogram into systems of care for acute coronary syndrome [, ].
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Introduction

Changes of pulse rate and rhythm have attracted the attention of physicians since the earliest stages of medicine. Only
recently, with the advance of computer techniques that allow for parsing heart rate variability (HRV) into components,
which potentially yield information about the autonomic nervous control of cardiac activity, has there been an increased
clinical interest. The technical advances, however, have not resulted in bedside application of HRV methods and evi-
dence of their usefulness in real-world clinical practice is still limited. Moreover, from the point of view of the physician,
complex approaches to HRV phenomena and the use of complicated mathematical formulae may have a rather limited
implementation in everyday practice. In this chapter, several aspects of HRV are thoroughly reviewed giving priority
to their physiological and pathophysiological meanings in order to render HRV more clinically useful. For that reason,
technical descriptions are limited to providing only the necessary background information.

. Historical Note

Fluctuations in heart rate were first recorded by ancient physicians. Disturbances of heart rate due to changes in psycho-
emotional statewere revealed byErastratos, anAlexandrian physician, in the third centuryB.C. []. Similarly, a description
of pulse-shift in relation to emotion or illness is ascribed to Galen (– A.D.) []. A decrease in heart rate variation
was recognized by the Chinese physician Wang Shuhe (– A.D.) as a sign which could predict the onset of death []
(> Fig. .). Later, many physicians raised the examination of the pulse rate to the level of an art. An excellent example
of this is given by Józef Struś, Polish physician to Zygmunt August, King of Poland, in his work “Sphigmicae Artis” (Basel
) [].

The fundamentals of current knowledge are usually credited to the observations of Stephen Hales () and Carl
Ludwig (). Hales first found, in the horse, that the pattern of blood pressure was dependent on respiration [, ].
Ludwig, armed with the smoked kymograph, recorded a quickening of the pulse rate with inspiration and a slowing with
expiration in the dog []. He is credited with the term respiratory sinus arrhythmia (RSA) [, ]. Two decades later, F.C.
Donders () followed up this research to describe the role of the vagus nerve in RSA. Traube () advised on the
importance of the medullary respiratory centers in modulating the brainstem nuclei controlling heart rate. Hering ()
put forward an alternate explanation for RSA, namely the consequence of a reflex modulation of the central oscillator
by pulmonary afferent feedback []. A few years later, Mayer () established that longer-wave oscillation in blood
pressure was due to vasomotor tone. Continuing these efforts, Hering () first stated that the function of vagi could
be quantified in humans by means of RSA []. Next, in  Bainbridge reported on the effects of thoracic pressure
changes with respiration and their association with RSA []. German psychiatrists Eppinger and Hess () focused
on the clinical application of RSA as a measure of vagal tone and first made observations on the effects of cholinergic
agents []. This was further emphasized by the study of Samaan () in which stimulation of a section of vagus nerve
abolished RSA [].

With the advent of electrocardiography (ECG), accurate and continuous recording of the electrical activity of the
heart became possible. Not surprisingly, the first recording of RSA was made in the first decade of the twentieth century
by Samojloff in . Schlomka, in , provided the first quantitative measures of RSA from short-term ECG trac-
ings. He also reported on an age-dependency of RSA and the reduction of RSA in patients with advanced heart failure
(After []).

The seminal works listed in > Table . have provided a solid grounding for the current knowledge and application
of HRV in cardiology. Interestingly, well before HRV analysis was appreciated in cardiology, its usefulness had been
documented in obstetrics and psychology [, , , ].

. Definitions, Synonyms, Abbreviations

Heart rate (HR) – frequency of the heart beating usually calculated as the average of four or more consecutive heartbeats,
expressed in beats per minute (bpm).
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⊡ Figure .

HRV and an ancient medicine (From []).

Instantaneous heart rate (HRi)– heart rate confined to a given sinus cycle duration on a beat-to-beatmanner (/R−R
interval).

Intrinsic heart rate (iHR) – heart rate after cessation of the autonomic influences (pharmacological or surgical
denervation), i.e., in situ heart rate.

Heart period (HP) – the duration of a given cardiac cycle, usually calculated as a period between two consecutive
R-waves or P-waves, expressed in seconds (s) or milliseconds (ms). Unless indicated otherwise, cardiac cycle is defined
as a presumed sinus (in origin) cycle irrespective of the polarity of the P-waves. Sometimes, if the signal is acquired using
a technique other than the ECG, heart period is referred to as a pulse interval or an interbeat interval (IBI).

R–R interval – description of heart period based on detection of the R-wave instead of the P-wave.The “R” labeling is
used in short-term ECG recordings and assumes sinus origin of the heartbeat. However, in a few studies such a labeling
indicates any depolarizations, irrespective of their origin (usually noted).

N-N interval – description of heart period for long-term ECG recordings, where sinus (supraventricular) origin of
the heartbeat is assumed and labeled as normal (N).

Heart rate variability (HRV) – a variation in the duration of HP (whichmight not be consecutive). It can be quantified
using various methods in the time, frequency, and nonlinear dynamics domains.

Heart period variability (HPV) – a term similar to HRV.
Time-domain analysis – an analytical approach toHRV quantification in which the sequence of heartbeats is generally

ignored. It usually gives information about the magnitude of heart beat variation around its mean value.
Respiratory sinus arrhythmia (RSA) – heart period fluctuations due to breathing. RSA can be quantified preferably by

using spectral analysis; however, time-domain analysis and other approaches are possible.
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⊡ Table .

Historical background of contemporary HRV analysis

Author[s] Year Issue discovered/solved Ref.

Samaan A  Various influence of separate and joined vagal-sympathetic stimulation upon heart rate []

Anrep et al.  First extensive and systematic study of RSA as a function of respiration []

Lacey & Lacey  RSA as a trait of behavioral response []

Hon/Lee  RR interval variationmonitoring in prediction of a fetus death []

Schneider/Costiloe  Relationship of RSA to age and its prognostic significance in ischemic heart disease [A]

Wolf S  Brain-heart link contribution to sudden cardiac death []

Katona et al.  Evaluation of the carotid baroreflex []

Levy MN  Description of the accentuated angiotensin []

Hinkle et al.  Association of chronotropic incompetence with adverse outcome inmiddle-aged man []

Sayers  First spectral analysis of HRV Detection of lower frequency components; associationwith []
vasomotor tone

Wheeler/Watkins  Description of diabetic autonomic neuropathy []

Wolf et al.  First report on a prognostic significance of a reduced RSA in acute MI []

Akselrod et al.  Documentation of autonomic and humoral background of HRV []

Kobayashi/Musha  Nonlinear dynamics applied to HR data []

Ewing et al.  Usefulness of HRV for diagnosis of diabetic autonomic neuropathy []

Pomeranz et al.  Spectral analysis for physiological stimuli assessment in humans []

Kleiger et al.  Independent prognostic value of SDNN in AMI patients []

Camm et al.  First EBM-study that used HRV as the inclusion criterion []

Spectral analysis – an analytical approach for decomposition of frequency components in a signal time series, which
requires strict maintenance of R−R interval sequence. A graphical presentation is usually given as a plot of the amplitude
of variation (cycle, bpm, s, or ms), variance or power (cycle, bpm, s, or ms), or power spectral density (cycle/beat,
bpm/Hz, s/Hz, or ms/Hz) against various period or frequency ranges (beats/min, Hz).

High frequency component (HF) – part of the power spectrum that (in adult humans) is contained within the arbitrary
frequency band between . and .Hz (or higher).TheHF component represents short-term (.–. s) heartbeat vari-
ation within the frequency of respiration. Its relative contribution to the total power decreases exponentially as duration
of a time series is increasing; it is also cited as the RSA-related or vagally-related power.

Low frequency component (LF) – part of the power spectrum within the frequency band from . (.) to .Hz
(in humans) and represents medium-term (– s) heartbeat variation within the frequency of Mayer waves of blood
pressure. Its relative contribution to the total power decreases exponentially as the duration of a time series is increasing.

Very low frequency component (VLF) – part of the power spectrum that (in humans) is contained within the frequency
band between . and .Hz and represents long-term (>  s) heartbeat variation. Its relative contribution to the total
power decreases as the duration of a time series is increasing.

Ultra low frequency component (ULF) – part of the power spectrum that (in humans) is contained within the frequen-
cies below .Hz and represents very long-term (>  h) heartbeat variation. It cannot be reliably evaluated from a short
time series. It constitutes the main contribution to the total power from a -h signal recording. Day–night difference is
the most prominent oscillation within the ULF component.

Nonlinear dynamics – a field applying a variety of analytical approaches to the study of R − R interval variations
that are not linearly related, and presumed not to be random. These approaches allow evaluating different properties of
heartbeat variation in terms of its determinism, predictability, sequence, scale-invariant similarity, patterns, complexity,
information flow, and other features.
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Abbreviations related to HRV analysis

ACI–Acceleration change index
AI–Asymmetry index
AIF–Autonomic information flow
ApEn–Approximate entropy
AR–Autoregressive modeling
BRS–Baroreflex sensitivity
CIPA–Cardiac index of parasympathetic activity
CE–Compressed entropy
CWA–Continuous wavelet analysis
CV–Coefficient of variation
CSI–Cardiac sympathetic index
CVI–Cardiac vagal index
DC–Deceleration capacity
DI–Deceleration index
Diff I–Differential index
DFA–Detrended fluctuation analysis
EMD–Empirical mode decomposition
FFT–Fast Fourier transform
HR%–Number of consecutive HRi periods that differ by > % from the preceding one
HRT–Heart rate turbulence
HRVF–Heart rate variability fraction (%)
HRVI–Heart rate variability index (St.George’s index, absolute units)
HT–Hilbert transform
HHT–Huang-Hilbert transform
LLE–Largest Lyapunov exponent
MIF–Mutual information function
MSE–Multiscale entropy
MSSD–Mean sum of the squared difference between adjacent intervals
NL–Noise limit
(p)NN–(percentage) Number of consecutive NN (RR) intervals that differ by > ms
PLF–Prevalent low frequency
PLM–Power-law model
RQA–Recurrence quantification analysis
RLS–Recursive least-squares estimation
RMSSD–Root mean square of the successive difference between consecutive NN (RR) intervals
SampEn–Sample entropy
SD–Standard deviation of interbeat intervals over minor axis of scatterplot
SD–Standard deviation of interbeat intervals over major axis of scatterplot
SDNN (SDRR)–Standard deviation of the mean NN (RR) intervals
SDANN–Standard deviation of the averaged NN intervals over a pre-specified period (typically a -min period)
SDNNI–The average of the standard deviation of N −N intervals over a pre-specified period (typically a -min period)
SDyn–Symbolic dynamics
STFT–Short-term Fourier transform
TCA–Temporal cumulative approach
TINN–Triangular interpolation index
TO–Turbulence onset
TS–Turbulence slope
WVD–Wigner-Ville distribution
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VR–Variation range, i.e., the difference between the longest and the shortest interval
%DET–Percent of determinism

Other abbreviations in the chapter

ACE–Angiotensin converting enzyme
ACEIs–ACE inhibitors
Ang–Angiotensin
ACh–Acetylcholine
AF–Atrial fibrillation
AFl–Atrial flutter
ANS–Autonomic nervous system
AVN–Atrio-ventricular node
ARBs–Angiotensin receptor blockers
BB–Beta-blockers (beta-adrenolytics)
BNP–Brain natriuretic peptide
BP–Blood pressure (SBP – systolic, DBP – diastolic,MBP – mean)
bpm–Beats per minute
CABG–Coronary artery by-pass grafting
CAD–Coronary artery disease (atherosclerotic)
CI–Confidence interval
CRT–Cardiac resynchronisation therapy
DAN–Diabetic autonomic neuropathy
dB–Decibel(s)
DM–Diabetes mellitus
DVN–Dorsal motor nucleus of the vagus nerve
E–Epinephrine
ECG–Electrocardiogram, electrocardiography, electrocardiographic (depending on a context)
HF–Heart failure (CHF – congestive heart failure)
Hz–Hertz
ICC–Intra-class coefficient
ICD–Implantable cardioverter-defibrillator
LOA–Limit of agreement
LVEF–Left ventricular ejection fraction
MI–Myocardial infarction
ms–Millisecond(s)
NA–Nucleus ambiguous
NE–Norepinephrine
NO–Nitric oxide
NYHA–New York Heart Association
OSAS–Obstructive sleep apnea syndrome
PEB(s)–Premature ectopic beat(s)
PNS–Parasympathetic nervous system
PSD–Power spectrum density
s–Second(s)
SAN–Sino-atrial node
SIDS–Sudden infant death syndrome
SCD–Sudden cardiac death
SNR–Signal-to-noise ratio
SNS–Sympathetic nervous system
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SR–Sinus rhythm
VF–Ventricular fibrillation
VT–Ventricular tachycardia

. Methods for HRV Assessment

Heart beat variation can be examined by replacing the complex waveform of an individual heartbeat recorded in the
ECG with the time of occurrence of the contraction as a single number.Thus, the sequence of heartbeat duration can be
expressed as a function of its duration (tachogram) (Time series derived from the occurrence time of the R-wave. The
term is applicable also for cardiac events series, interval tachogram, interval function, instantaneous heart rate, heart
timing signal, and low-pass filtered event series.). Sometimes, by interpolating and resampling the R − R sequence, the
HRV signal can be presented as a function of time. Since the presence of sinus rhythm is formally defined as the onset
of normally oriented P-waves, heartbeat variation assessment should ideally be based on a calculation of time-intervals
between consecutive P-waves. Because the shape of the P-wave is unfavorable for its automated detection with currently
used commercial equipment (difficulties in fiducial point determination, relatively low SNR), two important assumptions
are made []. First, that the detection of the P-wave can be replaced by the detection of the R-wave, and second, that
interbeat duration between consecutive R waves equals that of consecutive P waves. Since the variability of the P − R
interval is approximately — two to three orders lower than that of the P−P or R−R intervals [], it is assumed that
the P−R interval variability does not influence the HRV measurements.Thus, in practice the QRS complex (R-wave) is
commonly used to determine the time period between consecutive heartbeats.

.. Time Domain HRV Analysis

Techniques used in time-domain analysis provide the simplestmeasures of heartbeat variation over time.Thesemeasures
are simple to calculate and relatively easy to understand. Time-domain methods describe the overall magnitude of R−R
interval fluctuation around its mean value. One class is the statistical descriptors of beat-to-beat intervals (not necessar-
ily consecutive) or of differences in the duration between adjacent heartbeats. Another class is the geometrical method
(frequency distribution representations).

... Statistical Methods

The earliest quantitative indices for HRV (RSA) have been described in studies by Schlomka et al. and Schäfers et al.
(after []) in the s, as the difference between the sum of the — three to four longest and — three to four shortest
R−R intervals either as absolute values (arrhythmia magnitude) or as normalized data for the mean HR (percentage of
the mean, arrhythmia index). Similar measures are still in use and referred to as the variation range (VR, absolute) and
coefficient of variation (CV, normalized). Simple measures of cardiac vagal activity from standard ECG recordings have
been described recently [, ].

Themost widely used time-domainmeasure is the standard deviation (SDNN or SDRR) (>Table .), which is equal
to the square root of the variance of all normal-to-normal or R−R intervals, respectively []. Depending on data-length
and signal representation (HRi, HP) various SD-basedmeasures are in use.This simple HRVmeasure can be drawn from
a time series of any duration.

From -h ECG recordings, two other measures allow the quantification of the average N−N interval or SD changes
over predefined periods, usually of -min duration (SDANN and SDNNI, respectively) []. If a permutation of SD is
applied to the differences between consecutive N−N (R−R) intervals, a widely used and recommended index is derived,
referred to as the RMSSD [] (> Table .). The SD-based measures represent a coarse quantification of overall varia-
tion, while RMSSD represents a more accurate quantification of short-term beat-to-beat variation. More recently, a new
index has been derived which is the ratio SD/RMSSD [].
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⊡ Table .

Time-domain HRV measures from short- and long-term ECG recordings

Parameter Units Description

SDRR ms Standard deviation of all quantifiable R–R intervals over a period of recording

CV % Coefficient of variation, i.e., SDNN normalised for mean RRI

VR ms Variation range, i.e., difference between the longest and shortest RRI over a period of recording

DSCL ms Maximal difference between two consecutive R–R intervals (sinus cycles) over a period of recording

AAD ms Average absolute difference, i.e., the average of the differences between successive R–R intervals ignoring
their sign

SDSD ms Standard deviation of differences between successive R–R intervals

RMSSD ms Root mean square of successive differences in R–R intervals, i.e., the square root of the mean squared
differences of successive R–R intervals

CIPA units Cardiac index of parasympathetic activity

SDNN ms Standard deviation of all quantifiable N–N intervals

SDANN ms Standard deviation of the averages of N–N intervals in all quantifiable -min epochs of the entire recording

SDNNI ms Meanof the standard deviations of all N–N intervals for all quantifiable -min epochs of the entire recording

RMSSD ms The square root of the mean squared differences of successive N–N intervals

NN count Absolute number of pairs of successive R–R intervals that differ by more than  ms; three variants are
possible counting all such R–R interval pairs or only pairs in which the first or the second interval is longer

pNN % Percentage of pairs of successive N–N intervals that differ by more than  ms, i.e., NN count divided by
the total N–N intervals’ number

HR% % Number of consecutive heartbeats that differ in their instantaneous heart rate by more than %

Aseparate type of statistical analysis is based on counting of events defined as the occurrence of consecutive heartbeats
that differs above a pre-selected (arbitrary) limit of values or bins (absolute or relative). The index NN+ expresses the
number (“counts”) of consecutive heartbeats that differ by ms or more [, ]. Conventionally % bpm (HR%)
or ms difference (NN or pNN) is used. However, those arbitrary cut-off values represent only one of a family
of possible statistics (NNx) []. The unfavorable statistical properties of count-derived indices (> Fig. .) has led
experts to advise against their use []. Logarithmic transformation of the pNNwas proposed to improve count-derived
index statistics and their reproducibility. A novel proposal that may help to overcome statistical limitations suggests the
expression of the pNN after the logit transformation (logit) []. The Logit = Ln [pNN/(-pNN)] is the
natural logarithm of the odds of the occurrence of preset R−R interval differences >ms (> Fig. .).

Statistical measures are the most commonly used method despite their sensitivity to extreme values (such as true or
false) and which requires time-consuming review of the data-series to obtain reliable values []. Dependence on the
duration of recording excludes comparisons of short-term and long-term data, even if they are closely correlated []. It
might also influence the reproducibility of the statistical measures. As these indices provide only crude information, they
do not allow different HRV patterns (or dynamics) to be distinguished. Moreover, various patterns of HRV with similar
statistical properties can be erroneously gathered into one class of HRV [].

... Geometric Methods

Graphic representations of event distribution and their quantitative evaluation can be obtained by plotting the frequency
of occurrence of values in selected ranges or bins. This is referred to as a histogram. Classic descriptors of such represen-
tation are skewness and kurtosis, which quantify symmetry and peakness, respectively. Such descriptors are frequently
used in HRV studies [].

A histogram of time series can be analyzed using the absolute or relative number of “frequencies” within bins [].
The most frequent bin is termed the mode of the histogram and its “height” can be measured as the number of R−R
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⊡ Figure .

Unfavorable distribution of pNN (left plot) and its improvement if expressed as the Logit values. Data from  healthy

subjects (author’s data).

intervals with modal duration. The area of the histogram is equal to all R−R intervals. Assuming that the major peak of
the histogram is a triangle, the simplest measure of any HRV geometric method can be derived. It is referred to as the
HRVTriangular index (HRVI) [, ]. Here, if the number of intervals in the ith bin centered at ti is represented as b(ti),
then HRVI is defined as (.):

HRVI = ∑Nb
i= b(ti)

maxi b(ti) = N − 
maxi b(ti) (.)

where Nb is the number of bins (> Fig. .). Usually, a constant bin is used with a width of /fs = .ms, where fs is
the sampling frequency. A selection of bin widths is critical for HRVI and other histogram-derived indices [].

Amodification of the HRVI, less dependent on the sampling frequency, is the Triangular Interpolation Index (TIRR or
TINNdepending onwhether the selected intervals are R−RorN−N), which is the base of a triangle that approximates the
highest peak of the sample density histogram bymeans of theminimumsquare difference interpolation [] (> Fig. .).
Generally, a uniformdistribution representing large variability gives large values and a distributionwith a single large peak
provides small values.

The HRVI and TINN are dependent on the distribution of R−R intervals and are suitable for a reliable HRV esti-
mation only if one dominant peak is present. Such a pattern is usual in a stable in-hospital environment. In ambulant
patients and in normal subjects a bimodal distribution ismore common, therefore, theHRVI or TINNunderestimates the
global HRV.

Similar approaches can be applied to data derived from the differences between successive heartbeats (differential
histogram). Interestingly, a negative exponential interpolation of a differential histogram (specifically the slope of the
interpolation curve) appears to be a robust method that is useful for the automatic assessment of HRV [].

Another technique of differential histogram analysis referred to as a sample asymmetry analysis quantifying R−R
interval deviations from the median (or mean) values has been proposed recently []. Two quantities representing the
sum of the weighted deviation to the left (R(α), HR accelerations) and to the right (R(ß), HR decelerations) can be
calculated, where α and β are parameters describing the degree of weighting from the median value (α = β =  are
chosen). The ratio of R/R represents the sample asymmetry. For a symmetric histogram, R and R are equal.

The differential index (Diff I), obtained from a differential histogram, defined as the width of the base of a triangle
constructed by using the width of the histogram at , R−R intervals and at , intervals, plotted on a semilogarith-
mic scale []. Data for healthy subjects and the prognostic value in subjects with angina pectoris have been obtained by
using ms bins [, ].
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Calculation of the HRV triangular index (From [A], Springer, with permission).
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⊡ Figure .

Calculation of the TINN index. For the computation of the TINNmeasure, the values N andM are established on the time axis

and a multilinear function q constructed such that q(t) =  for t � N and t � M and q(X) = Y , and such that the integral

∫ +∞
(D(t)−q(t))dt is theminimumamongall selectionsof all valuesN andM. TheTINNmeasure is expressed inmilliseconds

and given by the formula TINN = M − N (From []).

In general, histogram-based methods require a sufficient data length, so they are less applicable to a short data-series.
They are also sensitive to the sampling frequency.

... ReturnMap Evaluation

This geometric method is based on a return map (Plot of a time series as a function of the current and of the previous
values. Known also as a Lorenz plot, scatterplot and less appropriately as a Poincaré plot.), which is a plot of each R−R
interval (RRn) (on the abscissa) against the following interval (RRn+) (on the ordinate) (>Fig. .).The first approaches
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⊡ Figure .

Examples of patterns of a return map. Upper panel, comet (left) and torpedo (right) pattern (usual in healthy subjects), lower

panel, fan (left) and complex (right) pattern (usually abnormal) (From [] with permission).

based on the return map for ventricular rhythm assessment in atrial fibrillation were reported by Arnoldi () and
Soderstrom () []. Nakanishi et al. were the first to use this method for HRV analysis [].

In this section, time-domain measures that can be drawn from the return map are described. Possible nonlinear
approaches are discussed in a later section.

A qualitative evaluation of the return map is based on the overall shape of distribution (> Fig. .) []. The shape
of the return map can be classified into several pattern-based categories, such as a comet or torpedo in healthy humans,
while fan-like or more complex patterns may occur in patients with certain cardiovascular pathologies or after autonomic
blockade.The use of qualitative evaluation is limited because of the subjective nature of evaluation and there is a probabil-
ity of a misleading interpretation. However, a qualitative approach remains a unique and validmethod for the assessment
of the quality of the ECG recordings []. Recently, a subject-independent method for scatterplot pattern recognition has
been proposed [].

Several measures for return map quantification have been proposed. To be reliably calculated, longer ECG recordings
are usually necessary. However, solutions for quantifying return maps from short-term recordings have been reported
[, –].

The simplest measures can be derived from the regression line (slope, intercept, or correlation coefficient). The slope
or the intercept of the regression line does not seem to have any advantage over simple max–min R−R interval difference
ormeanRRI itself.The Pearson correlation coefficient of the returnmapwas shown to correlate with short-term variation
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[, ]. Successive Pearson correlation coefficients calculated for each -min return map from long-term ECG recordings
were proposed to reveal distinct patterns of sleep–wake states (> Fig. .) [].

The most frequently used quantitative analysis of the return map includes calculation of its width- and length-
derived parameters [–]. Schechtman et al. applied those parameters for HRV analysis in newborns with aborted SIDS
[–]. They proposed calculating all following intervals for the given percentile value of the preceding R−R intervals,
specifically at the th and th percentile []. Alternative methods were proposed by Kamen et al. [] and Tulpo et al.
[] (> Fig. .).The derived indices SD (standard deviation of intervals over the minor axis), SD (standard deviation
of intervals over the major axis), and their ratio SD/SD, all enable the approximate estimation of autonomic cardiac
control [–]. Toichi et al. [] calculated the length of the return map over transverse T and longitudinal L axes and
derived two indices, referred to as the Cardiac Vagal Index (CVI = log (L∗T)) and the Cardiac Sympathetic Index(CSI = L/T) (> Fig. .). They showed that only  R−R intervals (∼min.) were necessary for a reliable calculation
of those indices. Copie et al. [] manually determined both L and T of the scatterplot in order to calculate the scatter-
plot area. Another variant of HRV partitioning has recently been proposed []. Unfortunately, in the presence of more
complex patterns of the return map, width and length-related metrics cannot be used.

The introduction of a “z” coordinate as the next time lag (i.e., R − Rn+(or>)) was proposed for evaluating the return
map in D space []. Such an approach gives a novel insight into the complexity of heartbeat dynamics, yet no clinically
useful index has been proposed.

Another proposal is to represent the number of pairs (RRn, RRn+) that lie within predefined bins, related to the
percentiles [], sampling interval (usually .ms) [] or R−R ranges [], equally spaced in “x” and “y” axes. In this
way, a “z” axis represents a density function and a pseudo-D graphic presentation can be obtained. In this proposal, for
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Return map coefficients use to follow transitory changes following various sleep stages. Profiles of -min interbeat autocor-

relation coefficient rRR (middle panel) and of R− R interval (lower panel) together with sleep pattern (upper panel). Slowwave

sleep (stage  and ) lies in shaded areas. rRR and RR curves smoothed using themoving average method over a -point span

(From []).
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Example of quantification of a return map (from [A], with permission).
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Quantitative assessment of the return map from short-term recordings. The lenght of the tansverse axis, T, and the length of

the longitudinal axis, L, can be determined. The derived indices of vagal (CVI) and sympathetic (CSI) are proposed and can be

calculated as simple product (decimal log) or ratio of the L and T (From []).

each rectangular area of the plot, the relative number of RRn/RRn+ samples is determined.Then, the maximum density
of samples for each size of the area of the plot is calculated. Schechtman et al. found this approach useful for studying
the changeable pattern over sleep–wake states in neonates []. Hnatkova et al. have proposed the logarithmic integral of
the density function to express numerically the compactness of the plot in post-infarct patients (the Compactness Index)
(> Fig. .) [].
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Three-dimensional representation of the return map from long-term ECG recordings. Two examples of -D return map (right

panel) of low (upper panel) and high risk (lower panel) post-infarct patients clearly mark differences between both cases with

nearly identical -D return map (left panel) (From []).

Sosnowski et al. proposed a simplified method for D return map evaluation [, ]. The distribution of pairs of
neighboring heartbeats (counts) within R−R interval ranges with ms resolution (bins) is presented (> Fig. .).
Then, the density of counts in the two highest grid boxes (the area for each grid box being . s) can be determined by
applying a  ×  array to the scatterplot between  and ,ms. Such a D view of the return map allows for an easy
determination of the density function in normal subjects, patients with sinus rhythm (> Fig. .), with premature beats
and atrial fibrillation. The derived index of HRV referred to as the HRV Fraction (HRVF) is calculated according to the
following formula (.):

HRVF = [ − RR + RR

RR − RR
] ∗ [%] (.)

where RR and RR represent two highest counts (from squares that are not necessarily adjacent), RR (total beat number)
and RR (the number of intervals that differ from a succeeding interval by ms or more).

The HRVF possesses unique properties that make it useful for HRV quantification irrespective of heart rhythm [].
Actually, the HRVF is the only time-domain index allowing for HRV assessment in the presence of AF (> Fig. .).
Significantly, a similar range of normal and abnormal HRV can be applied for subjects with sinus rhythm and atrial
fibrillation [].TheHRVF is normally distributed (as HR itself).This makes any statistical performance straightforward,
contrary tomost time-domain statistical measures, which frequently require transformation (usually logarithmic) before
any statistical analysis (> Fig. .). In addition, its calculation is not affected by the distribution of data-points, so it
can be applied to more complex patterns of the return maps. Physiological meaning of the HRVF as a global HRV index
appears to be similar to that of other global HRV measures (i.e., SDNN). At present, only the author has evidence of the
potential clinical utility of this method.

Moraes et al. have presented a somewhat different approach to return map construction []. A plot of RRI (on the
x axis) against RRi − RRi+ (on the y axis) and number of pairs within the bin of .ms duration (on the z axis) can be
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Simplified -D view of a return map of RR against RRl+. The boxes with two highest number of RR interval pairs is eas-

ily seen as black boxes lying between . and . s. These two numbers are RR and RR in the HRV Fraction equation.

All heartbeats in the range of .–. s are included, irrespective of their origin (normal, supra-ventricular or ventricular)

(From []).

obtained.The derived indexMN is the product of parameters derived from the three axes (> Fig. .). Its clinical utility
remains unknown.

... Time-Domain Analysis for Parsing Frequency Components

Peak-to-valley (“peak-to-trough”) statistics is the time-domain method introduced for distinguishing respiratory-related
oscillation from nonrespiratory periodic components [, , , ]. Accordingly, the RSA is quantified as the average
difference between the shortest sinus cycle associated with inspiration and longest sinus cycle within expiration. This
method is vulnerable to artifacts associatedwith low frequencies. In addition, a separatemeasure of respiration is required.
This method has become popular in psychological studies [, , , ].

The second time-domain method that allows for HRV distinction within specified frequency bands is the moving
polynominal method []. By using this method, the statistical variance of the data within the respiratory frequency is
obtained. However, it requires epochs of data points before and after the analytical time series to “prime” the polynominal
filter. This method and other variants are extensively used in psychological studies [, , –].

Repeated calculations of the coefficient of return maps with increasing time-lag (RRn vs. RRn+i , i = –) can reflect
the RSA pattern from relatively short-term recordings (∼, heartbeats) []. Even shorter epochs (∼ heartbeats) are
reported to be suitable for quantifying the pattern underlying RSA [].

... Time-Domain Analysis of the HR-HRV Relationship

Only a few attempts have been made to quantify the relationship between HR and HRV from long-term ECG record-
ings. The HRV Fraction is one example, as the probability of a certain value strongly depends on the mean RRI [].
The most recent attempt is referred to as the HRV Footprint, which is a plot of heart rate against SDANN. This plot
renders the likelihood (or density) of a particular HRV change occurring at each intrinsic HR over a -h period. The
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D return map view in a patient with sinus rhythm and in a patient with atrial fibrillation. Two examples of R − R interval

distribution in patients with depressed LV systolic function. Upper graph from a patient with sinus rhythm, lower – with AF.

Values of HRV Fraction, as well as mean R − R interval are comparable, while SDNN was three times higher in AF-patient,

reaching value far above the lower normal limit (Author’s data).
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Plot of HRVF values distribution in healthy subjects against standard normal deviate (author’s data).

footprint-area is calculated and expressed as a percentage. An example of the HRV Footprint in a patient with heart fail-
ure is shown in > Fig. .. []. Its usefulness has recently been documented in HF-patients with implantable cardiac
resynchronization devices [, ].

.. Frequency-Domain Analysis

Time series collected from biological signals may be considered as a sum of oscillations (usually overlapping). Different
mathematical analytical techniques used for the conversion of time series representation from time-domain to frequency-
domain present the opportunity to quantify various amplitude and distinct frequencies that contribute to the underlying
signal [, , , , , –].

Such a representation is termed spectral analysis and displays the distribution of the amplitude of each oscillation
(usually a sine wave) as a function of its frequency. The squared contribution of each frequency is actually the power
of that particular frequency contribution to the total power spectrum. The duration of the recording should be at least
ten times the wavelength of the lowest frequency band of the investigated spectral component. According to Parceval’s
theorem (Parceval’s theory states that the sum of squares measured among the time samples is equal to the sum of squares
of the Fourier transform results, when frequency samples are included from zero to the sampling frequency (fs).), the
total power spectrum, defined as the area under the curve of the power spectrum, equals the variance irrespective of data
length. For physiological and clinical information to be obtained, a post-processing of the power spectral density spectra
is necessary.

The power spectrumof heartbeat variation in healthy humans consists of three or fourmajor frequency peaks depend-
ing on the duration of data recordings (usually -min or -h period). Although they do not have fixed periods and the
central frequencies may vary considerably, by convention [, ] these peaks lie within the following ranges: high frequency
(HF) .–.Hz (cycle length .– s), low frequency (LF) .–.Hz (– s), and very low frequency (VLF) <.Hz
(> s) (> Fig. .).

In -h recordings the VLF is subdivided into the VLF component .–.Hz ( s–min) and the ultra-low
frequency (ULF) component <.Hz (cycle length >  h).
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⊡ Figure .

Presentation of -D distribution of RRI. The plane (upper graph) depicted intercept the distribution across maximum density

(counts). The P (middle graph) is measured at maximum density taking into account the tangent of the angle. Other param-

eters (P,P, lower graph) are simply maximum longitudinal and transverse ranges. AnMN index is a product of P, P and P

(x−) (From []).

The power of an individual frequency component is the area under the proportion of the curve related to each com-
ponent. The power of the ULF, VLF, LF, and HF components is usually expressed as square milliseconds and the PSD is
expressed as milliseconds per Hertz. The ratio between LF and HF components (LF/HF ratio) is commonly calculated
[, , , ]; however, it has not been resolved whether absolute or normalized values should be included for the LF/HF
calculation.

The relative LF and HF power can be expressed in normalized units (or percentages) by dividing the power of the
LF and HF components (in ms) by the total power from which the power <.Hz is subtracted and multiplying by
 [–]. The normalization procedure tends to minimize the effect of changes in total power on the HF and LF
components. However, is seems important to quote both the absolute and normalized values in order to describe the
distribution of power within the spectral components completely.
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⊡ Figure .

HRV footprint. A graphical representation of SDANN scatter occurring at each intrinsic sinus rate over a -h period. Colors

indicate the frequency of HR and SDANN occurrence (third dimension, i.e., density) (From []).

Because of statistical properties, the absolute values of the total power spectrum (or PSD) and their components are
usually reported after logarithmic conversion (either natural or decimal) [].

The spectral measures of HRV are most widely applied in current clinical investigations. Their prognostic power is
fully documented in a variety of populations [, , –].

A new index called prevalent low frequency (PLF, Hz) has been proposed by the St. George’s Hospital Investigators
Group []. Here, with /Hz resolution, the LF band contains seven power spectrum values at frequencies of .,
., ., ., ., ., and .Hz. In each spectrum, local peaks (spectral position with the PSD greater than
both adjacent power spectral densities) are detectedwithin the LF band, and the greatest powered peak is included in the
PLF computation. Frequencies of all maximum peaks (� per each -min segment) are averaged over the entire Holter
recording to obtain the single value of PLF. Detectable peaks in � segments are necessary for valid PLF calculation. At
present, only the authors have found evidence of the potential clinical use of this method [].

... Nonparametric Spectral Analysis

Nonparametric methods are traditionally used for the evaluation of rhythmic events presented in a signal. The Fourier
transform is the most common method for the decomposition of the signal. It provides an evaluation of the contri-
bution of all frequencies, irrespective of whether its frequency components show specific spectral peaks or broadband
powers.Thus, FFT techniques include all data independent of their deterministic or stochastic properties.These frequen-
cies are multiples (harmonics) of the basic frequency, which is a reciprocal of time series data-length. For a reduction
of the number of computations, the fast (a discrete) Fourier transform (FFT) is commonly employed [, , ].
The fast Fourier transform allows for obtaining the PSD of a signal directly from the time series by means of peri-
odogram (Estimate of power spectral density on the basis of the modulus squared Fourier transform.) expression
(see .):

PSD( f ) = ∣ 
NΔt

Δt
N−∑
k=

y(k) exp(−jπkf Δt)∣ = 
NΔt

∣Υ(f )∣ (.)

where Δt is the sampling period, N is the number of samples, and Y( f ) is the discrete Fourier transform of
y(k).

The FFT method uses a relatively simple algorithm with high-speed processing. It requires strict periodicity and
stationarity (Property of a time series inwhich probability distributions involving values of the time series are independent
of time translations.) of data. Also, the length of data for an FFT requires to be long enough (at least – consecutive
heartbeats) for a reliable PSD estimation [, ].
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⊡ Figure .

Interval tachogram of  consecutive RR values in a normal subject at supine rest (a) and after head-up tilt (b). The HRV

spectra are shown, calculated by parametric autoregressive modeling (c and d) and by a fast Fourier transform-based non-

parametric algorithm (e and f). Mean values (m), variances (s), and the number (N) of samples are indicated. For c and d, VLF,

LF, andHF central frequency, power in absolute value andpower innormalizedunits (n.u.) are also indicated togetherwith the

order p of the chosen model and minimal values of the prediction error whiteness test (PEWT) and optimal order test (OOT)

that satisfy the tests. In e and f, the peak frequency and the power of VLF, LF, and HF were calculatedby integrating the power

spectral density (PSD) in the defined frequency bands. The window type is also specified. In c through f, the LF component is

indicated by dark shaded areas and the HF component by light shaded areas (From []).
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Since the FFT is theoretically defined on an infinite time series, its application to real data of finite length leads to
unavoidable errors. The assumption of zero-value of the data outside the recording window is necessary and results in a
spectral leakage (Spectral leakage is the effect whereby power is removed from the correct frequency and distributed in
the neighboring frequencies. This is a case when periodicities are not precise factors of the epoch length.) in the PSD.
Therefore, different window functions are used to connect the side samples to zero smoothly. The rectangular, triangular
(Bartlett), cosine, Han, Hamming, Blackman-Harris, Lanczos, and Welch, window tapers are among the most popular.
Spectra which are better formed are obtained at the expense of frequency resolution (Spectral resolution is related to the
number of discrete harmonic components, each of which is separated in frequency by a given range (i.e., .Hz).
If the frequency difference between adjacent components is small, the power is distributed amongst more components,
each of which must therefore be smaller.) [, , ].

A further reduction in the frequency resolution can be reached by smoothing the rapid oscillation of the spectrum
[, ]. Different procedures of averaging and overlapping are used. One of the most popular methods is the Welch
periodogram (Periodogram estimate is based on the splitting of the time series in overlapped segmentsmultiplied by data
windows, and on the ensemble average of periodograms computed in each data window.). In this method, data segments
are allowed to overlap by % or %, and each data segment is weighted with a window function before calculating the
periodogram. Sometimes it is necessary to approximate a periodogram more closely, which can be done by using the
zero padding procedure [, ]. Zero padding actually interpolates the values of the measured spectrum at additional
frequencies, producing a smoother spectrum.

Rüdiger et al. [] proposed a new approach for the FFT use based on trigonometric regression.This method, similar
to the cosinor method [], creates the kth rhythmic part with amplitude ak, frequency ωk, and a phase shift φk as a
regressively estimated function by using the method of least squares in the form (see .):

uk(ti) =ak∗sin(ωkti+φk) (.)

This method provides a clear separation of rhythmic from nonrhythmic information. It is robust and does not require
interpolation for artificial or missing segment deviations. Oscillations with a variance part ε <% are stored as general
residual variance. Estimation of the residual variance (nonrhythmic component) in four frequency bands from the FFT
analysis showed that the total variance within each frequency band contains a substantial amount of the residual variance,
especially in the VLF range (∼–%) and in the HF range (∼–%) [].The clinical usefulness of this method remains
unknown (> Fig. .).

... Parametric Spectral Analysis

Autoregressive modeling (AR) uses a raw signal to identify a best fitting model from which the spectrum is derived
[–, –]. AR modeling is based on the assumption that each value of the series depends on a weighted sum of the
previous values of the same series with noise.

ARmodels are completely independent of the characteristics of the biological system, simply representing the “black-
box” approach. The AR methods are suitable for identifying the central frequency driven by a fixed-rate oscillator. Thus,
the AR method allows concentration on the most significant peaks, excluding noise-related frequencies. As a result, the
AR analysis provides a better spectral resolution, where the components are smoother and easier for post-processing. AR
enables spectral estimation from shorter time periods than the FFT approach [, ].

In the ARmodel, a priori choice of the structure and the order of themodel are crucial.The order is usually empirically
selected based on the investigator’s expertise or by comparing the AR power spectra with those computed from other
techniques. Too low a model order results in a low resolution power spectrum and too high a model order can generate
false peaks in the spectrum [].

Different criteria may help to determine the value of the order of the model (Akaike, Rissanen, Parzen) [, , –
]. A correct identification of the model is required by using a posteriori tests of reliability. Changing the model order
across different physiological conditions may introduce a new variable into the computation of the power spectrum.
A fixed model order seems to be a practical rule for AR spectral estimation. This approach, although attractive in its
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⊡ Table .

Classification of time-frequency methods (After Cerutti et al. [])

Linear decomposition of the signal Short-time Fourier Transform
Wavelet Transform

Quadratic energy distributions Spectrogram
Scalogram
Wigner-Ville Transform
Cohen’s class of time-frequency distribution

Adaptive parametric models Time-variant parametric models Adaptive filters

simplicity, is criticized as unrealistic as it assumes the same model for all subjects, independent of their clinical char-
acteristics and physiological conditions, as well as of signal sampling rate and SNR []. Moreover, in contrast to the
FFT-based estimation, the amplitude of AR peaks does not faithfully reflect the actual power of the associated spectral
component [].

Many algorithms are proposed for obtaining estimates of AR parameters, for example, methods based on estimation
of the Yule-Walker autocorrelation sequence, the Burg algorithm, and the Kay-Marple least squares linear prediction
algorithms (including the modified covariance method) [, , , ]. There are also adaptive algorithms such as
mean or recursive least square (RLS) which permit updating the parameter estimates as a new data sample becomes
available [].

.. Time-Frequency Spectrum Analysis

An evaluation of the power spectral density for short time series when the stationarity is met and subsequent repetition
through the entire recording allows changes in signal variation over time to be quantified in a continuousmanner. Several
time-varying spectral approaches have been proposed [–]. These methods are particularly suitable for evaluating
power and frequency transient alterations over time in response to physiological (bodymovement, exercise,mental tasks,
sleep), pathophysiological (ischemic episodes, cardiac arrhythmias), or treatment (drugs, interventions) stimuli. How-
ever, the patterns of signal variation that are present across the entire spectrum, including long-range controlmechanisms,
are hidden with time-variant spectral analysis. A classification of time-frequency methods is given in > Table . [].
Most of these methods use frequency bands corresponding to those arbitrarily chosen in the frequency domain analysis.
Only those that have a clinical application are described below. More in-depth review of these methods is beyond the
scope of this chapter (see references [, , ]).

... Nonparametric Methods

Short-Time Fourier Transform

The short-time Fourier transform (STFT) is a linear time frequency representation of changes in the signal that vary with
time. The Fourier transform does not explicitly show the time location of the frequency components, but some form
of time location can be obtained by using a suitable pre-windowing g(s). The STFT can be defined for x(t) as a local
spectrum of the signal x(s) around the analysis time as (see .):

Sgx(t,ω) = ∫ x(s)g(s − t)e−jωsds (.)

The time-frequency resolution of the STFT is limited by the time-frequency product, that is, having a small time resolution
means poor frequency resolution, or vice versa. The resolution is also constant as a function of the frequency, which is
due to the window chosen for the STFT. Also, it depends on the bandwidths of the analysis functions and the length of
the window, which are unlikely to be optimally chosen [–].
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Wavelet analysis of HRV. (a) A theoretical example of wavelet analysis, (b) Wavelet analysis applied to HRV signal. For

explanation see text and ref [].

Wavelet Analysis

Continuous wavelet analysis (CWA) is another method that provides time–frequency decomposition of a continuous
signal. This method is usually devoted to the analysis of non-stationary signals [, , ]. Conversely to STFT, CWA
allows temporal evolution of the spectrum of frequencies contained in the signal to be followed.

A basic function of CWA is the wavelet (Wavelet – wave of finite duration and finite energy, which is correlated with
the signal.) function, denoted as mψ(t). This function, used to decompose the analyzed signal in the time–frequency
plane, is localized both in time and in frequency (and must have the spectral pattern of a band-pass filter). The initial
function should be adequately regular and is the localized “mother” wavelet. There are a number of mother functions
(Daubechies’s fourth coefficient wavelet, Haar wavelet, Morlet wavelet). Starting from the mother wavelet, a family of
wavelets is set by scaling (contracting or dilating) and shifting in time (> Fig. .). The resulting wavelets coefficients
indicate the evolution of the correlation between the signal x(t) and the mother wavelet in different time-intervals and
frequency-levels. Particular wavelets are defined as (.):

ψk,j(t) = a−



 ψ (a−j (t − kaj
T)) (.)

where a is the dilation factor, j and k are integers that determine dilation (scale) and the time-position of the wavelet,
respectively, and T is the sampling interval.The corresponding wavelet coefficients are (see .):

Ck,j = ∫ x(t)ψ∗j,k(t)dt (.)

By using CWA, the signal can be analyzed in different scale levels. Low scale levels (small j value) correspond to rapidly
changing details (i.e., high frequency), whereas high scale levels (higher j values) correspond to slow changes (i.e., low
frequency).
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Wigner-Ville Technique

The energy distribution of the signal in the time and the frequency domain can be obtained simultaneously if the
PSD of the signal is evaluated by Fourier transformation of the instantaneous autocorrelation function (central covari-
ance function) [, ]. Obtaining the time–frequency distribution is known as the Wigner-Ville distribution (WVD)
(see .):

WVD(t, f ) = ∫ +∞

−∞
x(t − τ


) x ∗ (t + τ


) e−jπf τdt (.)

It preserves the time t and frequency f shift of the signal. The time (of frequency) integral corresponds to the signal’s
instantaneous power (or power spectrum). The instantaneous frequency can also be estimated.

As the WVD introduces the cross-term interference due to nonlinearity of the transformation, the kernel function
(Gaussian (known as Choi-Williams), Bessel, korn-shaped, and others) is used to remove this interference, obtaining the
Cohen’s class. The kernel performs a D filtering (in both domains) and determines the properties of the distribution.
However, its choice influences the time and frequency resolution and optimal selection of the kernel requires knowledge
about the signal. For the analysis of HRVdata, the smoothed pseudo-Wigner-Ville transform (SPWV) has largely been used.
It introduces time and frequency windows which determine SPWV resolution [, ].

Huang-Hilbert Transform

By using the Huang-Hilbert transform (HHT), an analyzed signal is represented in the time–frequency domain by com-
bining the empirical mode decomposition (EMD) with the Hilbert transform (HT). The first step uses EMD []. This
procedure decomposes the signal into so-called intrinsic mode function (IMF) (IMF defines an oscillating wave if the
number of extrema and the number of zero crossings differ only by one and the local average is zero.). A finite number
of IMFs can be obtained from a real data-series. The IMFs are produced sequentially with each subsequent IMF being
derived from the residual (i.e., the portion of the initial signal not represented by a previous IMF) initial signal. The iter-
ative algorithm is called sifting. The first IMF is defined as c(t). Having separated c(t) from x(t), one has the residual
signal r(t) = x(t) − c(t). After several iterations (until the residual part becomes a monotonic function or a constant),
the x(t) can be expressed as the combination of ci(t) and rn(t) (.):

x(t) = n∑
i=

ci(t) + rn(t) (.)

Then, the Hilbert transform (HT), given by (.),

H[x(t)] = y(t) = 
π ∫ ∞

−∞
x(τ)
t − τ

dt (.)

is performed on the ci(t), and yields the instantaneous amplitude ai(t) and phase ϑi(t) (.):

ait = √[ci(t)] +H[ci(t)]; ϑit = tan− {H[ci(t)]
ci(t) } (.)

The instantaneous frequency is given by (.).

ω(t) = dϑi(t)
d(t) . (.)

Thus, the Huang-Hilbert transform of x(t), denoted as HHT(t,ω), can be expressed as (.):

HHT(t,ω) = n∑
i=

ai(t,ω) (.)

TheHHT is adaptively data-driven and possesses higher time and frequency resolution than STFT,WVD, andCWA[].
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... Parametric Methods

Recursive Autocorrelation

The recursive autocorrelation, also referred to as time-variant spectral estimation, is based on modeling of signal changes
[–]. Spectral modification of a signal is realized by calculation of a new set of a model parameter a(t) from the
preceding one a(t − ) and from the prediction error (.):

a(t) = a(t − ) + K(t)[y(t) − ŷ(t)], (.)

where y(t) − ŷ(t) is the prediction error estimated by the model through the coefficients evaluated at time t −  and K(t)
is the gain of the algorithm. K(t) contains a forgetting factor μ that exponentially weighs the past of the signal (the length
of the past signal that really contributes to the change). Thus, the most recent terms contribute significantly to changes in
a new sample, while the oldest one are progressively forgotten. The gain of the algorithm determines its adaptation and
sensitivity to the signal changes. Many algorithms have been proposed for the K(t) calculation (RLS, smoothed Kalman
filter, directional, Fortesque). The sequence of spectra can be represented as a contor plot or a spectral array [–]. The
recursive implementation of the AR models allows monitoring of the spectral components in real time.The advantage of
thismethod is related to its possibility formultiple signal systems analyses for cross-correlation (time and phase coherence)
evaluation.

Temporal Cumulative Approach (TCA)

This relatively simple approach uses a PSD calculation over the frequency range of interests within short-epochs and
reconstruction of its cumulative plot against time. This method allows instability in PSD to be overcome from neigh-
boring epochs and reduces the effects of noisy data. The temporal cumulative approach enables temporal changes of
interesting spectral components to be tracked, especially those with a relatively undisputable physiological background,
i.e., the HF component.The cumulative plot is constructed by summing the PSD of the HF component versus time.This
plot is then analyzed by a stepwise linear regression procedure (least squares) that helps time segments with consistent
parasympathetic tone to be isolated.The length of these segments is determined automatically in order to find a minimal
number of segments that describes the cumulative plot. The intensity of parasympathetic tone at each time-segment is
defined by the slope of power units per minute [].

.. Nonlinear/Chaos-DerivedMethods

The majority of biological systems exhibit nonlinear behavior (e.g., the baroreceptor reflex, Starling curve, hemoglobin
dissociation, lung hysteresis on a pressure–volume curve, etc.). Attempting to explain such a behavior using linearmodels
does not seem sufficient or even appropriate.Thus, it is not surprising that over the last decade many nonlinear methods
have been developed and postulated for HRV evaluation [–]. They can be classified according to the main features
that they evaluate (> Table ..) []. Overall, a valid and reliable assessment of HRV nonlinear behavior requires
relatively long-term ECG recordings. Some mathematical formulae are provided below and physical meanings are only
summarized as necessary. A more in-depth description of these methods does not seem to be of interest to clinicians.
However, researchers with an interest are invited to explore more extensive reviews [–].

To become familiar with nonlinear methods knowledge and understanding of both the mathematical and physical
background are required. Unfortunately, advanced mathematics and physics are areas of limited understanding for the
vast majority of physicians. In addition, chaos-theory or nonlinear dynamics derived methods are actually far removed
from a definite physiological explanation or interpretation. A statement such as “broken fractal” means little to a physi-
cian. Thus, despite being introduced into clinical studies, these methods still remain research tools, and will be unlikely
to be commonly used at the bedside. Nevertheless, by providing insight into many aspects of cardiac (heart rate) behav-
ior, their employment (despite being experimental) might widen our understanding of cardiovascular system control
[–], and in some cases, these techniques might find a practical application []. In other words, some of the
gaps between science and practice can be demonstrated with HRV analysis. Fortunately, mathematicians, physicists, and
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⊡ Table .

Nonlinear complexity mechanisms and phenomena in physiology: partial list of possible

contenders (From []. With permission)

Abrupt changes

● Bifurcations
● Intermittent bursting
● Bistability, multistability
● Phase transitions

Scale-invariance

● Fractal and multifractal scaling
● Long-range correlations
● Self-organized criticality
● Diffusion limited aggregation

Hysteresis Nonlinear waves: spirals; scrolls; solitons

Nonlinear oscillations

● Limit cycles
● Phase-resetting
● Entrainment
● Pacemaker annihilation

Complex periodic cycles and quasiperiodicities

Complex networks Stochastic resonance and related noise-modulated
mechanisms

Alternans phenomena Time irreversibility

Deterministic chaos Emergent properties

manufacturers have convinced physicians to employ these methods, albeit with their “black box” meaning remaining
unresolved.

... Scale Invariant/Fractal Analysis

The scale invariant self-similar nature is a property of fractals (Fractal, derived from the Latin word fractus, meaning
broken or fragmented.), which are geometric structures that have no fixed length [, , –, –]. Their length
increases with increased precision (magnification) of measurement, a property that confers a non-integer dimension to
all fractals (fractal dimension (Geometric dimension of an object which includes fractal objects (Hausdorff dimension
DH).)). With respect to time series, the pattern of variation appears to be the same at different scales (i.e., magnification
of the pattern reveals the same pattern). The self-similar pattern can be recognized in either spatial or temporal aspects
(> Fig. .).

Power-Law Behavior (/f Fluctuation)

Kobayashi and Musha first reported the dependence of the spectral power on the frequency of the R−R interval fluctu-
ations []. Further to this, different methods for a scale-invariant (self-similar) relationship between the magnitude of
the effect and its frequency distribution (> Fig. .) have been developed [–, –].

The power relationship is described by (.):

f = aEβ , (.)

where E is the amount of variation (e.g., spectral power), f is the frequency of observations, and α and β are constants.
Taking the logarithm of both sides the equation gives (.):

log( f ) = log(α) + β(log(E)). (.)

Plotting a graph of log(f ) against log(E) reveals an almost straight line in the range of − to − Hz with β as an
exponent factor (slope) and log (α) referred to as the intercept. The range of log–log representation is consistent with the
size and duration of the system. Some authors also calculate the squared coefficient of correlation (r), referred to as the
coefficient of determination.
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⊡ Figure .

Fractal nature of heart rate variability. On the left graphheart rate variation appears to have no clear scale, as similar temporal

pattern canbe seen irrespective of time series data length. Right side graph shows distribution ofwavelets in heartbeat series

of different length. Pattern similarity is clearly seen between both epochs (From []).

The value of β exponent is around − in healthy subjects (> Fig. .). An altered β exponent was reported in patients
after MI [] and with CHF [].

In contrast to a relatively stationary long time series (thousands of heartbeats) used for a reliable power-law behavior
assessment, a model based onHRi calculation over a short time series (min) has been proposed []. Accordingly, the
squared deviation from the mean heart rate is plotted on a -bin histogram with a bin size that equals / of the largest
squared difference from the mean HR. A frequency distribution calculated from the histogram is plotted in the decimal
log–log space. A regression line is fitted to the  data points and r, slope and intercept are derived. Although interesting
results can been obtained in a selected population [], this method is susceptible to the presence of non-stationarities
or artifacts. In addition, a relatively long ECG recording is necessary for its reliable calculation.

Rescaled Range (R/S)

Fractal properties of data series can be measured by characterizing the divergence of data defined as the range (R) of the
sum of deviations from the mean divided by sample standard deviation (S). For some processes that exhibit a long-range
dependence (persistence), the R/S is proportional to a power of T (duration of the data sample) (see .):

R
S
= TH . (.)

The exponentH is called Hurst exponent [, , , ].
Given a time series x(n), n = , . . . .N, H can be estimated by taking the slope of the plot of (R/S) vs. n on a log–log

scale.H is related to the fractal dimension D(h). For D signals,H = D(h) [].



  Heart Rate Variability

Frequency (Hz)

ULF VLF LF HF

P
ow

er
 s

pe
ct

ra
l d

en
si

ty
 (

m
s2

/H
z)

⊡ Figure .

I/f scaling behavior of HRV spectrum. The slope of a plot of power against frequency is almost straight in the range of −

and − Hz. Two measures can be taken from /f relationship: intercept and slope of this line (referred to as scaling index β)

(From [A]).
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Scaling properties of power spectrum. Fractal scaling analyses for two -h inter-beat interval time series. The solid black

circles represent data from a healthy subject, whereas the open red circles are for the artificial time series generated by ran-

domizing the sequential order of data points in the original time series. Exponent β in healthy indicates for the presence of

long-range correlation (/f noise). Loss of correlation properties is consistent with uncorrelated random time series (white

noise) andβ -exponent equals zero (From []).

Detrended Fluctuation Analysis

A distinction between a local variation generated by external stimuli and intrinsic fluctuations from a complex sys-
tem has been proposed to be feasible with detrended fluctuation analysis (DFA) []. These intrinsic fluctuations are
presumed to exhibit a long-range scale-invariant (i.e., fractal) relationship. The DFA is a robust method for studying
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fractal (or self-similar) behaviors of systems from which the originating signal exhibits an absence of characteristic
temporal and/or spatial scale.

The calculation of DFA includes several steps. At first, heartbeat signals are represented as an integrated time series,
following the equation (.):

y(k) = N∑
i=

(NNi −NNave), (.)

where y(k) represents an evaluation of trends,NNi is the difference between individual inter-beat intervals, and NNave is
the average interval of the total number of heartbeats N. The trend function y(k) is then separated into equal nonover-
lapping boxes of length n, where n = N/(total number of boxes). In each box, the local trend yn(k) is calculated using
the least square method (> Fig. .). By subtracting the local trend yn(k) from the trend function y(k) (“detrending”)
for all possible length of boxes n, the function F(n) is calculated as the root mean square of the integrated and detrended
series (.):

F(n) = √(/N)ΣN
k= [y(k) − yn(k)] (.)

Graphic presentation of the relationship between F(n) and n on a bi-logarithmic scale provides a regression line
(> Fig. .). The slope of this line is termed the scaling exponent α. It may vary from . (uncorrelated random data
or white noise) to . (random walk or Brownian noise). If the signal obeys the power-law behavior, that is, corre-
sponds to the /f noise, the α exponent equals  (> Fig. .) []. The exponent α of this power relation defines
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Illustration of the DFA algorithm to test for scale-invariance and long-range correlations. (a) Interbeat interval (IBI) time series

fromahealthy young adult. (b) The solid black curve is the integrated time series, y(k). The vertical dotted lines indicateboxes

of size n  beats. The red straight line segments represent the “trend”estimated in each box by a linear least squares fit. The

blue straight line segments represent linear fits for box size n . Note that the typical deviation from the y(k) curve to the

red lines is smaller than the deviation to the blue lines (From [], Nat Acad Sci USA, with permission).
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Bi-logarithmic presentation of the relationship between F(n) and n. The slope of the line is referred to as α-exponent

and in healthy subjects varies around  (/f noise). For white noise or uncorrelated random data α -exponent equals .

(From []).

a pertinent parameter called the self-similarity parameter (when applicable it is related to the Hurst exponent H by
α = H + ).

Applying this analysis to real-life data-series, the scaling exponent shows two distinct linear segments that depend
on n values. Depending on a crossover phenomenon, arbitrary cutoffs for the n-values are initially proposed (n = –
and n = –) [–]. This yields two scaling exponents, α and α, referred to as the short and intermediate-term
exponents, respectively. However, in the most commonly applied variant of DFA, the n-values for α and α exponents
range between – and –, respectively [, ]. Thus, in contrast to /f scaling methods, the DFA allows the
determination of a scale-invariant property over a relatively short data-series (∼, heartbeats). A loss of fractal-like
HR dynamics has been shown to characterize patients with cardiovascular disease [].

DFA is a mono-fractal technique, assuming that the scaling properties of the system are the same through-
out the entire signal. In addition, only normal-to-normal heartbeats are included. As all of these assump-
tions may be flawed, another technique has been developed, namely multi-fractal analysis [–]. Multi-
fractal DFA may help to detect changes of scaling behavior with time, providing the multiple scaling exponent
D(h) (> Fig. .).

Multi-fractality in heartbeat dynamics raises the possibility that many nonlinear control mechanisms are actually
involved with coupled cascades of feedback loops in a system operating far from equilibrium. A loss of such dynamics
was reported in patients with heart failure [].

Correlation Dimension

Correlation dimension is an alternative procedure for the calculation of the fractal dimension (although it is not strictly
the same) [, ]. It is also considered as a measure of degrees of freedom stimulated by a system, thus expressing
the complexity of a system. From a defined data vector (yi, i = , . . ., N) with N points, an m-dimensional phase-
space of dimension p (embedding dimension (Number of axes of a return map sufficient to describe the properties of
the corresponding phase space)) is constructed according to Takens theorem (A delay embedding theorem gives the
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Multifractal properties of heartbeat variation (From []).

conditions under which a chaotic dynamic system can be reconstructed from a sequence of observations of the state of a
dynamic system.) [], obtaining (.):

x⃗t ≡ (yt , yt+τ , yt+τ , . . . , yt+(m−τ), (.)

for t = , . . .,N − (m − )τ, where τ is the time delay or lag. Grassberger and Procaccia [] have developed the basic
algorithm which consists of computing the fraction of pairs of points in the embedded space that lie within a distance ε
of each other with the dimension d (also referred to as D) (.):

d = lim
→

[ log(Cm(ε))
log(ε) ] , (.)

where Cm(ε) is the correlation integral which measures the number of points xj that are correlated with each other in
a sphere of radius ε around the points xt . This algorithm is also known as sphere (box) counting method. Thus, in the
phase-space, the correlation integral Cm(ε) is defined (.):

Cm(ε) = 
N ⋅ (N − ) ⋅ Σi≠jθ (ε − ∣Zi − Zj∣), (.)

where Θ(z) is the Heaviside function: Θ(z) = , if z � and Θ(z) = , if z > , and ∣zi − zi ∣ is the distance between a pair
of points within the attractor (Attractor – an object to which the time series in a phase space is attracted.).

When logCm(ε) is plotted versus log(ε), the slope of the resulting straight line, determined by linear regression at
lower ε, yields the dimension D. SeveralCm(ε) are computed for increasing values of the embedding dimensionsm, and
the slopes are determined from a scaling region of the log–log plot, as shown in > Fig. .a, obtaining a sequence of
d(m). Asm is increased, d(m) tends to a constant value of saturation (the D value) shown in > Fig. .b []). The
D value is obtained by considering the points where d(m) values remain constant (high values ofm). A variance of the
D calculation, the point estimate of the heartbeat D, has also been proposed [].

... Entropy Analysis

EntropyH, as a physical term, is an energy that dissipateswith time, as embodied by the Second Law ofThermodynamics.
The concept of entropy was introduced into the theory of information by Shannon []. Applying entropy analysis to
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(a) Correlation integral as a function of the sphere radius (r) for each embedding dimension showing the scaling region. (b).

Correlation dimension (D, here CD) as a function of the embedding dimensionmwith a fitted exponential curve .

a real time series is based on its ability to measure order (regularity) and disorder (irregularity/randomness) and the
probability p of these states.

Approximate Entropy (ApEn)

Approximate entropy analysis exhibits the rate of generation of new information within a biological signal (similar to the
classic Kolmogorov-Sinai entropy).

To calculate ApEn [], a data series is evaluated for the presence of recurrent patterns. First, a length m of data
sequences is defined and the likelihood of similarity with other sequences of length m with a tolerance r is determined.
Vector sequences x(i) of consecutive data-points u(i)(i=,,. . .N) of lengthm are derived.Then, the distance d(x(i), x(j)) is
defined, as the maximum difference between two vector components x(i) and x[j]. If this difference is within tolerance r,
the vectors are considered similar.
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The frequency (Cm
i (r)) of occurrence of similar vectors Nj of sequences with length m and tolerance r throughout

the data set is calculated (.):

Cm
i (r) = Nj ∈ d(x[i], x[j] � r)/(N −m − ), (.)

where j � (N − m − ). Then, the relative occurrence of repetitive patterns Φm(r) of length m within the tolerance r is
obtained (.):

Φm(r) = ∑
i
lnCm

i (r)(N −m − ), (.)

where Σi is a sum from i =  to (N − m − ). Finally, the approximate entropy ApEn is calculated, following the
equation (.):

ApEn(m, r,N) = Φm(r) − Φm+(r), (.)

Thus, the ApEn(m, r, N) measures the logarithmic frequency (probability) that runs of patterns (within the tolerance r)
of length m remain similar when the length m of the run is increased by . Small values of the ApEn indicate regular-
ity, given that increasing the data sequence of a length m by  does not decrease the value of Φm(r) significantly (i.e.,
regularity connotes that Φm(r) ≈ Φm+(r)). The value of ApEn (m, r, N) is expressed as a difference, but in essence it
represents a ratio, as the Φm(r) is a logarithm of the averaged Cm

i (r) and the ratio of logarithms is equivalent to their
difference. Although the ApEn can be calculated from relatively short data-series, the length of ECG recordings influ-
ences the value of ApEn (similarly to the SDNN). In healthy subjects, the ApEn is found to be slightly over or around
 []. In pathological conditions, ApEn was found to be higher [, ] indicating the existence of more unpredictable
patterns.

As with many other HRV measures, the ApEn requires data to be stationary and noise-free (without artifacts). In
addition, relatively long ECG recordings are required for the ApEn to bemeasured reliably. Also, ApEn includes a spurious
contribution from “self-matching”.

A variant of ApEn in which self-matching is not included, referred to as the sample entropy (SampEn) has been pro-
posed []. SampEn describes the conditional probability that two sequences for m data points (with a tolerance r)
remain within r of each other (similar) at the next point. The SampEn converges to a consistent value for a considerably
lower r andN than the ApEn []. A reduced SampEnwas described in neonates prior to the clinical diagnosis of sepsis
[] and before the onset of atrial fibrillation [].

As biological systems are structured on multiple spatial-temporal scales, a description of their dynamics using the
ApEn or SampEn, which evaluate regularity on one scale only, might provide conflicting results. Thus, the so-called
multi-scale entropy (MSE) evaluation has been proposed in which the SampEn is calculated for the coarse-grained data
for a range of scales (e.g., τ =  to τ =  []). The MSE is applicable to a data-series of finite length (∼,).
Increased regularity irrespective of variability (decreased or increased) was found to characterize pathological states.
A reduced MSE, depending on the scale of reduction, distinguishes patients with CHF, AF, or diabetes from healthy
subjects [, ].

Another variant is compression entropy (CE). It quantifies the extent to which the data-series can be compressed,
depending on the occurrence of repeated sequences []. CE reduction was documented in patients with CHF and
malignant ventricular arrhythmia []. The reliability of this method depends on sampling rate, the window length,
buffer size, and integer numbers [].

Symbolic Dynamics

Theabsolute value of parameters is seldomof importance for diagnostic (classification) purposes, while the relative orders
or qualitative values (above or below a threshold) are significant. In such instances, a great simplification in the form of
symbolic dynamics (SDyn) can be applied [–]. SDyn is based on coarse graining and involves the transformation of
the original time series into a series of a limited amount of discretized symbols that are processed to extract important
information about the system generating the process.
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⊡ Figure .

Illustration of symbolic analysis method. R − R interval series is uniformly spread on pre-determined levels. Each level is

described by symbol (number) and -symbols patterns (words) are constructed (From [A]).

A variant of the SDyn approach has been proposed to describe short-term HRV dynamics []. First, the data series
is transformed into a sequence of symbols.These symbols are simply the alphabet A = (,,,. . .) and permit the classify-
ing of various patterns and monitoring of their occurrence and changes with time (> Fig. .). At least three symbols
(strings) are necessary to characterize short-time dynamics. The resulting data are expressed as the probability of distri-
bution of each single word ( symbols) within a word sequence. A modified procedure of SDyn that permits a shortened
data series (∼ heartbeats) to be analyzed has been proposed []. This method naturally results in a considerable
compression of the data with a subsequent loss of detailed information. It also improves the sensitivity to noise. However,
the presence of artifact influences the symbol strings.

To quantify low-variability data epochs, a parameter called POLVAR has been proposed []. It is calculated on the
basis of the most simplified transformation of differences of ms or more (symbol:) or less (symbol:) between succes-
sive heartbeats. Only words of six unique symbols (all  or all ) are counted. The POLVAR represents the probability
of occurrence of the word “,” which indicates severely depressed variability [].

The acceleration change index (ACI), an index that can be obtained from the sign ( for HR deceleration,  for accel-
eration) of the beat-to-beat difference, which characterizes the dynamics of zero-crossing, has been proposed [].
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A series of sign changes (SC) is generated. Then, the differentiation of SC (DSC) is calculated and the ACI is defined
as (.):

ACI = k
M

, (.)

where k is the number of times that the DSC time series equals , and M is the total number of samples in
the DSC series. Therefore, the ACI is the proportion of times that a local maximum (or minimum) is followed
immediately by a local minimum (or maximum) by the total number of local maxima and minima. Despite the
method being simple and robust, the ACI quantifies similar changes of a different length (increase or decrease
by  or ms for example, and so on). Arif and Aziz have proposed the threshold-based (indicating the neces-
sary change to be signed) acceleration index (TACI). The TACI allows better classification of patients with specific
diseases []. However, its clinical applicability is not proven and the threshold value has to be chosen empi-
rically.

Information Entropy

The entropy of a random variable is defined in terms of its probability distribution and can be considered as a
good measure of randomness (or uncertainty). This is the basis of the so-called Shannon entropy (or measure of
uncertainty) [].

Consider a stationary time series {x (n)}N
n= that is characterized by the discrete probability distribution {Si}Ki= with

the marginal distribution pi = ∑
i
Si .Then, for the discrete probability distribution {pi}, the Shannon information measure

is defined (.) as:

Hx = −∑
i
pi log pi (.)

For HRV complexity measurements, the Shannon entropy can be applied for time series transformed into symbol
sequences (see symbolic dynamics). Thus, having the Wk set of all words ω of length k, the Hk calculated from the
distribution of probability of words p(ω) is given by (.):

Hk = − ∑
ωEWk ,p(ω)>

pω log pω (.)

Larger values of Shannon’s entropy Hk indicate a higher complexity. Among various “words” there are some that never
or only seldom occur. These “words” are called “forbidden”. Counting the forbidden words in the distribution of words
(of length  symbols), regular or irregular behavior in the data series can be distinguished (with a high or low number,
respectively).

If the data series contains negative values, one informative measure, which allows negative values in the distribution
is Renyi’s entropy described as (.):

Hα = 
 − α

log { N∑
k=

pα
k} (.)

where α is order (α >, α ≠). The result produced by this measure is expressed in bits: if one elementary signal yields
zero bits of information, then two well-separated elementary singles will yield one bit of information, four well-separated
elementary singles will yield two bits of information, and so on. Thus, for different cardiac signals, Renyi’s entropy in the
time–frequency domain is different [].

Mutual information function (MIF) is an informative approach analogous to the cross-correlation or the auto-
correlation function. For two stationary data series x(n) and y(n) the Shannon Hk can be calculated (Hx and Hy ,
respectively). Then, the MIF is given by (.):

MIxy = Hx +Hy −Hxy =∑
ij

Sij log
Sij
piqj

(.)
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⊡ Figure .

Scheme of Autonomic Information Flow (AIF) as function of the time scale τ. The AIF value at τ =  heartbeat quantifies

the information flow to the successive heartbeat. The respective loss of the signal inherent information (AIF normalised to

 at τ = ) is quantified by the AIF decay measure BD (beat decay at τ =  heart beat). Correspondingly, the loss of infor-

mation over a longer time scale τ, such as the vagal or respiratory sinus arrhythmia rhythms, which can appear as peak

in AIF (full line), can be assessed as PD (peak decay). In cases of nonappearing peaks, the decay with regard to the mean

AIF of appropriate time scale range (PDm, dashed lines) are used as robust measure. The lower boundary τl and the upper

boundary τu of the time scale range is chosen according to the corresponding frequency band boundaries f by τ = /(f)
(From [A ]).

The MIF measures the average information in x(n) on y(n) in units of “bit”. MIF is symmetrical (MIxy = MIyx), non-
negative, and bounded from above by min {Hx , Hy}. MIF vanishes if the time series are statistically independent. Thus,
the x(n) (almost surely) determines y(n) only if MIxy � Hy.

On the basis of the MIF, the autonomic information flow (AIF) has been proposed by Hoyer et al. []. In this
method, all statistical dependencies are considered as information flow within the time series. AIF is independent of
signal amplitudes and allows the predictability and regularity of a signal to be quantified.

A typical AIF is sketched in> Fig. ..The amplitude at τ =  (normalized to ) represents the entire information of
a time series. The decay of this function over a prediction time τ (which is considered as a time scale) represents the loss
of information (here, over one heartbeat interval). In the case of a highly complex interval series, the next RRI is poorly
predictable and consequently the decay of the AIF curve (information loss) is high (large BD, beat decay). In the opposite
case of a confidently predictable heartbeat series, the AIF decay is low and consequently the BD is small. Predominant
rhythms (such as vagal oscillations) can be assessed by the information loss over respective prediction time horizons
(= time scales) corresponding to the well-known autonomic rhythms. The resulting measure is called peak decay [].
Various time scales of AIF can improve prognostication in patients with multiple organ dysfunction syndrome and after
cardiac arrest.

... Methods for Chaos and DeterminismAnalysis

(Chaos – a property of a system that looks random being in fact deterministic (albeit irreversible and unpredictable).
Determinism–this means that points close to each other in phase space at a time t will probably be close to each other at
a time t + Δt. Thus, determinism implies that evolving from time t to t , and then from t to t, is the same as evolving
from t to t (known as Chapman-Kolmogorov law).)

Many biological phenomena which look like a random (stochastic) process (atrial fibrillation, ventricular fibrilla-
tion) are in fact related to many factors (the number of degrees of freedom (Mathematically, the number of degrees of
freedom (or the dimension of state space) equals the number of first-order differential equations necessary to describe
the system.), usually not known exactly) that determine their nonlinear dynamics (behavior) [, , ]. Dynamical
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⊡ Figure .

Bifurcation diagram of logistic map (From []).

(biological) systems (continuous) usually consist of phase space (M) and map (evolution, flow, F). Typically, there are at
best differential equations (Differential equation is a mathematical equation for an unknown function of one or several
variables that relates the values of the function itself and its derivatives of various orders.) to express the evolution of the
system. For exploratory reasons, the continuous system behavior is evaluated after discretization (i.e., “time” is given as a
set of points ,,. . ...F). For a D system, a nonlinear behavior can be characterized by means of a so-called logistic map
(Logistic map – a polynomial mapping of chaotic behavior can arise from very simple nonlinear dynamic equations.)
(.):

xn+ = axn ( − xn) , (.)

where xn+ is the point (state) after time , xn is the initial point (state), and a is the bifurcation parameter. When a
increases, the system switches to higher periodicities (so-called period-doubling bifurcations) until at a certain value of
a the system exhibits chaotic behavior (period-doubling route to chaos) (> Fig. .) [, ]. The transition from
regular (periodic) to chaotic behavior takes place via a quasi-periodicity, sub-criticality, or intermittency. All possible
dynamics have been observed with respect to cardiac arrhythmias (i.e., ventricular fibrillation [–]).

Consider two initial states of x(t) and y(t) at time t = . If the tendency is to diverge at an exponential rate with time
(γ >), then the system exhibits chaotic dynamics (.)

∣x (t) − y (t) ∣ ≈ ∣x () − y () ∣eγt, (.)

which define a property of chaotic dynamics, that is, the sensitivity of the evolution of the system to the initial
condition [].

Largest Lyapunov Exponent

TheLyapunov exponent (λ) is a quantitativemeasure of the sensitive dependence on initial conditions [, ]. It defines
the average rate of divergence of two neighboring trajectories. An exponential divergence of infinitesimally close trajec-
tories in phase space, coupled with a folding of trajectories to ensure that the solutions will remain finite, is the general
mechanism for generating deterministic randomness and unpredictability. A negative exponent implies that the orbits
approach a common fixed point. A zero exponent means that the orbits maintain their relative positions – they are on a
stable attractor. Finally, a positive λ implies that the orbits are on a chaotic attractor.Thus, Lyapunov exponents allow the
discrimination between periodicity and chaotic dynamics. Amongst all possible λ, the largest Lyapunov exponent (LLE)
is of particular interest. Its positivity is presumed to be a “gold standard” for chaos in “deterministic” time series.
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Wolf et al. [] have proposed the algorithm for LLE calculation from time series. For a given time series x(t) and
the nearest to initial point x(t), the average exponential rate of divergence is characterized by (.):

λ = 
tM − to

M∑
k=

log
L (tk)
L (tk+) , (.)

where L indicates the distance between these two points. To calculate the LLE, the following set of parameters must be
chosen:m – the embedding dimension, τ – the delay, evaluation time tk−, tk+, as well as separation points andmaximum
orientation error. For LLE calculation for ECG data series, anm between – and a time delay of  is indicated.However,
a reliable calculation of LLE requires a relatively long and uncorrupted data series. In addition, it remains controversial
whether LLE per se allows sufficient proof of chaos or provides a quantitative measure of chaos intensity.

Poincaré Sections

This is a way of obtaining a discrete (n − ) dimensional dynamic from an n-dimensional continuous space-phase. For
a D orbit, it is possible to intersect the orbit in a discrete set of points x(tk) with a suitably oriented plane P (Poincaré
section).Then, the points where the orbit intersects the plane from the same side (from behind) can be chosen.Therefore,
a two-dimensional discrete dynamics xk+ = G(xk) in the plane P can be determined [, , ].

Noise Limit Titration

Thepresence of noise in real (experimental) data series is themain factor that limits the reliability of various methods that
are proposed for the detection of deterministic chaos. Poon and Barahona [] have proposed an analytical technique
called noise titration. Instead of removing or separating noise from the data, artificially generated random noise is added
to the quantitatively titrate chaos.White (or linearly correlated) noise of increasing standard deviation (δ) is added to the
data until its nonlinearity goes undetectedby a particular indicator at a limiting value of δ = noise limit (NL) (noise ceiling
of the signal) and at a limiting condition (equivalence point). AnNLvalue> indicates chaos, and its given value estimates
its relative intensity. If NL = , the data-series can be considered either nonchaotic or the background noise (so-called
noise floor) neutralizes the chaotic component.The power of the numerical titration technique depends critically on the
choice of a suitable nonlinear indicator, which has to be specific (to nonlinear dynamics) and tolerant (to measurement
noise). One verifiedmethod is theVolterra-Wiener algorithm [].The titration procedure is highly sensitive and specific
to chaos, immune to noise, relatively simple and robust. Its ability to distinguish healthy young and elderly people from
CHF-patients has recently been reported []. However, its clinical significance still remains unexplored.

... Nonlinear Prediction (Forecasting)

A characteristic feature of a dynamic systemwith deterministic chaos is that the prediction of its behavior is possible with
some degree of confidence only in the short term.Thus, with some knowledge about a part of system dynamics (so-called
library), it is possible to try to predict its behavior several steps into the future. These assumptions provide a basis for the
development of methods for HRV predictability (forecasting) [, ].

Correlation Coefficients

Sugihara and May [] have arbitrarily proposed dividing a given time series into two equal parts, using the first half as
a library, from which the behavior of the second half can be predicted. By constructing anm-dimensional vector (called
the predictee) Xt = (xt , xt+ . . . .xt−(m−)) from the first half of the time series, it is then possible to make a numerical
prediction for the parts immediately following the elements of the predictee. Denoting these predicted values by x.t+p
for p = , , . . . .pmax, it is then possible to plot the x.t+p against the values xt+p actually occurring in the time series.
By repeating this procedure for many m-dimensional vectors drawn from the second half of the series, it is feasible to
compute the correlation coefficient ρ for the predicted and actual values as a function of p, the number of time-steps into
the future.
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S-map (Sequential Locally weighted Global Linear Maps)

A locally weightedmap can provide a simple test for nonlinearity in a time series []. Suppose there is an embedding of
the actual time series Xt ∈ Rm+ where X(t) ≡ , and the time step Tp forward is Xt+Tp(), then the forecast at Tp is given
by (.):

Ŷt = m∑
j=

Ct (j)Xi (j) . (.)

... Irreversibility/Asymmetry Analysis

Time irreversibility analysis is a nonlinear dynamics technique that produces temporal asymmetries in statistical prop-
erties that are different when the series are observed after time reversal. Thus, if a stationary time series is considered
to be time reversible, then the probability of the vector (zn ,..zn+k−) is equal to the probability of the vector (zn+k− ,..zn)
for all k and n []. For a time-reversible segment, it follows that the return map R − Rn+ versus R − Rn is symmetrical
with respect to the line of identity. Thus, the irreversibility is defined by the asymmetry of the distribution of the differ-
ence of consecutive intervals with respect to zero. The simplest test statistic used for detection of deviations from time
reversibility is the skewness of the differences of R−R intervals [].

Costa et al. [] have proposed a so-called multi-scale time asymmetry index AI that is based on methods derived
from basic physics assumptions. First, data-series are transformed into binary sequences of HR accelerations and decel-
erations. Then, a set of coarse-graining time series yτ is constructed by taking the average inside the moving window
with a different scale factor τ. The difference between the probability of energy distribution for HR accelerations and
decelerations provides the estimator of time reversal asymmetry Â (τ) (.):

Â (τ) = Σyτ>P (yτ) ln[P (yτ)]
ΣyτP (yτ) ln[P (yτ)] − Σyτ<P (yτ) ln[P (yτ)]

ΣyτP (yτ) ln[P (yτ)] , (.)

where P(y) denotes the probability of yτ . For a range of time scales τ, the multi-scale time asymmetry index (AI) is
calculated as the summation of the asymmetry values Â (τ) obtained for each time scale (.):

At = L∑
τ=

Â (τ) . (.)

The AI values are significantly higher for young healthy adults than for the elderly and subjects with CHF or AF. Inter-
estingly, highly irregular time series of AF and less variable (compared to healthy subjects) time series of patients with
CHF tend to be more symmetric []. Thus, AI can be considered as a measure that can be applied irrespective of heart
rhythm.

Many simple tests for time-irreversibility that are based on return map evaluation have been proposed by Ehlers
et al. [], Guzik et al. [], and Porta et al. []. The distribution of R−R intervals (or differences) with respect
to the main diagonal of the return map is quantified as the number of points (or distances) below or above the
diagonal.

The clinical significance of time-irreversibility remains unresolved. However, evidence of a link between autonomic
control and the asymmetry index has been found []. Recently, Porta et al. have described a method for distinguishing
various types of nonlinearities over different temporal scales [].

... Phase-Rectified Signal AveragingMethod

Periodicities in HR signals are usually contaminated by the presence of noise and artifacts, which may cause a reset of
the periodicities (quasi-periodicities). These “new” quasi-periodicities can be determined by means of a phase-rectified
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averaging method (> Fig. .) []. First, the so-called anchor points (Anchor points correspond to increases (or
decreases) of the signal.) in the phase of deceleration or acceleration are determined (> Fig. .). The averages over
anchor points are calculated within a segment (window) containing signals close to them (usually two intervals for each
side). Differences in PRSA over increasing and decreasing parts of the signal indicate a loss of time-reversal symmetry.
The derived index called deceleration capacity (DC) has been shown to be helpful in risk stratification in post-MI patients
[], especially in those with preserved left ventricular function [].

... Recurrence Quantification Analysis

Recurrence quantification analysis (RCA) is amethod for quantification of determinism in a time series [].Thismethod
is especially useful for transient behavior far from equilibrium (RQA software (Webber & Zbilut), can be downloaded
from the following URL: http://homepages.luc.edu/∼cwebber/.). Basically, the difference in the embedding dimension
zn − zm , which constitute the recurrence matrix Rn,m can be calculated. Points of the recurrence matrix are designated
“recurrent” if the difference between paired vectors is below a cut-off value. Recurrent points are plotted as darkened
pixels at corresponding n,m coordinates (> Fig. .) []. If the signal is regular, its deterministic nature will show
regular patterns. A quantitative description is given by the parameter percent of determinism (%DET) (among others
proposed), which is about zero for the stochastic process and approximately  for a deterministic signal. %DETprovides
information about the intrinsic structure of the signal []. Although the RCA also allows for the determination of the
LLE and Shannon entropy, this method has been found to be of limited clinical interest [].

... Stochastic Resonance

Thepresence of noisemight not necessarily be considered harmful. In fact, under certain circumstances, an “extra dose” of
noise can help the performance of the system [].The noise component can be calculated by means of severalmethods,
with the most popular being the signal-to-noise ratio (SNR) []. The geometric mean of the average distribution values
below and above the signal bandwidth has been proposed for its calculation. The SNR of the RRIs (SNRRRI) can be
calculated as a ratio of (DS+N −DS)/DN , whereDS+N is a distribution of the recorded signal (signal [s] + noise [n]), and
DS is a distribution of the true signal over a prespecified bandwidth. For transient changes to be examined, a robust locally
weighted regression can be used to smooth varying SNR temporally [].

.. Methods for Qualifying andQuantifying HRV Relationship with Other Biological
Signals

Important information provided by HRV analysis extracted from a single time series cannot enhance other time series.
Therefore, the interaction between two (or more) physiological (sub)systems might be necessary. Sometimes, a single
ECG time series can provide data regarding breathing rate though the respiratory function is not recorded [, ].
In addition, other ECG-derived parameters that might be related to heart rate control can be obtained, estimated, and
correlated with the HRV signal [].

Usually, simultaneously recorded time series for each system are required. Hence, many bivariate or multivariate
techniques have been developed that aim to quantify the imprint of the physiological interaction between the two ormore
systems. Apart from the detection of interrelations, some of these techniques are designed to assess causal relationships
between the signals.

... Time-DomainMethod

Time-domain approaches for quantifying a relationship between any two signals (HR and respiration or SBP or other) are
based on the simultaneous measurement of changes of the two parameters and the calculation of the correlation of their
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⊡ Figure .

Calculation of Deceleration Capacity index by phase-rectified signal averaging. For explanation see [, ].
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⊡ Figure .

Recurrenceplot. Thevarious color s reflect different Euclideandistances between trajectories andare analogous togeograph-

ical relief maps. Five RQA variables are computed (%recurrence, %determinism, information entropy, maximumdiagonal line

length, state trend) which have relevancy as nonlinear markers of changes in dynamical systems and physiological states.

If the signal is regular, its deterministic nature will show regular patterns (From http://homepages.luc.edu/∼cwebber/with

permission).

linear regression. Accordingly, the change of a signal x(t)− x(t + i) is plotted against the change of a signal y(t)–y(t + i).
The slope of a linear regression describes the magnitude of the relation. This relatively simple approach forms the basis
of some clinical tests, like the RSA deep breathing test, Valsalva or Muller test, tilt test, and BRS evaluation.

Time-dependent occurrence of the signal changes with another signal may help to investigate coordination and syn-
chronization.The simplest example is the relation of the P-wave to theQRS complex. If the relation is given by the number
, it simply indicates the presence of a IIo A-VblockMobitz I with a : pattern. A similar approach can be applied in study-
ing coordination of HRV and respiration or blood pressure changes. In addition, nonlinear phenomena that can mimic
AV block patterns (i.e., bifurcations) cycle-multiplying (i.e., periodicities including alternans) can also be examined.

... Cross-Spectrum

The coherence is a complex function of the frequency and estimates a degree of linear correlation between two signals
[–]. If Sxx( f ) and Syy( f ) are spectra of xx and yy signals, and Sxy( f ) is a cross-spectrum of the signal x(t) and
y(t), then the coherence K( f ) is given as:

K (f ) = Sxy[ f ]√
Sxx [ f ] ∗ Sxyy[ f ] (.)
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Bivariateanalysis of BP-HR variation in a healthy subject. Thick line – squared coherence spectrum, thin line – phase spectrum

(From []).
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Example of a coordination diagram. The coordination diagram indicates changes in the relative number of coordinated

R-peaks as a respective m:n ratio (see text). In this example the cardiorespiratory coordination is oscillating with the : pat-

tern’s predomination. The absolute maximum of % of coordinated R-peaks (left y axis) is reached at midnight. Amount of

coordination regardless of m:n ratio is depicted by the line of the %coordination (right y axis) (From []).

Thecoherence is commonly represented as the squaredmodulus K( f ), which at any frequency band is an index between
 and  of the amount of squared correlation. Values above . are considered significant (> Fig. .).

Availability of the cross-spectrum allows also the calculation of the phase relationship in the range of−○ and+○
or − ≠rad to + ≠rad, with a positive angle for a leading x(t), and a negative angle for a leading y(t). The phase relationship
is commonly represented as the phase spectrum (φ( f )).

The relationship between two signals, which are the input and output of the system, can also be described by the
transfer function, which is given as:

H ( f ) = Sxy[ f ]
Sxx[ f ] (.)

The cross-spectrum can be calculated from spectra obtained by means of parametric or nonparametric methods,
including the Fourier Transform, autoregressive modeling, wavelet transform and others [, ].
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... Nonlinear Methods

Phase Coordination and Synchronization

The term coordination means that there is some kind of temporal or phase incidence between HRV (the time of the
R-wave) and another signal (e.g., onset of respiration, maximum blood pressure). The term synchronization means that
there is a real physiological coupling between signals [, ].

In order to obtain coordination and synchronization indexes, signals (x, y) have to be recorded simultaneously and
continuously and presented as time series x(i) (i = , . . . ..m(x)) and y( j) ( j = , . . . ..n(y). The absolute (t) or relative (φ)
distance between the y(j) and the preceding x(i) or successive x(i) can be calculated.This allows for presentation of the
so-called synchrogram (or post-event time series) that illustrates variety in how the mth x(t) corresponds with the nth
y(t) (i.e.,m:n coupling) [].

Hildebrandt et al. and Kenner et al. have provided the first description of methods for continuous measurement of
the phase relation between HR and respiration [, ]. They found an intermittent coordination between the onset
of inspiration and the preceding R-wave. In addition, the ratio of HR and respiratory rate has been suggested as a sim-
ple measure of cardiorespiratory coordination []. Many advanced approaches to cardio-respiratory coordination have
been proposed (e.g., state-space correspondence, phase synchronization λ, phase recurrence, information flow, distri-
bution) [–]. The performance of these methods depends on the time-window used. Cysarz and coworkers have
recently shown (> Fig. .) that the largest number of coordinated R-peaks and coordinated sequences was detected
by the phase recurrence approach []. As the clinical usefulness of these methods has not been thoroughly validated
[], all the proposed methods seem to be valid for research purposes only.

Nonlinear Prediction

Nonlinear predictability of one x(n) of two series given from samples of another series y(n) is used to define directional
coupling.This approach is suitable for short andnoisy data, frequently present in physiological series (artefacts, transitions
etc.), which contains local constants, local linear parts and nonlinearities. The predictability can be quantified by using
the cross-predictability and the predictability improvement calculation. The degree of predictability can be calculated as
the squared coherence between the original and predicted values. Nonlinear prediction methods are especially useful for
investigating HRV-BPV causal relationships in many clinical states [].

Stochastic Resonance

The stochastic resonance analysis might be more helpful for the analysis of interactions between various systems (e.g.,
heart rate and blood pressure) []. Its analysis might open new possibilities for the understanding of physiological and
pathological phenomena associated with HR control []. At present, data accumulated for its application is limited,
being anecdotal for clinical use [].

... Baroreflex Sensitivity

Analysis of baroreflex sensitivity (BRS) enables the quantification of the reflex circulatory effects of arterial baroreceptor
activation or deactivation at the sinus node level through changes in vagal and sympathetic activity [, , , , ,
, ]. It has to be borne inmind thatHR changes are only a part of the complex circulatory response to short (sensitiv-
ity) and long-term (resetting) blood pressure fluctuations, in which the systemic vascular resistance control seems to be
the main target. Various methods can be used for BRS assessment []. All of them are based on the measurementof the
extent of R−R interval change (ms) per unit (mmHg) change in systolic blood pressure. Assuming that the relationship
between SBP and R−R interval in response to a rapid BP change is linear, the quantitative measure of BRS is provided
by the slope of the regression line fitting changes in SBP against the second succeeding R−R interval (one-beat delay)
[, ]. Usually, a significant relationship is required to accept the BRS value obtained. However, the BRS value cal-
culated on a linear fit with a lack of a significant correlation is allowed if an adequate increase in SBP (>mmHg) is
obtained [].
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Invasive Approach (External Stimuli)

Vasoconstrictor agents are normally used to explore the vagal component of the baroreflex sensitivity. Phenylephrine, a
pureα-adrenergic agonist, is administered intravenously during the continuous recording of ECG (R−R interval) and BP
(beat-to-beat arterial pressure) [].The latter can be performed either invasively, mainly in experiments on animals, or
noninvasively, by using the finger-cuff method, which provides overestimation of BP variability [], largely within the
lower frequency bands []. After a bolus dose of – ug/kg, incremental doses of – ug are given until a SBP increase
of –mmHg is reached. In normal subjects, the average values of ms/mmHg have been reported []. In certain
clinical settings, the BRS values close to zero, or even a negative BRS, can be observed []. Vasodilating agents are
normally used to explore the sympathetic component of the BRS []. Nitroglycerine, a direct vasodilator, is given via
the injection of –μg to obtain a rapid and progressive fall in SBP of mmHg.The BRS values after administration
of vasodilators are lower, indicating that the use of both vasoactive agents allows for a more comprehensive assessment
of BRS. Alongside, a “steady-state” method for estimating BRS has been proposed [], in which either phenylephrine
or nitroglycerine is administered in order to obtain the step-wise increase or reduction of blood pressure.

Methods that use vasoactive agents are criticized because of their nonselective actions leading to the introduction of
changes that alter the baroreceptor reflex at various levels (e.g., central effects, direct action on sinus node). On the other
hand, thesemethods allow the initiation of an integral response, irrespective of themechanisms contributing to the reflex.

Mechanical maneuvers, like the neck chamber technique or lower body negative pressure, represent other approaches
to studying BRS. In the neck chamber technique, either positive or negative pressure is applied to the neck region inducing
a decrease or increase in SBP with corresponding changes in R−R intervals []. The negative pressure ranges from −
to −mmHg and HR response is observed over three heartbeats following the maneuver. The BRS is defined as a slope
of R−R interval over neck pressure. A modified method of the neck chamber method has been proposed that allows
both for activation or for deactivation of carotid baroreceptors []. The lower body negative pressure that imitates a
reduction in circulating blood volume can be helpful in an evaluation of sympathetic activation and HR response [].
However, in contrast to direct carotid baroreceptor stimulation/inhibition, this method provides information regarding
cardiopulmonary reflexes []. Methods based on mechanical manipulations should be used in a specifically designed
research laboratory and for particular pathophysiological purposes [, ].

Noninvasive Approach (Internal Stimuli)

Noninvasive methods of BRS analysis represent alternatives to invasive techniques in that they use internal stimuli that
can be simply induced (e.g., Valsalva or Muller maneuver, head-up, or downward tilt) or that they occur spontaneously
(> Fig. .).

(a) The Valsalva maneuver

The Valsalva maneuver is a forced expiratory effort against a closed airway. The Muller maneuver is the reverse. There
are four phases of these tests, and among them, phase IV is commonly used for the BRS assessment purposes. The BRS

⊡ Figure .

The relation between the changes in systolic blood pressure increase and corresponding RR interval lengthening during

downward tilting (From [], Elsevier, with permission).
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is calculated using linear regression of instantaneous R−R intervals and corresponding SBP values. Kautzner et al. have
proposed calculating the BRS index, which is the ratio of the differences between maximum and minimumR−R interval
and SBP during the so-called overshoot period of the maneuver []. Unfortunately, reliable measurements cannot be
obtained in a large proportion of normal and post-infarction patients []. In addition, the correlation coefficients with
invasive methods vary between . and . [].

(b) Tilt testing

A body movement introduces changes in blood pool compartments and venous return, with corresponding BP and HR
changes. Takahashi et al. have proposed a method for BRS evaluation during a rapid downward tilting from an upright
to a supine position, which provides values comparable to the phenylephrine test [].

(c) Time-domain (sequence) method

The sequence method is based on the spontaneous presence of concurrent R−R interval and systolic blood pressure
changes (increase or decrease) over at least three consecutive heartbeats (sequence) []. For each sequence, the linear
correlation between R−R intervals and SBP values is fitted. The average of individual slopes of sequences that are signifi-
cant (r >.) and reach predefinedminimum change (mmHg and –ms for SBP and interbeat duration respectively) is
taken as the BRSmeasure. Usually, lower BRS values have been observed in comparison with the phenylephrine test [].
Simplified variants of the sequence method have been proposed. Among them, the measurement of R−R interval varia-
tion over a -min period of controlled breathing at . Hz, that allows SBP changes to be ignored, has been documented
as useful for distinguishing normal subjects (ms) from patients with heart failure (ms) [].

(d) Spectral ratio (alpha-index)

Spectral ratio (gain, alpha-index) provides an estimate of the sensitivity of the baroreceptor-heart rate reflex based on
frequency-domain analysis of the spontaneous variability of SBP and HR [, , , ].The method is based on a high
degree of linear correlation between systolic blood pressure and heart rate at the respiratory frequency and at . Hz in
normal subjects, and on the assumption that that correlation is due to the baroreflex coupling [].

First, the spectra of systolic blood pressure and RR-interval series, and their squared-coherence modulus, are com-
puted. If the coherence at . Hz and at the respiratory frequency is sufficiently high (i.e., greater than a threshold usually
set at .), the spectra of systolic blood pressure and RR-interval are integrated over the . Hz peak, giving the SBPLF and
RRLF powers, and over the respiratory peak, giving the SBPHF and RRHF powers. Then the square-root ratio of RR and
SBP powers at low and high frequencies is computed:

αLF =√
RRILF
SBPLF

and αHF =√
RRIHF

SBPHF
(.)

A close correlation of α-coefficients with the phenylephrine methods has been reported in a small-number of initial stud-
ies. Larger studies have revealed a moderate linear association between the two techniques with a relatively high limit
of agreement (∼ ms/mmHg in normal subjects and hypertensives and ∼mmHg in post-infarct patients) [–].
These observations indicate limitations of the BRS assessment using frequency-domain methods. Despite these limita-
tions, a noninvasive approach provides BRS estimation of a short-term liability coming from complex and redundant
reflexes with no procedural (apart from laboratory conditions) requirements.

... Heart Rate Turbulence

A short-term fluctuation in sinus cycle duration after a ventricular premature beat forms the basis for introducing another
noninvasivemethod that is related to the baroreflex control of HR, and is referred to as heart rate turbulence (HRT) [–
] for explanation see text and ref. [] (> Fig. .). Interestingly, the description of this method has been forced by
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⊡ Figure .

Normal (left) and abnormal (right) ventricular premature contractions tachograms used for the heart rate turbulence.

simultaneous evidence of its usefulness in risk stratification after myocardial infarction [], while the pathophysiolog-
ical background that might help to explain the strength of HRV as a risk stratifier [, , , ] using this method
is not known.

The HRT is quantified by two measures termed turbulence onset (TO) and turbulence slope (TS). The turbulence
onset is a measure of immediate initial R−R interval shortening following a ventricular premature beat and is calculated
using the equation (.):

TO [%] = (RR + RR) − (RR− + RR−)(RR− + RR−) ∗  (.)

where RR− and RR− are sinus cycles preceding a ventricular premature beat, and RR and RR are the two intervals
following the compensatory pause. TO is calculated for each single premature beats and then averaged. TO >  means
deceleration, TO <  means acceleration of the sinus rhythm.

The turbulence slope (ms/beat) is a measure of subsequent deceleration phase and is calculated as the maximum
slope of a regression line assessed over any sequence of five subsequent sinus-rhythm RR intervals within the first  ()
sinus-rhythm intervals after a ventricular premature beat and is assessed in the average HRT tachogram.

HRT cannot be calculated in the presence of interpolated ventricular premature beats without compensatory pauses.
Also, a minimum number of five premature beats is necessary to obtain a reliable pattern. However, a recommendation
for TO and TS calculation in the presence of only a single premature beat can be found [, ]. The HRT measure
depends on heart rate itself, and the coupling interval (prematurity) of ventricular beats [, ]. Considering HRT as a
specific noninvasive measure of BRS, it is necessary to keep in mind that the sinus rate response to premature ventricular
beats depends also on intact SAN function and the post-extrasystolic potentiation phenomenon [, ].

. Methodological Considerations

.. Ideal HRVMethod and Index

The complexity of heart rate fluctuation a priori excludes an ideal HRV method or index to be identified. However, such
an attempt can be made for a particular purpose of HRV assessment.The requirements and characteristics of the index
or method that can meet the purposes of an HRV study are presented in > Table . and discussed below.

Criteria for an ideal HRV index that have to be met for the index to be applicable for the assessment of cardiac auto-
nomic control in physiological and pathophysiological studies, proposed by Goldberger et al. [], are listed as follows:
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. The ideal index should behave in a comparable manner in various subjects in response to stimulating or inhibiting
maneuver s that lead to changes in cardiac autonomic balance or in its main components

. Between-subject variability of the index at the same conditions should be minimal
. The ideal HRV index should be explicable on the basis of physiological or pathopysiological mechanisms contributing

to vagal-sympathetic interactions

For the reasons above, only short-term HRV analysis (and derived indices) seems to be applicable if cardiac autonomic
control is to be explored (> Table .).

From a clinical point of view, an idealHRV index should possess quite different features, while the association between
HRV and cardiac autonomic control might not necessarily be so tight. Considering these issues, the criteria for a clinically
useful HRV index might be proposed as follows:

. The ideal HRV index should be an independent prognostic measure of the risk of death, especially if sudden
(unexpected)

. The ideal HRV index should have the potential to be applied in a wide population (without exception for cardiac
rhythm disturbances)

. Common applicability in clinical practice requires the ideal HRV index to be as simple as possible in order to be
understandable to physicians

. The ideal HRV method should be implemented in available analytical systems, allowing for its practical use in large
populations

. Normal limits defined as limits of agreement (LOA) should be established in a local (geographically or race-
homogenous) population.

For these reasons, long-term HRV analysis (and derived indices) can be considered more suitable, as they cover most
mechanisms related to the HRV phenomenon (> Table .). However, the interpretation of themeaning of these indices
on the basis of cardiac autonomic control does not seem to be appropriate.

The common HRV measures also suffer from other limitations, including the non-normal distribution that requires
mathematical transformation (usually natural logarithm), and a lack of standardization.

There is still a place for an ideal method and index from the mathematical, physical and technical point of view.
The implementation of ideas that come from other areas or phenomena might prove to be fruitful. However, their
physiological (Goldberger criteria) or clinical (clinical criteria) meaning should be tested each time. This requires
close cooperation between inventors and clinicians. Otherwise, methods can proliferate without solving any important
physiological or clinical issues, and simply add “scientific-like” noise.

.. Data Acquisition

... Integration of the Signal

The basic cardiac signal, generally in the form of the electrocardiogram, is required to be digitized by a computer in order
to obtain a series of R−R intervals. However, sometimes the R−R-interval series can be derived from analog systems.
Also, a use of plethysmography or blood pressure recordings can provide the opportunity to derive pulse intervals.

Ideally, a raw ECG record should be preserved to check for the integrity of the signal, the presence of non-sinus beats
and for editing artefacts [, ]. Accurate on- and off-line analysis depends primarily on the integrity of the signal.However,
for HRV analysis purposes, the digitization rate (sampling frequency) is crucial for the detection of small variations of
cardiac rhythm. Several types of errors and their solutions are presented in > Table ..

... Errors Relating to Digitization Rate

A sampling frequency of –Hz has been recommended [, ]. However, in many studies the sampling frequency
is not reported. Others considered a digitization rate of –Hz, which would provide a basic resolution of –ms
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⊡ Table .

Short-termHR and HRV measures characteristics from an “ideal”HRV requirements view

Requirements

HR

(RRI) SDRR SDSD CV VLF LF HF

Fractal

measures Others

Comparable (in
direction) change in
response to a defined
stimulating or
inhibitingmaneuvers in
various subjects

+++ + +/– + +/– +/– + +/– NA

Minimal
between-subjects
variability

+++ + + + +/– +/– + +/– NA

Explanation on basis of
physiology and
pathophysiology

+++ + ++ + +/– +/– ++ +/– NA

+++ highly predictable/consistent data, ++ moderately predictable/exceptions reported, + marginally predictable/high variation, +/– unpre-
dictable/conflictingdata exists, NA - not assessed

⊡ Table .

Long-term HR and HRV measures characteristics from an “ideal”HRV requirements view

Requirements

HR

(NNI) SDNN SDANN RMSSD HRVI HRVF

Fractal

measures HRT BRS

Independent risk
factor/marker of
death/sudden death

+++ + +/– +/– ++ + ++ ++ +++

Applicability to a wide
range population

+++ +/– ++ +/– + ++ +/– +/– –

Comprehensible for
physician/bedside use

+++ + + +/– +/– + – + +

Implementation on a
commercial system

+++ +++ +++ +++ +/– – – – –

Normal limits with a
LOA defined

+++ + – + +/– +/– – +/– +/–

+++ well documented/consistent data, ++ moderately documented/consistent data, + moderately documented/inconsistent data, +/– less well
documented/conflicting data exists, – undefined/lack of data/experimental tool as yet

[–]. A higher sampling frequency might be necessary to gain small variations in the amplitude of cardiac rhythm,
especially in pre-term newborns and after heart transplantation. Most of the studies of HRV have gathered data using
-h ECG systems with a nonoptimal sampling frequency of Hz (∼ ms resolution), despite a resolution of at least
ms (Hz) suggested for adequate RSA quantification [, , ]. The noise introduced by an insufficient sampling
rate can be overcome by the use of template matching or an interpolation algorithm. A digitization rate below Hz is
not considered acceptable [, ].

A low sampling frequency can cause a jitter in the determination of the fiducial points of the QRS complex, thus
creating an error in the RR interval measurements [].The jitter-error is a source of additional high frequency content,
and thereby affects the reliable determination of short-term variation.

Conventional Holter systems influence parameters estimating short-term, high frequency variation (RMSSD, NN,
pNN).The R wave detection error using conventional systems can make spectral HRV analysis inaccurate and too low
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a sampling rate can influence high-frequency components irrespective of the spectral analysis methods used [–].
An error of up to % in the RMSSD and HF power has been reported when systems with conventional (ms) and high
resolution ( ms) timing accuracy have been compared []. These errors have been even greater in patients after MI,
reaching .% and %, respectively. A higher sampling rate leads to a reduction in the HF power. As a result, significant
error is introduced with a sampling rate of Hz not only to the HF power, but also to the LF/HF ratio with an error of up
to %. Tapanainen et al. observed a large error in post-MI patients reaching .% in those with low HRV and .% in
those with normal HRV. A % error of short-term components of the returnmap (SD) has been shown to be due to a low
sampling rate. Voss et al. reported a % error in the nonlinear symbolic RR interval dynamics in normal subjects, when a
conventional system had been compared to a high resolution system with a sampling frequency of  kHz []. A similar
range of error has been observed in the short-term scaling exponent α  (DFA) in subjects with normal HRV. However,
the error increased to % in post-MI patients with a reduced HRV. A marked difference (%) between low (∼ms) and
high (ms) resolution has been observed for the approximate entropy (ApEn). The error was more pronounced in post-
MI patients with low HRV or faster HR (.% and .%, respectively) [].The magnitude of all these differences grew
proportionately when the overall heart HRV diminished. Thus, the measurement of the nonlinear dynamics parameters
should preferably be done with a sampling frequency higher than the conventional Hz.

The sampling frequency does not seem to affect long-term (RRI, SDNN, SDANN) or low-frequencyHRVcomponents
(VLF, LF).

Sampling frequency ismore important in the accurate detection of IBI short-termfluctuations if the RR interval series
are shorter or smaller in amplitude []. Most prognostic studies on post-AMI patient populations, however, are based
on the SDNN calculation. It is unlikely that the results of these studies would change with a higher sampling rate. However,
for experimental studies in physiology, psychophysiology and pathophysiology, the minimum sampling rate of Hz should
be mandatory.

... Errors Introduced by Noise

A rigorous recording method should be used in order to minimize noise, which usually interferes with the signal and
results in an overlapping with the true R-wave amplitude [, –]. This can lead to spurious R-wave timing due
to variation in peak amplitude and makes the use of simple maxima-based peak-finding algorithms unreliable. How-
ever, smoothing or filtering of the digitized signal, template or derivate matching and interpolation procedures can
help to solve this problem. If the heartbeat signal is obtained from continuous BP recordings, where the fiducial point
detection is more problematic due to a lack of clearly defined peaks, a template-matching approach is considered most
appropriate.

Another consequence of noisy recordings is the identification of artifactual waves as spurious R-waves. Such erroneous
R-waves might be harder to eliminate through the above mentioned algorithms. A careful visual investigation of a series
of data is necessary. It is quite easy for short-term ECG recordings. However, for a -h recording it can be achieved
through an automatic class (template) ascertainment of accuracy, by the visual checking of R−R interval (or differential)
distribution histograms’ tails, or step-by-step correction using a full disclosure option available in commercial systems.
These procedures are time-consuming and may require up to min for thorough analysis, labeling and editing.

... Errors Related to the QRS-Wave Detectors

Another set of spurious R-waves results from an inappropriate threshold for R-wave detection. If the threshold is too
low, an R−R interval would be subdivided into additional inter-event intervals due to the detection of T-waves (usually
peaked with a relatively high amplitude, not infrequently in normal subjects), or more rarely, due to P-waves (usually
when the amplitude of the R-waves is small, a frequent feature in patients with an advanced heart failure). If the threshold
is set too high, R-waves of smaller amplitudes would be undetected and an exceptionally long IBI that merges two or
more normal R−R interval would be recorded. These undetected beats are referred to as missing beats [–]. Their
presence introduces sizeable and dramatic biases in estimates of HRV that can result in errors of up to % for SDNN,
% for HF power and above % within lower frequencies [].
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⊡ Table .

Steps to avoid non-stationarity in ECG recordings

 Minimize non-stationarities in data through conditions control

 Use filtering procedures for the removal of slow trends

 Avoid unnecessarily long analytical epochs

 Test for non-stationarities if appropriate

 Omit (or remove) highly non-stationarity data segments

 Use approaches explicitly designed for non-stationarity data evaluation

Another type of error is related to the identification of abnormal (either ectopic or artifactual) beats as normal. As the
data-series containing abnormal heartbeats could be rejected from further analysis, leaving mistakenly labeled R-waves
introducing a significant error especially in spectral estimates, particularly within the HF bands [, –].

Instabilities of the isoelectric line (baseline) with extreme upwards or downwards shifts due to a poor electrode-
skin contact, and following rapid changes in impedance, would result in missing beats even if the technical require-
ments are fulfilled. Some aspects of these sources of errors are discussed in other chapters (Ambulatory ECG, Signal
averaging etc.).

... Errors Relating to the Presence of True Ectopic Beats

The presence of a few premature ectopic beats (PEBs) is a normal feature of long-term ECG recording in healthy sub-
jects. The number of ectopic beats increases with age and in patients with CVD. In such cases, they can also appear in
a short-time series. Irrespective of data length, their presence introduces an error that is related to a sudden shorten-
ing of the sinus fulfill cycle preceding the PEB (coupling interval) and a compensatory prolongation of the subsequent
cycle (compensatory pause). As a result, a significant error in time-domain and especially in frequency domain mea-
sures is introduced [, , –]. In an excellent paper, Berntson and Stowell showed that the presence of only
one ectopic PEB in a -min recording introduced an error in the SDNN of up to %, in the HF of around %
and in the LF of approximately % []. Interpolation procedures for the replacement of PEBs with interpolation-
derived heartbeats do not necessarily prevent these errors. The use of a filter function to interpolate for heartbeats
preceding and following PEBs can help to solve this problem. However, it may lead to a disruption of the continuity
of data.

... Non-Stationarity as a Source of Errors

Stationarity is defined as the invariance of distributional characteristics of data-series in all moments over time. In a con-
trolled laboratory setting, when short-time data series are subjected to evaluation, ECG signal non-stationarity might
reflect the physiological properties of complex heart rate control. If long-term ECG recordings are used for HRV assess-
ment, occurrence of sudden changes in sinus cycles related to internal or external stimuli is frequent. Also, sustained
trends can reflect physiological control mechanisms. They may distort spectral frequencies and usually are subject to
detrending procedures []. These procedures provide technically valid data-series, but at the cost of a loss of infor-
mation. Another way to fit stationarity of data is the use of linear or polynominal trend removal or bandpass filters to
isolate the periodicities of interests and minimize the effects of non-stationarities. For the stationarity of the time series
to fit, the simplest way is to maintain test and subject conditions stable throughout the recording period and to minimize
the length of recordings. If non-stationary epochs cannot be removed or extracted from prolonged data-series, multi-
ple short-epochs, in which stationarity is satisfied, should be analyzed to examine the dynamics of the signal over time.
Otherwise, the analysis of relatively stable short-time series with appropriate methods (e.g., discrete FFT, time-frequency
analysis) seems to be more advisable than the use of detrending algorithms. Steps necessary to solve the stationarity issue
are listed in > Table ..
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... Management with Errors Relating to the Presence of Ectopic, Spurious andMissed Beats

In acute studies, when the ECG signal recorded is of only a fewminutes duration, continuous visual inspection is required.
Only data that does not contain any abnormal beats should be extracted for further analysis. For short-term recordings, it
seems advisable to acquire time series somewhat longer than the period assumed for further analysis as it increases the
probability for taking undisturbed portions of a required length from the entire recordings. In any other cases, the studies
have to be repeated or rejected [, , , , ].

Less strict approaches are proposed for -h ECG recordings [, , , , ]. For time-domain methods, data
can be passed through various filters that eliminate annotated heartbeats other than the normal (dominant) beat. Addi-
tional logical conditions are imposed to eliminate the preceding and post-ectopic heartbeats. If the sequence of heartbeats
is required to be sustained (e.g., for spectral analysis), various solutions are proposed. However, there are no specific
recommendations regarding the cut-off of absolute or relative frequency of abnormal heartbeats. Many authors use
different criteria.

If the number of abnormal heartbeats is considered insignificant, algorithms that allow the correction (substitute)
of abnormal (usually ectopic) heartbeats could be applied. A variety of algorithms have been proposed and reviewed in
depth elsewhere.

The duration of the compensatory pause depends in a complex manner on the coupling interval and the mean IBI
before PEBs. Thus, PEBs can occur as interposed, compensated or phase-shifted extrasystoles, so simple replacement
using interpolation procedures is not reliable. Also, the annotated PEBs may in fact represent either true physiologi-
cal phenomena, especially in healthy young people, or true pathological phenomena related to SAN dysfunction. Most
algorithms ignore the fact that ventricular PEB occurrence is associated with changes in the autonomic milieu.

All errors in QRS detection and IBI measurements are of special significance in individuals with low HRV, where the
same level of error is associated with much greater influence upon a true signal. These errors are more likely to be found
in persons with PEBs as well as intraventricular conduction disturbances. Guidelines indicate the necessity for a clear
description of the specific procedures for interpolation or data rejection and for a discussion of their contribution to the
results [, , ]. Even so, if the data is corrupted, the analysis should be limited to more robust time domain statistics.

.. Data Length

Theduration of the R−R interval recording for HRV analysis is not a priori limited.However, for comparison between dif-
ferent studies, the data is required to be of similar length.The total variance of IBI increases with the length of recordings.
From a physiological point of view, a fundamental issue is the duration of the cycle of a certain phenomenon (wavelength)
considered for analysis, assuming a relative selectivity of various periodicities (spectral analysis). It is required that the
R−R interval recording time be ten times longer than the wavelength of certain oscillatory phenomena. A recording of at
least min is necessary to assess reliably short-term vagally mediated respiratory-related HR variation, and of min for
longer-term variation attributed in part to sympathetic control. For cycles recognized asVLF (∼.Hz), it is necessary
to prolong recording time periods to approximately  h.

A standard recording period of min is recommended for clinical purposes [, ]. However, it has been shown that
very short ECG recordings of – s duration covering no more than two to three respiratory cycles, can efficiently
estimate the vagal tone (i.e., CIPA) [, ]. In addition, for certain purposes (e.g., psychological, exercise studies), a
-min period may be too long to meet stationarity requirements. It would be ideal to use time-frequency approaches if
shorter data-length is required to be analyzed.

With the use of a nonlinear dynamics approach, nonlinearities in time series are apparently the true subject of analysis.
For the calculation of nonlinear measures, more prolonged time series is advised. However, attempts have been made to
calculate these measures from short-term recordings.

For long-term recording, it is necessary to present data regarding a true period of analysis since there are some
methodical differences in data selection.These differences are related to the definition of prematurity of non-sinus heart-
beats (>% or >% deviation from the previous heartbeat interval or >% of an interpolated beat interval), pause
detection (usually >% of averaged local means or % of running time), minimum duration of recordings (from
 h including  night hours, to  h) and at least –% normal (sinus) heartbeats. Also, data substitution varies
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with different equipment where non-sinus beats, together with the neighboring one to two heartbeats, are either eli-
minated or interpolated with a range of algorithms. The differences in these procedures influence time-domain HRV
measurements by no more than %, while for spectral-measures, it can be expected to be even higher. However, this has
not yet been calculated.

.. Data Presentation

Although IBI is usually employed for HRV analysis, heart rate and counts are also used as a basic metric in studies of
cardiac rhythm. It is important, as a distinct relationship exists between vagal activation and HR or IBI, whereas the rela-
tionship between sympathetic activation andHRor IBI seems to be nonlinear. As the range of vagal control is considerably
greater than that of the sympathetic branch and fundamentally influences the latter itself, IBI presentation has advantages
over HR for the analysis of cardiac rhythms. However, if HR is employed on a beat-to-beat manner and referred to as
an instantaneous HR (iHR), analyses based on iHR may not necessarily produce a similar pattern of results as for heart
period analyses. Janssen et al. showed that various data presentations influenced the magnitude of HF power and LF/HF
ratio, which could differ up to % depending on the method used []. Normalization procedure (dividing of observed
values by their corresponding average values) has recently been proposed [].

The HRV signal can be presented as a function of beat number. Such a presentation is referred to as the R−R interval
tachogram. Interpolating and resampling the heartbeat series allowHRV to be expressed in a common time scale [, , ].

Successive R−R intervals are spaced unevenly in time. However, time series analyses require the data to be sampled at
equal time intervals. Resampling procedures are necessary to derive the R−R series suitable for spectral analyses. Various
methods have been proposed and discussed in the literature [, , , ].

As indicated by the guidelines, it is preferable to use a sampling approach in which the value at a given point represents
a weighted average of the beats that fall within the sample interval [, ].The resampling rate seems to be crucial in order
to avoid aliasing. The sampling rate is recommended to be at least twice the lowest resolvable frequency. A sampling
rate of  times the target frequency is considered most appropriate. Thus, the higher the mean heart rate, the higher is
the sampling frequency required. For studies in adult humans, it is at least Hz, whereas in children or individuals with
higher heart rates it would bemore prudent to use Hz. For animal studies, a higher sampling frequency is needed [].

.. Universality of HRV Analysis

Ideally, HRV measurement should be applied to all subjects. This requirement is referred to as universality. Current rec-
ommendations necessitate the presence of sinus rhythm in order to evaluate HRV qualitatively (high, normal, low or
normal/abnormal pattern) and quantitatively. For this reason, heartbeats are labeled as normal (N) and IBIs as normal-
to-normal (N-N or NN-intervals) [, ]. In fact, the American Heart Association/American College of Cardiology Task
Force for Ambulatory Monitoring listed the presence of sinus rhythm as an a priori inclusion criterion for standard HRV
analysis []. Such a statement excludes a substantial proportion of more severely diseased patients with a higher risk of
an unfavorable outcome from studies on the clinical use of HRV, especially HF and older patients in whom the presence
of frequent ectopic PEBs or atrial fibrillation is not uncommon.

A detailed analysis of the methodological descriptions of the most important studies indicates that standard HRV
methods cannot be applied to –% of study populations (> Table .). In addition, newer proposed measures based
on spectral analysis or nonlinear techniques, including HRT, cannot be used in –% of patients (> Tables . and
> .). The reasons for rejecting patients from HRV studies are varied and only rarely reported. In a small number
of studies in which the reasons for exclusion are listed, the presence of artefact or insufficient data length accounts for
–% of exclusions, while the presence of cardiac arrhythmias/pacemakers is the reason for –% of exclusions.

The clinical consequences of these assumptions and recommendations are critical in a high risk population with fre-
quent ventricular premature beats and atrial flutter/fibrillation, in whom the opportunity for HRV analysis is abandoned
(> Table .). Farrel et al. reported a significantly higher total mortality rate (.%) and arrhythmic events rate (.%)
in acute MI patients excluded from the HRV study, compared to .% and .% in those who entered the study [].
The clinical course of acute MI in the rejected group was worse, with higher Killip classes and a higher proportion of
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  Heart Rate Variability

patients with previous MI. In an epidemiological study (The ARIC Study), excluded subjects were older, more frequently
females and obese, and their outcome was worse with a higher MI/fatal CHD rate compared to HRV study participants
[]. Observations from the DEFINITE trial indicate that patients excluded due to the presence of frequent ventricular
PEBs or atrial fibrillation have a lower survival rate than patients in whom HRV analysis is possible [].

A new promising index of HRV, i.e., deceleration capacity (DC), has been shown to be applicable to almost all
patients in sinus rhythm. However, the presence of atrial fibrillation still limits its applicability to the entire spectrum
of patients [].

The index that possesses the potential for HRV global description in patients either in sinus rhythm or in atrial fib-
rillation is the HRV Fraction []. A uniquely low exclusion rate (less than %) with HRVF use has been observed in the
post-MI population []. Unfortunately, this index has not achieved wider interest.TheHRVF can be applied extensively
but not to ECG recordings with long periods of atrial flutter/tachycardia or very frequent PEBs (>% of all heartbeats) or
with a pacemaker-driven rhythm. Interestingly, the author’s investigations indicate very similar properties for the SDANN
(unpublished). However, systematic studies are necessary to justify its usefulness in nonselected populations of patients
with and without arrhythmias. Nevertheless, documented data on risk prediction with the use of the SDANN, indicates
its superiority compared to the SDNN [–], as does our own data. More intensive use of the SDANN in clinical
outcome studies is awaited.

.. Robustness

Robustness is one of the most important properties of indices of HRV methods, mainly because the necessity for time-
consuming manual editing of the data-series can be minimized [, , ]. Results of HRV analysis with the use of a
robust index/method are similar irrespective of the presence of noisy data (artefacts, non-stationarities, PEBs, AF). The
use of a less robust index/method requires noisy data to be eliminated. The latter procedure, however, might lead to a
loss of significant information. From data provided in > Table ., it can be concluded that the standard time- and
spectral HRV indices are sensitive to artefacts and sudden IBI changes of either physiological or pathological origins. The
robustness of nonlinear indices is rather moderate and strongly depends on the method used. However, for most such
indices, their robustness is unknown.TheHRV index (St. George’s index) was the first introduced to improve robustness.
However, the HRVI is critically sensitive to the distribution of data and cannot be reliably determined in the presence of a
bimodal distribution []. HRVF andDC are indices with high robustness, which are also independent of the distribution
of IBIs [, ].

.. Biological Variations

Variation in HR reflects the adjustment to changeable metabolic demands of key vital organs in response to internal
and external stimuli in a specific neuro-humoral milieu, and any of the HRV measures obtained at a given time varies
accordingly. In a controlled environment (the same time of recording, mental and physical activity, drugs and so on),
this variation is still present in an individual subject and between individuals. This variation is referred to as biological
variation.The biological variation is always present as most of the factors (genetics, race, age, gender etc.) that determine
HRV cannot be controlled in any way. Biological variation differs from other sources of HR variation which are related to
investigator biases (intra- and inter-observer errors) and technical precision of measurements (> Fig. .). However,
it has to be stressed that in an individual subject or a population sample, the biological variation can be much greater
than reported as the average.The study population (healthy subjects, patients with certain diseases), conditions of exam-
inations, like breathing (spontaneous, controlled, deep breathing, Valsalva maneuver), body position (supine, standing),
exercise (treadmill, bicycle) or other testing (head-up or head-down tilting, mental stressing, cold pressor test, and so
on) might be an important determinant of intra- and inter-individual reproducibility. Importantly, errors due to the fore-
going might have a different contribution on the overall measurements in patients with an already reduced HRV. Lastly,
use of various periods of ECG recordings (second, minutes, hours) or different algorithms for traditional spectral HRV
measures (AR, FFT) might be in part responsible for differences in quantification of the degree of such errors. Thus, a
purpose-specific use of different HRV methods requires the determination of predictable errors (possibly drawn from
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⊡ Figure .

Measurement errors of common HRV measures: components by length of short-term recordings. The main source of HRV

errors can attribute to inter-individual variation, except for spectral HRVmeasures, where between- and within-visit changes

may play a significant role (i.e., lnLF, lnHF). Importantly, readers’ errors are entirely negligible. However, there is a space for

within-visit errors if spectral HRV is aimed to bemeasured (According to data provided by Schroder et al. []).

former validation studies) and a proper calculation of the sample in order to detect a significant change of a particular
HRV measure [].

... Intra-Individual Variation

The determination of intra-individual variation of HRV indices requires the definition of their range in the setting of
controlled conditions in the same subject. Within the same visit, variation attributed to intra-individual short-term
variation accounted for –% for SDRR, –% for RMSSD, –% for HF power and –% for LF power [].
The contribution of intra-individual variation decreases with prolongation of recording length (> Table .). Also,
between-measurement period duration influences the contribution of intra-individual variation on the measurements
(> Table .). If more repeated measurements on different visits are performed, the contribution of intra-individual
variation between visits appears to be even lower. It accounted for .–% for SDRR, –% forRMSSD, –% forHFpower
and –% for LF power []. In contrast, the contribution of intra-individual variation increases with prolongation of
recording length and can reach % for a certain HRV measures. Intra-individual variations might be of importance for
studies in which the effects of internal or external stimuli are to be examined. The intra-individual variation can be in
part a source of measurement error of HRV indices calculated from long-term recordings. However, strict estimates of
these errors have not yet been provided.

Intra-individual variation range provides limits beyond which HRV changes can be considered significant and inter-
preted as a true effect of interventions or changes in study conditions. It is of importance since intra-individual variation
might be even greater than inter-individual variation [].

... Inter-Individual Variation

Inter-individual variation defines the range of HRV in a population. The determination of between-subject variation
is necessary when population (or subpopulation) studies are going to be undertaken in order to detect effects of vari-
ous interventions. Awareness of inter-individual variations is necessary with the interpretation of changes of the mean
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or median values. This is also an ultimate condition for the determination of normal limits and the definition of
abnormal HRV.

Between-subject variation is the main source of measurement error. For time-domain HRV indices, it contributes
 to % of the entire error and was shown to be independent of data length [] (> Table .). For spectral HRV
indices (HF and LF power), its contribution ranges from  to % and  to %, respectively, being greater for a longer
data-length [].

... Intra and Inter-Observer Errors

Measurement errors define the range of subjective assessment of data-series. Intuitively, this depends on the robustness
of the HRVmethod or index. If manual editing and visual inspection is necessary, the differences both betweenmeasure-
ments performed by the same investigator (intra-observer error) and by two investigators within the same data-series
(inter-observer error) can be assumed to be greater compared to a robustmethod/index,which is calculated automatically
without any investigator’s management of the data-series [, ].

Intra-observer errors for HRV short-term recordings have been shown to account for less than .% of total measure-
ments errors. Inter-observer errors for short-term HRV were estimated to account for less than .% of the measurement
error for time-domain indices and less than % for spectral indices []. In the ARIC study, the intra- and inter-observer
variance of -min SDNN has been reported to reach .ms (.%) and .ms (.%) []. The inter-observer error
relates also to the condition of analysis (manual, automatic, pre-defined fixed frequency) [], being lower in the lat-
ter setting. The inter-observer error has been reported to be greater in a study on patients with chronic stable CAD,
where the respective data for -min and -min recordings ranged between .–.% and .–.% [] The longer the
data-series analyze d, the greater the errors on the part of the observers. Kroll et al. noticed the inter-observer errors
reaching % as a result of inaccurate labeling of heartbeats, especially PEBs, in intentionally selected patients with aortic
regurgitation []. The SDANN index proved to be least sensitive to the inter-observer error [, ].

Only one study addressed this issue in children []. In the Bogalusa Heart Study, in which  children aged –
years old had been included, the inter-observer errors in the estimation of time-domain and frequency-domainmeasures
did not exceed % and %, respectively [].

The intra- and inter-observer errors depend in part on technical characteristics of available instruments. The use of
different devices influences the level of agreement for either short-time frequency-domain or long-term time-domain
indices [, , ].

... Reproducibility

Reproducibility characterizes the summarized effect of intra-individual, inter-individual, intra-observer and inter-
observer errors, as well as precision accuracy, assuming similar length and conditions of HRV recordings. In addition,
the use of different devices influences the comparisons of different interventions and their reproducibility. A high repro-
ducibility can be defined by various measures, like the coefficient of variation (as being <%), intra-class coefficient
(>.), limits of agreement (LOA, –%) and others []. Values of CV, ICC and LOA that indicate acceptable
(minimum) reproducibility are <% and >. and –%, respectively.

> Tables . and > . provide results of selected studies that addressed this issue in healthy subjects. The results
of reproducibility in patients with specific CV diseases are presented in > Tables . and > ..

Murray et al. showed a poor to moderate reproducibility of -min HRV measurements repeated –min apart with
LOA between % and % for SDNN in a wide age-range sample (– years) []. Similarly, minute-to-minute
reproducibility of spectral HRV indices was found to be moderate in young subjects in a study of Højgaard et al. [].
The CVwas lowest for HF and LF/HF (–%), However, a great inter-individual variability range was noticed (–%).
On the contrary, in middle-aged subjects, Pikkujämsä et al. found the SDNN very highly reproducible if evaluated by
means of a CV of % [].

Moderate or poor day-to-day reproducibility of short-term HRV measures has been reported for various spectral
indices (mean CV between –%) in young adults [] and even poorer in children with a CV range of –% [].
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⊡ Table .

Reproducibility of HRV measures from short-term ECG recordings in patients

Author[s],

Source/Year Subjects

Duration of ECG

recordings

Between-

measurements

period

HRV

measures Statistics Results

Stein et al.  []  CHF-patients
Aged  ± 
CB  breaths/min

 s
 weeks

RSA (peak-to
trough, CB)

ICC .

Ponikowski et al. 
[]

 CHF-patients
Aged  ± 

-, -,  and 
min from two
-min recordings
 days (mean)

RRI
SDNN
pNN
Spectral (FFT)

CV (%) %
.–.%
–%
–%

Freed et al.  []  CHF-patients  adjacent -min
Pre- and
post-operative 
periods

TP (FFT)
LF
HF

CV (%)
Pre/Post

/
/
/

Salo TM et al.  []  hypertensive
patients with OSAS
Aged  ± 
SB/CB  breath/min

 min/ min
>  weeks apart
 recordings

HR
RMSM (∼SDNN)
CV
RMSSD
HF (AR)
HF [N.U.]
LF
LF [N.U.]
LF/HF

CVSD
(mean)

.%/.%
.%/.%
.%/.%
.%/.%
.%/.%
.%/.%
.%/.%
.%/.%
.%/.%

Haas et al.  []  AMI-patients
F, M
Aged  ± 
SB () and CB (n=)
 breaths/min

 min
One session, 
measurements
( min in between)
 week

SDRR [ms]
VR [bpm]

Pearson’s r ./.
./.

SDRR [ms]
VR [bpm]

LOA −. − . ms
−. − . bpm

Parati et al.  []  hypertensive females
Age –
CB  breaths/min

 min
 month

PI (IBI)
SD(PI)
VLF (FFT)
LF
HF

VC (SB/CB)  ± / ± 
 ± / ± 
 ± / ± 
 ± / ± 
 ± / ± 

Lord SW et al.  []  HTX-patients
Mean age 
CB  breaths/min

 min
 sessions
 separate days (
week apart)

LF (FFT) CV (%) 
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⊡Table. (Continued)

Author[s],

Source/Year Subjects

Duration of ECG

recordings

Between-

measurements

period

HRV

measures Statistics Results

Chemla et al.  []  DM-patients
Aged  ± 

 min
 measurements  s
apart (overlapping)
Day-by-day

RRI
SDRR
TP (FFT)
LF
HF
LF/HF
TP (AR)
LF
HF
LF/HF

CV (%)
or bias error
(%)*

 ± *
 ± *
 ± 
 ± 
 ± 
 ± 
 ± 
 ± 
 ± 
 ± 

Tarkiainen et al.
 []

 stable CAD-patients
F, M
Aged  ±  (–)
SB and CB
( breaths/min)

 min
– months

RRI
SDNN
RMSSD
lnLF (FFT)
lnHF
ln (LF/HF)

CV (%)
(SB/CB)

./.
./.
./.
./.
./.
./.

Spontaneous breathing
+ controlled breathing
+ exercise test +
recovery period

 min
– months

NNI
SDNN
RMSSD
lnVLF (FFT)
lnLF
lnHF
ln(LF/HF)

CV (%)
(all protocols)

.
.
.
.
.
.
.

The evidence for reproducibility of nonlinear HRV measures is sparse. In a study by Maestri et al. [], only a ratio of
SD to SD from a return map has been shown to be reproducible (> Table .).The DFA and SampEn were shown to
bemoderately reproducible. Reproducibility of other nonlinear HRVmeasures has been reported to be rather poor [].

In several studies, measurement errors were quantified for a longer period between repeated investigations. It was
found that the long-term reproducibility of short-term HRV indices appears better than that of the shorter term repro-
ducibility. Sinnreich et al. found the CV values of logarithmically transformed HRV indices to be between –.% [].
In their study, the SDNN, RMSSD, total and VLF power were highly reproducible while the HF and LF power were only
moderately reproducible. Interestingly, controlled breathing did not improve their reproducibility. Reported ICC values
for LF vary from . to . with FFT and .–. with AR. Similarly, for HF, the ICC values are between .–.
(FFT) and .–. (AR). The largest differences of the ICC related to LF/HF with the worst reported being .
(sic)(AR) and the best being . (AR). For very short registrations ( s), the ICC values ranged between . and .
[]. Increasing the number of repeated measurements seems to improve reproducibility of short-term HRV measures
(> Table .).

Thus, -min recordings provide most (moderate in fact) of the reproducible data for standard indices. However,
in healthy subjects, their relative changes between examinations can reach % (overall), which should be considered as
independent of biological and measurement variation.

Many studies have addressed the issue of reproducibility of HRV indices from -h ECGs in healthy sub-
jects (> Table .). In the largest one,  healthy adults were included []. For the time-domain HRV indices
the ICC was found to be good or high (>.) if compared from day-to-day. However, individual subjects showed
a high range of variation explored by means of LOA. Thus, if significant changes of HRV indices are defined
as lying beyond LOA, significant (independent from biological and measurement variation) changes of SDNN
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⊡ Table .

Reproducibility of HRV measures from long-term ECG recordings in patients

Author[s],

Source/Year Subjects

Between-

measurements

period

HRV

measures Statistics Results

Bigger et al.  []  PMI-patients (
CAPS,  ESVEM
participants)

Day-to-day ULF (FFT)
other spectral

ICC
(CAPS/ESVEM)

./.
> ./ > .

Van Hoogenhuyze et al.
 []

 CHF-patients (CAD)
NYHA II-III
F, M
Aged  ± 

Day-to-day RRI
SDNNI
SDANN

ICC
(recalculated
from data)

.
.
.

Stein et al.
 []

 CHF-patients
NYHA II-III, EF
F, M
Aged  ± 

 weeks HR
NNI
SDNN
SDANN
SDNNI
RMSSD
pNN
TP (ln)
ULF (ln)
VLF (ln)
LF(ln)
HF (ln)

ICC .
.
.
.
.
.
.
.
.
.
.
.

Nolan et al.
 []

 CAD-patients
 ± 

– weeks pNN ICC
CR

.
%

Anastasiou-Nana et al.
 []

 CHF-patients
NYHA II-IV, EF ± %
F, M
Aged  ±  (–)

 consecutive days
>  h of analyzable
data

SDNN
SDANN
SDNNI
RMSSD
pNN
LF
HF

ICC (mean ±
SD)

. ± .
. ± .
. ± .
. ± .
. ± .
. ± .
. ± .

Kautzner J et al.
 []

 AMI-patients
F, M
Aged  ± 

Day-to-day (-h
recordings)

SDNN
SDANN
SDNNI
RMSSD
pNN
HRVI
TINN

Absolute
relative errors
(range)

–%
–%
−–%
−–%
–%
–%
−–%

Weber et al.  []  CAD-patients
F, M
Aged , (–)

Day-to-day SDNN
SDANN
pNN

Maximum
value relative
to base-
line/Pearson’s
correlation
coefficient

./.
./.
./.

Burger et al.  [A]  DM-type patients
F, M
Aged  ± 

, , , and 
months

Time-domain
Spectral-domain

Pearsons’s
correlation
coefficient

.–.
.–.
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would be considered if its value was reduced by ms or increased by ms (for the mean SDNN of ms
changes need to be less than ms or greater than ms) in an individual subject. This corresponds to a change
of –% from the initial value. Similarly, a change of at least % is necessary to consider significant difference for
time-domain indices, including HRVI and HRVF. This finding is consistent with observations made by others for
short-term recordings.

The reported CV of SDNN from -h ECG recordings in healthy subjects varies from . to .% on a day-to-day
basis, and .% for a -month period between repeatedmeasurements.Thus, the difference of approximately % from the
initial SDNN value can be considered statistically significant if the time-distance from repeatedmeasurements is longer than 
months. The pNNwas found to be least reproducible in some studies and highly reproducible in others (> Table .).

Reproducibility of the HRV indexes may play a greater role in patients with a reduced HRV, in whom a similar range
of absolute differences betweenmeasurementsmakes the relative differences even greater. However, a simple comparison
between data from healthy subjects and patients with certain diseases cannot be conclusive, as various data-length and
reproducibility measures have been used.

Studies in which a comparison between normal subjects and patients has been performed are scarce. Short-term
HRV reproducibility has been found to be poorer in hypertensive patients with OSAS in a study of Salo et al. []
(> Tables . and> .). In another study in patients after heart transplantation, the coefficient of variation of the LF
component reached %, being greater than in healthy controls [%] []. According to the dots-data (from the figure)
provided in a report by Haas et al. in post-MI patients [], the mean value of short-term (-min) SDNN of around
ms was associated with the LOA of measurement being − to ms, accounting for − to %, indicating rather a
poor reproducibility. In a comparable study of Sinnreich et al. in healthy subjects, the recalculated mean value of -min
SDNN of ms has been associated with a % coefficient of variation (i.e., ± % range) [].

A poor or moderate reproducibility of short-term HRV measures has been reported in patients with CHF
(> Table .) with the CV range between  and % for time-domain, and –% for frequency domain HRV
indices in a study of Ponikowski et al. with a between-measurement period of – days []. In contrast, Freed et al.
found a good short-term variability between two adjacent -minperiods in CHF []with the CV range between –%
for LF and HF (FFT). Much better reproducibility of short-term HRV has been reported in the largest study in patients
with stable CAD [] with the CV range being between .–.% for all measured indices, except for RMSSD with a
CV value of .%. Also in patients with diabetes mellitus, the day-to-day reproducibility has been moderate or high for
SDNN (mean bias %) and moderate for FFT-derived spectral measures (mean bias –%), while reproducibility for
AR-derived spectral measures has been poor (–%) [].

Thus, short-term HRV reproducibility seems to be lower in patients than in healthy subjects. Accordingly, a greater
change of particular HRV measures is necessary to detect the true effect of interventions in patients with autonomic
neuropathies or certain diseases. As yet, there are no indications from standards, statements or reviews. A magnitude of
necessary change (absolute or relative) considered to be significant should be pre-defined taking into account the age of
the population examined and the methods used.

There are independent studies in which normal subjects and patients with a certain disease have been compared
simultaneously to evaluate reproducibility of -h HRVmeasures (> Table .). Nolan et al. analyzed the NN+ index
in  patients with CAD []. The ICC reached . (similar to . in healthy subjects). However, there was a much
poorer CR (.) than in healthy subjects (.). In a sample of  diabetic patients in the same study, the ICC values
have varied between .–. depending on between-measurement interval whereas the CR values were unacceptably
large (.–.) []. Day-to-day variation of -h HRV has been found to be moderate in patients with CHF in a
study of van Hoogenhuyze et al. []. The mean values of differences ranged from .–.% (SDNNI and SDANN),
However, individual variations have been observed of up to .% and .%, respectively []. Recalculated ICC values
ranged from .–. (> Table .). Also, a high reproducibility for all -h spectral measures with an ICC>. has
been reported by Bigger’s group [] in post-AMI patients. Time-domain (SDNN, SDANN and SDNNI, geometric)
measures have been found reproducible in a sample of post-AMI patients [] and in HF studies [–]. However,
reproducibility of the pNN has been shown to be poor in these studies (> Table .).

In the largest study on long-term HRV reproducibility in CAD patients, Weber et al. reported a maximum change
of ∼ms for SDNN in stable angina (∼% of the average) []. Comparing this value with the corresponding values
reported by Hohnloser et al. [] and Sosnowski et al. [], the range of variation between examinations in cardiac
patients appeared to be similar to that in healthy subjects (∼%).
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Thus, whereas the reproducibility in patients with cardiac disease can be seen to be significantly lower with short-
term HRV (∼ twice than that in healthy subjects), in long-term recordings a similar reproducibility with long-term HRV
examination can be assumed both in normal subjects and in patients with known cardio-vascular disease.

There is little data on the stability of diurnal variation of HRV measures. Huikuri et al. found the diurnal variation
of HRV indices to be very stable in  normal persons on two consecutive days and then at -week intervals. However,
neither results of rhythm analysis nor its reproducibility was reported []. A more detailed cosinor-based analysis []
in patients with stable CAD has been provided by Hayano et al. [], who repeated -h ECG recordings in  patients
aged  years (–). The mesor (corresponding to the median values) of SDNN, LF (ms), HF (ms) and LF/HF were
shown to be highly reproducible with ICCvalues ranging between .–..The values of the amplitude (themagnitude of
change from themesor) varied between .–., and of the acrophase (the time ofmaximumamplitude) varied between
.–. [].These resultsmay indicate that the use of a highly reproducible, understandable and robust cosinor-based
circadian rhythm analysis may offer more than other statistical analyses to evaluate the effects of interventions. However,
one has to bear in mind that the period of recording has to be longer than one day.

Noninvasive baroreflex sensitivity (BRS) reproducibility has been reported as being moderate to poor with a range
of CVs of about –% if the BRS is calculated using spontaneous approaches [, –]. However, some studies
indicate a high reproducibility [, ]. The reproducibility of BRS is affected by the specific methodological fea-
tures [, , ], age, health status, mean arterial pressure and period between measurements and the failure rate
[, , , ].The % limit of agreement varies between .ms/mmHg up to .ms/mmHg [, ] depending
on the mean BRS value in the sample examined. Transfer function BRS and cross-spectral BRS appear to be applica-
ble to most subjects, and calculated sample size to detect a change of % varies between  and  subjects [, ].
Within-subject variability seems to be responsible for a substantial proportion of reproducibility [, ]. The use of
logarithmically-transformed HRV measures might improve the reproducibility []. However, the net results are sim-
ilar. As pharmacologic and mechanical intervention-based methods are rarely used and restricted to highly specialized
laboratory centres, the issue of the reproducibility of thesemethods is ofmarginal importance.However, in any laboratory
study, the validity of the method of study still remains a fundamental requirement.

Heart rate turbulence (HRT) reproducibility (i.e., turbulence onset, turbulence slope, turbulence dynamics) has never
been explored despite significant support in some investigators’ teams for their superiority over traditional HRVmeasures
(SDNN andHRVI only) [, , ]. A lack of reproducibility studies onHRT has been observed in recently published
standards [].

... Reclassification Rate

Reproducibility of a specific HRV measure influences the categorization of its value as normal or abnormal depending
on the cut-off values defined a priori (from the literature or guidelines) or a posteriori (from the distribution of values in
the studied sample, i.e., mean or median, th, th, or rd percentile).

For the SDANN cut-off of ms, the day-to-day variation in the SDANN calculation in data from van Hoogenhuyze
et al. [] caused a change in classification from normal to abnormal in  out of  CHF-patients (%) and from abnor-
mal to normal in  (%). The overall reclassification rate achieved was % (/). Similar values for a cut-off of ms
resulted in a lower rate of reclassification (overall /, %, from normal to abnormal /, %), while with a cut-off value
of ms, only  out of  cases with SDANN<ms moved into the normal category (% overall, % of abnormal). In 
normal middle-aged ( years) subjects, the reclassification rate from normal to abnormal (cut-off <ms) was  out of
 (%) and from abnormal to normal was  out of  (%). Overall, there was a / (%) rate of change in category
for SDANN<ms, / (%) for SDANN<ms and / (%) for SDANN<ms.

From data of Haas et al. [], the reclassification rate of .% ( out of  AMI-patients) can be calculated
for -min SDRR with cut-off defined as values below ms, and of  (.%) out of  for VR <  bpm. A detailed
analysis of figures ( and ) from the paper of Stein et al. [] on the stability of HRV indexes in CHF patients
indicates that despite a high ICC of h-SDNN (= .), the reclassification rate dichotomized at ms regarding
/ patients (%!), including  out of  with an abnormal value in the first recording and normal in the second
visit. The SDANN categorization changes within two visits appeared similar ( out of  (%) changed from abnormal
to normal).
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Reclassification rate might be of importance in some clinical syndromes, which use anHRV analysis for their diagno-
sis, for example, diabetic autonomic neuropathy, sinus node dysfunction and obstructive sleep apnea syndrome. As yet,
studies that address this issue are lacking.

.. Selection of Method for HRV Analysis

The choice of HRV method to be applied in a specific study is dictated by the purposes and conditions of the study.
From a clinical point of view, it is important that the HRV measure is normally distributed (like LV ejection fraction),
thereby providing results which can be easily expressed and understood as raw values rather than log-transformed mea-
sures (> Fig. .). If the distribution is not normal, data should be transformed for statistical calculation. However, the
presentation of results requires re-transformation.

A fraction of abnormality, i.e., the proportion of abnormal range and total range, would also be informative
(> Fig. .). Within a restricted limit of abnormality (%CI) that is based on distribution of the results, there was
nobody (neither healthy nor post-MI-patients) with the SDNN value <ms, whereas % of CAD patients were recog-
nized on the basis of HRVF evaluation. For less restricted limits, there was still a significant difference in the proportion
of CAD-patients with abnormal results (i.e., . % for SDNN vs .%), albeit the cut-off points lay below the .th per-
centile. This indicates that the definition of abnormal values is strongly affected by the normality of distribution of an
HRV measure.

The duration of HRV recordings seems to play a crucial role in the applicability of HRV analysis. Studies
on clinical outcome and risk factor association with HRV, in which HR had been used as an independent mea-
sure of the autonomic balance, were undertaken in tens of thousands of people. Meanwhile, in other studies in
which short- or median-time HRV analysis was used, smaller populations, around a tenth of the size, were gath-
ered. While -h HRV analysis was applied, the number of subjects studied was reduced by a further factor of 
(> Fig. .).

If the HRV analysis is going to be performed in a large sample population, as in epidemiological studies and registries,
the use of simple statistical methods from short-term recordings seems to be most appropriate (> Fig. .). HRV from
routine ECG recordings lasting – s can be applied taking into account that each index derived from routine ECG
strips (VR, SDRR, CIPA, CV) reflects vagally-mediated respiratory HR modulation. As short epochs are characterized
by a relatively great biological variation, the reproducibility of individual measures should be assessed or simple HR used
as an index of sympathovagal balance of greatest reproducibility. Otherwise, the duration of EGC recordings should last
min, because there is a relatively large experience with the use of HRV from -min epochs. However, as there is an
inverse relationship between the statistical power of a study and the reliability of an HRVmeasure for a given sample size,
it is necessary to calculate sample size on the basis of a priori defined change of an HRV index to be detected and of a
priori or a posterior defined reproducibility [].

S = 0.58

RR Var VLF LF HF LF/HF LF% HF%

S = 2.00 S = 3.28 S = 2.65 S = 3.02 S = 2.46 S = –0.01 S = 0.45

0 1500 0 0 0 0 0 10 0 0100 1005000 2500 1000 500

⊡ Figure .

Frequency distribution and estimated skewness (S) of the commonly used HRV measures. Data from , healthy subjects.

The SDNN (Var) and spectral HRVmeasures are characterized by a nonnormal distribution, so the logarithmic transformation

is necessary. Normal distribution is present for the RRI, HF [N.U.] and LF [N.U.], however the latter two (HF, LF expressed as%)

do not have an explanation on physiological or pathophysiological basis (From []).
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⊡ Figure .

Comparison of the distribution of normal and abnormal SDNN and HRVF in respect to health status. Median values of the

-h mean R− R interval (RRI = ms), SDNN (ms) and HRVF (%) in the entire cohort ( subjects) are depicted by the

vertical orhorizontal lines (respectively). Thesevaluesconstituteapproximately %and%of the total ranges, respectively.

If one considers abnormally low HRV values on basis of a population distribution, only few normal subjects have SDNN and

HRVF below the lower normal limit (here: ms and %), however these values constitute various percentile of the total

range (here: % and %). The open boxes indicate the % CI of prediction of the normal/abnormal result. Each value of

RRI, SDNN and HRV that lies outside the boxes are definitively abnormal. Interestingly, there are none subjects (normal or

post-MI) with SDNN<%CI (ms), whereas  patients (%) (exclusively from the postMI-cohort) had abnormal value (i.e.,

HRVF<%). If we turn into established cut-off of SDNN (<ms) and HRVF (<%), the respective proportions reach /

(.%) for SDNN and / (.%) for HRVF again exclusively form the CAD cohort. Open squares indicate healthy subjects

(n = ) and circles indicate patients aftermyocardial infarction (with/without sinus rhythm, n = ) (Author’s data).
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⊡ Figure .

Anexponential relationshipbetweensimplicity of available indicesof cardiac autonomic toneandexaminedpopulation.Data

from  studies in normal population (either selectively healthy or random sample). A magnitude of  is a scaling factor for

this relationship. Thus, HR as a crude sympathovagal balance index can be employed in largest population, whereas spectral

analysis seems to be applicable to  times lower samples (Author’s data).
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⊡ Figure .

Reportable size of population samples as a function of HRV indices and length of ECG recordings chosen. Data from studies

that employed HR and/or different time- and spectral HRVmeasures for clinical outcomes, HR and HRV associations with risk

factors and HRV determinants evaluation. (Author’s data).

If HRV analysis is to be used for physiological, psychological, and pathophysiological reasons, either short-time or
long-term time series could be appropriate. However, a prolongation of HRV recordings for these purposes reduces the
number of factors that can be controlled during a study.

Cumulated experience indicates that long-term HRV analysis appears to be a useful tool for clinical outcome studies.
It is necessary to be aware of the contribution of the autonomic control of HR to the entire HRV over a -h period, which
is less than % of total variance []. Thus, in clinical outcome studies, it is not advisable to search for an association
between clinical events and sympathetic and vagal activity as well as their balance. However, most global HRV measures
certainly require the autonomic system tomediate their influences.The uses of variousHRVmethods/indices for different
purposes are summarized in > Table ..

... Reliability

Homogeneity in the evaluation of the effects of interventions and in agreement with other methods determines the relia-
bility of various HRV indices as noninvasivemeasures of cardiac autonomic control.There are severalmethods that allow
the determination of HRV reliability.

For short-term HRV reliability assessment, simple maneuvers are used (controlled breathing, body position
change from supine to standing, head-up tilt, exercise, mental stress) for which changes in cardiac autonomic
control are well established. > Tables .–. summarize the results of selected studies that have addressed
this issue.

The reproducibility of -min SDNN and spectral HRV indices in response to a head-up tilt has been shown to be poor
or moderate [, , ]. Data are conflicting regarding the reproducibility of HRV in response to active standing.



Heart Rate Variability  

⊡ Table .

HRVmethods used in population studies depending on their type and objectives

Authors,

acronym of the study (if

exists) Year

Total

sample

(%men)

Age

(range)

Length of

recording

HRV

method/

index

Specific

purposes

Macfarlane et al. The
WOSCOPS Study [A]

  (%) – years – s CIPA Outcome prediction

Dekker et al. The Zutphen
Study [A]

  – years SDRR Outcome prediction
(CHDmortality)

De Bruyne et al. The
Rotterdam Study []

  (%) �  years  s SDRR Outcome prediction
(Cardiac mortality)

Liao et al. The ARIC Study []   (%) – years  min LF, HF, LF/HF Determinants of HRV

Liao et al. The ARIC Study []   (%) SDNN, LF, HF,
LF/HF

Dekker et al. The ARIC Study
[]

  (%) SDNN Outcome prediction
(CHD, mortality)

Carnethon et al. The ARIC
Study []

  (.%) SDNN, LF, HF

Kageyama et al. []   (%) – years  min LF, HF

Korkushko et al.
Population-based [/A]

  (%)  months to
 years

 min LF, HF Determinants of HRV in
population

Sinnreich et al. Cross-sectional
study []

  (%) – years  min SDNN, LF, HF,
LF/HF

Kuo et al. Healthy volunteers
[]

  (%) – years SDNN, LF, HF,
LF/HF

Agelink et al. []   (%) – years LF, HF, LF/HF

Kuch et al. []   (%)  years
mean

LF, HF

Ryan et al. [A]   (%) – years  min LF, HF, LF/HF

Hotta et al. The LILAC Study
[A]

  (%) >  years  min Nonlinear
(a, DFA)

Outcome prediction

Fagard et al. []   (%) – years  min SDNN, LF, HF,
LF/HF

Huikuri et al. []   (%) – years  min SDNN, LF, HF,
LF/HF

Tsuji et al.
Framingham offspring []

  (%) – years  h SDNN, LF, HF,
LF/HF

Determinants of HRV in
population, outcome study

Salo et al. [] reported an unacceptably high CV for RMSSD and all spectral measures (–%), while Lobing et al.
observed low ICC of LF andHF (. and ., respectively) using a very complicated protocol []. On the contrary, an
excellent reproducibility has been reported by others (> Table .). In a study in children, Dietrich et al. observed good
reproducibility of standing LF and HF (natural logarithms). However, differences in these measures have been found to
be highly unpredictable (> Table .) [].

In a head-to-head comparison of FFT and AR spectral HRV indices in analysis of controlled breathing, Pitzalis
et al. showed a moderate ICC for the LF and HF, and a poor reproducibility (ICC<.) for TP and LF/HF in  young
healthy subjects [], while a moderate reproducibility was found for SDNN and RMSSD. Limitations of the reliabil-
ity of spectral HRV measures for evaluation of the effect of controlled respiration have been confirmed in many studies
(> Table .). On the other hand, positive studies confirming good reliability of HRV in the examination of the effects
of respiration do exist (> Table .) [, , , , ]. Tarkiainen et al. reported that logarithmic transfor-
mation of the standard HRV measures (RMSSD, TP, LF, HF) improved the reliability of evaluation of HRV response to
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controlled breathing []. The reliability of HRV in response to other maneuvers is shown in > Table . [, –
]. In general, the reliability of HRVmeasures in evaluating the effects of the aforementioned interventions seems to be
unsatisfactory [].

Other methods of reliability evaluation are related to the pharmacological action of agents that exert either direct or
indirect stimulatory or inhibitory effects upon the vagus or sympathetic branch or both. Unfortunately, data on relia-
bility of HRV analysis in such settings are extremely rare. Cloarec-Blanchard et al. examined the effects of nitroglycerin
infusion on LF components in ten healthy volunteers  week apart and found it to be reproducible []. Moderate to
good reproducibility (CV between  to %) of HRV has been reported by Piepoli et al. in heart failure patients under
dobutamine infusion [].

For long-term HRV reliability assessment, quite different approaches are in use. Physical training or body mass
changes are assumed to be associated with HRV changes, but unfortunately, studies addressing HRV reliability in this
area are lacking.

... Explicitness

Ideally, the HRV index changes should be caused by a specific alteration in cardiac autonomic control. Effects of an
intervention, like vagus nerve intersection, which results in almost total reduction of IBI variation [], should be
universally observed. Similar effects should be observed by a muscarinic receptor blockade in any examined sub-
ject []. Data from studies by the Goldberger group [] indicates that cholinergic blockade with a high dose of
atropine results in elimination of RSA and HRV in almost every subject examined. However, parasympathetic stim-
ulation does not necessarily result in uniform HRV changes []. As indicated by an early study of Anrep et al. in
dogs, blood pressure increment beyond a certain level (associated with a reflex parasympathetic excitement) results in
a reduction of VR of HR []. A suppression of HRV (SDNN, LF and HF) as a result of the phenylephrine-induced acti-
vation of parasympathetic branch of the ANS has been found in normal humans []. However, changes of certain
HRV spectral measures in response to parasympathetic baroreflex-related stimulation have been observed to depend
on the initial level of HRV, because a reduction in those with a high basal HRV and an increase in those with a low
basal HRV, despite slowing of HR, was found in each case []. A possible explanation for such a discrepancy is the
phenomenon of saturation (see part .), where the effects of inspiration and expiration-induced vagal activity can be
rather diminished [].

The situation is even more complicated if the effects of sympathetic inhibition or stimulation are considered. Alpha-
adrenergic stimulation with phenylephrine in a setting of a so-called total autonomic blockade (atropine ./kg +
propranolol ./kg []) has not been found to have an effect on either time or spectral HRV indices in healthy
subjects, while a significant reduction of HRV has been observed in subjects with an intact activity of both branches
of the ANS []. It indicates that inhibition of ß-adrenergic and M-muscarinic receptors prevents the effect of action
of α-adrenergic-mediated stimulation, or that these effects are truly negligible [].

The effects of beta-adrenergic stimulation or inhibition onHRV strongly relate to the choice of stimulus/inhibitor. For
instance, a large increase of LF power in response to up-right body movement is accompanied by a significant reduction
in total HRV []. Such an LF power increase has been observed to be lower in a setting of parasympathetic blockade
[]. In addition, the use of different sympathomimetics elicits various effects. Exogenous epinephrine has been shown
to reduce HRV (SDNN) with variable changes (increase, no change or a decrease) in the LF power in healthy subjects,
while isoproterenol infusion has exerted more of an inhibitory effect on LF power. Interestingly, the HF power has been
simultaneously reduced with isoproterenol, in contrast to epinephrine [].

Such experimental circumstances are rather unique in clinical settings. Changes in a specific physiologically explain-
able R−R variation (e.g., RSA, LF power) need not follow changes in the entire HRV [].Thus, a reduction or an increase
of heartbeat variation cannot definitively indicate its cause.

For instance, in a patient with an acute MI, a reduction of HRV can be attributed to various mechanisms, which
can depend on factors such as age of the MI, its location and size, LV function, drugs, interventions, coexisting
diseases (e.g., diabetes, respiratory system disease, depression), and finally complications and adverse events such
as malignant ventricular arrhythmia, stroke, cardiac tamponade, loss of blood, etc. In addition, the magnitude of
HRV reduction is pre-determined by the pre-event level of cardiac autonomic control (age, sex, coexisting diseases).
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For such a complex clinical entity, the detection of a specific alteration in the cardiac autonomic control is a priori
impossible.

However, if an effect of a specific intervention with known patho-mechanism(s) contributing to a certain HRV mea-
sure is to be studied, a link between them can be explored. Again, the control of many factors is necessary to draw an
explicit interpretation. The more sophisticated and mathematically complex the method used for HRV assessment, the
less likely is its unequivocal explanation.

Actually, none of the currently used HRV measures can help to explain what specific alteration (in terms
of level and location) is responsible for HRV changes in any physical condition or in cardiac and noncardiac
diseases.

... Redundancy and Inter-Changeability Among Different Methods andMeasures

The variety of HRV measures determined in different domains has, in fact, a similar complex physiological and patho-
logical background. Current guidelines indicate that some HRV measures are most useful, but actually only very few
are commonly applied in clinical settings []. A plethora of methods and derived indices have been proposed for
which the advantages over standard HRV measures have been justified in terms of a better description of under-
lying physiological and pathological processes and in prediction of hard end-points or their surrogates []. As a
result, researchers and physicians are faced with a dilemma of choosing the most appropriate method and indices
that would help to meet the purpose of their studies. From this point of view, it is important to know the mean-
ing of particular HRV measures, but also their redundancy and inter-changeability, as well as differences between the
methods used for obtaining their measurements. Simple comparisons of techniques for HRV analysis are given in
> Table . [after ].

There are relationships between HRV indices from the same or different domains (time, spectral, nonlinear) that
permit them to be used as a substitute for one another, or to interpret (within a limited credibility) simple time-domain
or complex nonlinear measurements on the basis of the known background of spectral components. The higher the
correlation between different indices, the higher is their inter-changeability. The most significant relationships among
HRV indices in various domains are shown in > Table .. [, , , ].

Time-domainmeasures are least dependent on the algorithms used for their determination and the main differences
betweenmeans are related to the duration of recording. However, spectral estimates are not necessarily similar if obtained
using the two most popular methods, namely FFT and AR modeling.

In a comparative study of FFT and AR spectral techniques for LF and HF components of the HRV power spectrum,
Pichon et al. found a significant bias between these two methodsmeaning that they are not interchangeable. For the  s
ECG registrations, the bias calculated from FFT and AR [th order] has been measured and reached −ms for LF
and−ms for HFwith the lower LOA of− and−ms for LF andHF respectively and the upper LOA of  and
ms, respectively []. Even greater bias was found after body position movement, where LOA (lower and upper) lie
far from the mean values []. Similar observations have been reported by Chemla et al. []. They found that the fast
Fourier transform andAR analysis provided quite different estimates of spectral HRV in diabetic patients.Moreover, they
stated that these methods are not interchangeable at all and in this specific patient population, the FFT method provided
spectral estimates of TP, HF and LF in all patients contrary to the ARmethodwhich was unable to produce spectral peaks
in almost half of the diabetic patients []! They observed that in subjects in whom spectral peaks could be detected by
means of either method, spectral estimates within frequency bands were similar. Also, the FFT appeared less dependent
on the minor changes (%) in the timing of the onset of the analysis. In a former head-to-head study of Pitzalis et al., the
power spectrum of LF and HF was –% lower if assessed by means of AR [th order] than that obtained by means of
FFT []. Also, in a study of Sinnreich et al. in  healthy subjects [], the AR [th order] LF andHF spectral powers
[mean of LF of  and HF of ms in males and  and ms in females, respectively] were clearly lower than those
reported by Pikkujämsa et al. in  healthy subjects of similar age [mean LF of  and mean HF of ms] calculated
by using -min AR [th order]. They were even lower than in diabetic patients (-min) [] and similar (with respect
to LF components) to the mean -h value estimated in patients in the early phase of acute MI by means of AR [th
order] modeling ( and ms respectively) []. A comparison of the corresponding means of AR-spectral indices
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⊡ Table .

Comparison of techniques of HRV analysis (Modified after [] and [])

HRV analysis Description Advantages Limitations Universality

Time-domain Statistical Simple, easy to calculate,
proven clinical utility, gross
distinction of high and low
frequency variation

Sensitive to artefact;
requires stationarity, fails
to discriminate distinct
signals

SDNN most widely used,
SDANNmost widely
applicable (also in AF)

Frequency
distribution

Visual representation of
data, can fit to normal or
log-normal distribution

Lacks widespread clinical
application, arbitrary
number of bins

Undetermined

Geometric Visual representation of
data, does not requires
stationarity, relatively
robust, can be also used
for nonlinear analysis

Fails to discriminate
distinct signals, requires
relatively large datasets

HRVI most widely used HRVF
most widely applicable (also
in AF)

Frequency-domain Frequency
spectrum
representation

Visual and quantitative
representation of
frequency contribution to
waveform, useful to
evaluate relationship to
mechanisms, widespread
HRV evaluation

Requires stationarity and
periodicity for validity,
sensitive to artifacts,
altered by posture, sleep,
activity

Only in subjects with sinus
rhythm

Fractal analysis Power law Ubiquitous biologic
application,
characterization of signal
with single linear
relationship, enables
prognostication

Requires stationarity and
periodicity, requires large
datasets, vulnerable to
artifacts

/f slope of power law most
widely applicable (also in AF)

Detrended
fluctuation
analysis

Indentifies intrinsic
variations to system
(versus external stimuli),
does not required
stationarity, enables
prognostication

Requires large datasets
(> data points),
dependence on artifacts

Undetermined (only in sinus
rhythm?)

Entropy Measures the
degree of
disorder
(information or
complexity)

Unique representation of
data, requires fewest data
points

Needs to be
complemented by other
techniques, stationarity is
required

Undetermined (only in sinus
rhythm?)

Abbreviations see > Table . and > Sect. .

reported in a study of  age-comparable healthy subjects (LF of ms and HF of ms) [] and in those with
diabetes (similar age range) (LF and HF of ms and ms) in a study by Chemla et al. [] might indicate that
there is either a problem with the determination of a proper order for AR modeling or that it might not be [empirically]
a reliable method for HRV spectral assessment.

There are also data indicating that the so-called sympatho-vagal balance, indicated bymeans of the LF/HF power ratio,
is not interchangeable while using either FFT or AR for estimation. Apart from controversies regarding the rationale and
background of the use of this index, the comparability of the LF/HF ratio is low either in normal subjects, namely .
in AR[] modeling in normal young subjects, . in AR[] modeling in middle-aged subjects and around  in AR[]
modeling in a similar sample [, , ].
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⊡ Table .

Inter-changeability diagram of various HRV measures

Frequency-range

<0.033 Hz 0.033-0.04 Hz 0.04-0.15 Hz 0.15-0.40 Hz
Time-domain SDNN, SDANN SDNNI RMSSD, pNN50(20)
geometric HRVI, HRVF, SD2 SD1

ULF VLF LF HFFrequency-
domain TP (long-term) TP* 

1/f slope Symbolic dynamics
ApEn* 

DFA α 2

DFA α 1* 

Non-linear 
dynamics

SampEn*
HRT TS

Analytic
method

TO

Abbreviations as in > Sect. .. On basis of data provided by HRV Standards [], Voss A et al. [], Stein KM et al. [],
Cygankiewicz I et al. [].
* short-term

The accumulated data also indicates that cut-off values of prognostic values of spectral HRV estimates stated in the
Standards [] should not be applied in studies in which AR modeling is to be applied. This might also imply that the
use of the fast Fourier transform, despite its limitations [see .], should be preferred for short-termHRV assessment in
laboratory settings. If the ARmodeling is to be used, referencing of previous studies should be limited and should include
studies in which other methods (FFT in particular) had been applied.

.. Normal Limits and Abnormal HRV

The successful application of HRV analysis to clinical medicine is critically dependent on the definition of normal limits
and abnormal values. Guidelines [] provide standard HRVmeasurements in a healthy population. However, they might
be useful only as a reference for comparisonwith population samples with known characteristics (e.g., prevalence of CAD,
mean age, mean RRI, etc.). HRV analysis, like other diagnostic methods, should take into account the prevalence of the
disease and its influence on the performance of a particularHRV index. As yet, in almost all studies, the positive predictive
value of HRV indices has been reported ignoring the prevalence of a disease in a population (if normal persons had been
comparators).The author’s studies, confirmed by others, clearly indicates that examination of a sample of a population is
necessary to determine normal limits and to define abnormal values [, ]. As there are significant age-, gender-, race-
, HR-, respiration-, and distribution-related differences among various populations, normal limits as well as abnormal
and risk-predictive values should therefore be determined in a sample of a “regional” population rather than be drawn
from the literature [, ]. Also, even if they can be controlled for the constitutional factors, a skewed distribution
of most standard HRV measures (> Fig. .) prevents use of their standard deviation value for setting normal limits.
Thus, the use of data provided by the Standards [] does not seem to be justified at present. It should be remembered
that there have been specific technical limitations (> h with at least  night hours and >% sinus heartbeats) for HRV
analysis in the study of Bigger et al. [] fromwhich data cited in the Standards [] have had been drawn. Currently, these
data cannot be used further in terms of the same Standards, which indicates requirement for at least  h of acceptable
data. Nevertheless, researchers might need to compare results of their studies to the corresponding data of others. Also,
if population sample characteristics cannot be established accurately, the use of published normative values might be
helpful.

Thus, reported values of traditional long-term and short-termHRV indices are provided (>Tables . and>.).
In addition, if nonlinear HRV measures are to be more commonly used, then reported values (not references) of either
short-term or long-term HRV studies need to be provided as has been done (> Table ..). Strong dependence of HRV
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⊡ Table .

Reported data on nonlinear HRV measures

Author(s), year

ECG duration Age N /f (ß) DFA α DFA α ApEn SD/SD

<   −. ± . . ± . . ± . . ± . –Pikkujämsa 
-h ECG [] –  −. ± . . ± . . ±. . ± . –

–  −. ± . . ± . . ± . . ± . –

>   −. ± . . ± . . ± . . ± . –

 ±   – . ± . . ± . . ± . . ± .Acharya 
-min ECG []  ±   – . ± . . ± . . ± . . ± .

 ±   – . ± . . ± . . ± . . ± .
 ±   – . ± . . ± . . ± . . ± .

CD LLE ApEn –

Kuo 
-min ECG []

–  – . ±. . ± . . ± . –

For abbreviations see> Table . and> Sect. .

on age indicates that reference values require either age-adjustment or that age-related references need to be considered
(> Table .). Separate data on HRV measures (not references) in children is presented in > Table ..

A multitude of factors influencing HRV prevents the determination of normal limits for short-termmeasures. Lower
normal limits (. percentile) of -min spectral indexes have been published (> Table .) []. However, these values
can be considered as reference only if a similarmethod (FFT,  kHz sampling rate) is used.Thus, the use of other techniques
or algorithms requires data from a control group with comparable characteristics and recordings made under similar
examination conditions.

An apparently abnormal result from any HRV measurement has to be interpreted in the light of the known statistical
performance (i.e., sensitivity, specificity, predictive value, likelihood etc.) of the measure. For HRV measures, a relative
paucity of well defined normal limits excludes a wider use of values <. percentile and >. percentile in practice.
Therefore, it is necessary to be aware of whether an apparently abnormal value is defined as population-driven or as an
arbitrarily set cut-off value based on statistical performance (> Table .).

In fact, there are only a few studies in which the HRV value, thought to be abnormal on the basis of its distribution
in a healthy sample, has been used in diagnosing patients with diabetic autonomic neuropathy (DAN) [], sinus node
dysfunction (SND) [] or in risk-prognostication in patients after a myocardial infarction [, ]. By using a range
of .%–.% of the normal values, the specificity of the selected HRV index is .% both for abnormally low and high
results.The respective sensitivities of such a defined abnormal result have reached % [], % [] and % [, ].
Some authors have proposed defining three categories of results, i.e., abnormal, borderline, and normal forDANdetection
[–] or in patients with diagnosed cardiovascular disease [].This message has already come from Standards [],
which have cited HRV values indicating severe (SDNN<ms, HRVI<a.u.) and moderate (SDNN<, HRVI<s.u.)
abnormality. It has also been proposed that for HRV indices with normal distributions, the values lower or higher than
SD from themean could be considered as pathologic, those between− SD and− SD or+ SD and+ SD asmoderately
changed and those within the mean ±  SD as normal []. For HRV indices with other than normal distribution, it
has been suggested that the values lower than . percentile or higher than . percentile could be considered to be
pathologic, those between .–. percentiles and .–. percentiles to be moderately changed and those between
.–. percentiles to be normal []. An almost similar categorization of HRV data has been used in the ATRAMI
study [].

In another proposal, a categorical distinction of a low, moderate and high HRV has been made on the basis of a
calculation of the mean and  SD value.Therefore, a low HRV is defined as <mean − SD, a high HRV as >mean + SD,
and moderate HRV as a result in between []. In patients with stable angina pectoris, the corresponding -h SDNN
values were <ms, >ms and –ms, for the SDANN, they were <, > and –ms, and for RMSSD they
were <, > and –ms []. However, the use of standard deviation as a determinant of limits should be cautioned



  Heart Rate Variability

⊡
T
a
b
le


.


R
e
p
o
rt
e
d
n
o
rm

a
ti
v
e
d
a
ta

o
f

-h

H
R
V
ti
m
e
-d
o
m
a
in

in
d
ic
e
s
in

re
sp
e
c
t
to

a
g
e

A
u
th
o
r[
s]
/y
e
a
r

A
g
e
ra
n
g
e

N
o
o
f
sb
s.

S
D
N
N

S
D
A
N
N

R
M
S
S
D

H
R
V
I

M
e
a
n
±
S
D

±
.


S
D
/


%
C
I

M
e
a
n
±
S
D

±
.


S
D
/


%
C
I

M
e
a
n
±
S
D

±
.


S
D
/


%
C
I

M
e
a
n
±
S
D

±
.



S
D
/


%
C
I

Bo
nn

em
ei
er




[

]


–





±



–





±



–



±



.
–
.


±



–



–





±



–




±



–



±


.
–

.


±



–



–




±



–




±



–



±


.
–

.


±



–



–





±



–




±



–



±


.
–

.


±



–



–





±



–




±



–



±


.
–

.


±



–


U
m
et
an

i


[

]


–





±



−






±



−




±



–



–





±



−





±



−




±



–



–





±



−





±



−




±



–



–





±



−





±



−




±



–



–




±



−





±



−




±



–



–




±



−




±



−




±



–



–





±



−





±



−




±


–



–





±



–

/
–

*


±



–

(
–

)
*


±


–

/
–


H
R
V
F

So
sn
ow

sk
i


[


]

–








−







−



–
–



−



–







−







−



–
–



−



–









−







−



–
–



−



–







−







−



–
–



−




Heart Rate Variability  

⊡
T
a
b
le


.


R
e
p
o
rt
e
d
n
o
rm

a
ti
v
e
d
a
ta

o
f
H
R
V
ti
m
e
-d
o
m
a
in

in
d
ic
e
s
in

c
h
il
d
re
n
in

re
sp
e
c
t
to

a
g
e

A
u
th
o
r[
s]
,
y
e
a
r

A
g
e

N
o
o
f
sb
s.

S
D
N
N

S
D
A
N
N

R
M
S
S
D

H
R
V
I

E
C
G

d
u
ra
ti
o
n

M
e
a
n
±
S
D


%
C
I

M
e
a
n
±
S
D

–

%
C
I

M
e
a
n
±
S
D

–

%
C
I

M
e
a
n
±
S
D

–

%
C
I

N
e
w
b
o
rn
s

–

da

ys

M
eh

ta



,


[

]



±



−



±



−



±



−



±



−



-h

Lo
ng

in



[

]



±



−


–

±



−


–

-m

in

In
fa
n
ts

M
as
si
n


,


[

]


w
ee
k

Ea
ch

d
at
a-
gr
ou

p
of


su
b
je
ct
s


±



-h

m
on

th

±



m
on

th

±



m
on

th

±


y
ea
r


±


P
re
-s
c
h
o
o
l
c
h
il
d
h
o
o
d

–

ye
ar
s

M
as
si
n


,


[

]



±


Si
lv
et
ti



[

]




±



±



±



-h

Y
o
u
n
g
c
h
il
d
h
o
o
d

–


Si
lv
et
ti



[

]




±




±



±



-h

Le
na

rd



[

]



±


–

±



-m

in

E
a
rl
y
-a
d
o
le
sc
e
n
ce


–


Si
lv
et
ti



[

]




±



±



±



-h

Fa
ul
kn

er



[

]




±




±



±


–

Le
na

rd



[

]



±


–

±



-m

in

L
a
te
-a
d
o
le
sc
e
n
ce


–


Si
lv
et
ti



[

]




±




±



±



-h

Fa
ul
kn

er



[

]




±




±



±


Le
na

rd



[

]



±



±



-m

in

Y
o
u
n
g
a
d
u
lt
h
o
o
d


–


Fa
ul
kn

er



[

]




±




±



±



-h

Le
na

rd



[

]



±



±



-m

in



  Heart Rate Variability

⊡ Table .

Lower normal limits of standard -min HRV spectral indices (. percentile) in respect to age and gender

Index/age           

Women (n = )
LF           

HF           

Men (n = )
LF           

HF           

Data from Agelink et al.  []. Spectral analysis using a Fast Fourier Transform ( min, , Hz, discrete signal of , datapoints)

as its value is influenced by outliers (from a statistical point of view) and by the age range of the sample (important for
HRV indices). On the other hand, use of percentiles requires a relatively larger number of subjects in order to be reliably
calculated. Also, a wide or narrow range of age may produce different . and . percentile values.

In most studies on HRV, the abnormal results indicating optimal statistical performance are drawn from the distri-
bution of a particular index, with either median, tercile or quartile values defining a cut-off point. Such an attempt is
commonly justified by the need to find the cut-off value of a particular index with the highest positive predictive power
[]. Actually, these values should not be considered “pure abnormal” since they do not necessarily correspond to an
HRV index distribution in a population and might show a significant variation (> Table .). It might be suggested
that the term “risk predictive value” (RPV) should be used.

It is necessary to be even more prudent when an index like the HRT-derived turbulence slope (TS) or onset (TO)
is in use, as it is difficult (a priori) to determine normal limits and abnormal values in a sample of population since
this requires either ventricular PEBs to be present or induced in persons without diagnosed cardiac disease. Even so,
normal limits have been calculated in healthy volunteers with mean TO values ranging from −.% to −.% and mean
TS from .–.ms/RRI []. Grimm et al. found the % percentile range for HRT slope to be .–. and HRT
onset of −. to −. []. A bias regarding the presence of atrial PEBs conducted with intra-ventricular aberration
should be noted, as many Holter systems detect abnormal ventricular PEBs only on the basis of the QRS duration [].

In most clinical studies, TS<% and TS>.ms/RRI are considered normal. However, it should be noted that despite
these values not being close to normal limits in normal persons cited above (of whatever calculation method), there is still
a significant proportion of subjects with abnormal HRT results, especially for the HRT onset, reaching almost % [].
Both descriptors of the HRT are in use for categorical classification, where an HRT category of  means that both TO and
TS are normal,  means that either TO or TS is abnormal, while  is used if both TO and TS are abnormal. Importantly,
those with no or too few suitable VES are considered to have an HRT category of  [].

As the baroreflex sensitivity examination is limited to laboratory centers, normal and abnormal data are not provided,
despite some efforts to define normal limits having been undertaken [–]. Various methods for the BRS (analogous
to the frequency-domain HRV) exclude an indication of unified normal data. It would be helpful if definitive normal
values could be agreed by the laboratories working in this field.

.. Physicians’Compliancewith HRVMeasures

The familiarity of physicians with HRV phenomena and currently available methods for its evaluation is generally poor.
Such a statement seems to be justified by reviewing, in depth, the details from most of the so-called evidence-based
studies in internal medicine and cardiology in particular. As a result, it can be stated that a fundamental clinical sign
such as heart rate is frequently missed. Thus, it should not be expected that its variation (HRV) would attract greater
attention. A simplified comparison of the proportion of real-life and scientific-life awareness of the importance of HRV
and related phenomena (> Table .) indicates that the HRV contribution to knowledge regarding such important
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⊡ Table .

Risk predictive values (RPV) of HRV measures (abnormal values) in selected outcome studies

Author[s], year

HRV

index RPV Choice of cut-off value Method of verification

Acutemyocardial infarction/Coronary artery disease

Standards  [] SDNN  ms Statistical/arbitrary/post hoc Highest statistical discrimination
(Cox hazard)RMSSD  ms

HRVI  a.u.

Kleiger et al. MPIP  [] SDNN  ms Arbitrary/post hoc Mean – SD

Rich et al.  symptomatic
Emergency coronary
angiography []

SDANN  ms Arbitrary/post hoc Univariate analysis

Farrell et al.  [] SDNN  ms Arbitrary/a priori Mean – SD

HRVI  a.u.

Cripps et al.  [] HRVI  a.u. Statistical/post hoc Highest statistical discrimination
(ROC)

Odemuyiwa et al.  [] HRVI  a.u. Highest statistical discrimination
(long-rank survival)

Zuanetti et al.
GISSI-  []

SDNN  Highest statistical discrimination
(ROC)RMSSD .

NN+ 

Copie et al.  [] HRVI  a.u.

Lanza et al.  [] SDNN  Highest statistical discrimination
(Cox hazard)SDNNI 

SDANN 

RMSSD 

La Rovere et al.
ATRAMI  []

SDNN  Arbitrary/a priori < th percentile (∼SD)

BRS 
ms*mmg

Huikuri et al.
DIAMOND  []

SDNN  Statistical/post hoc Highest statistical discrimination
(long-rank survival) within –
percentiles

HRVI 

DFA α .

ß (/f ) −.
Whang/Bigger MPIP  [] SDNN  Highest statistical discrimination

(ROC)

Balanescu et al.  [] SDNN
RMSSD




Arbitrary/ a priori Reference-drawn

Stein PK et al.
CAST  []

SD/SD
SDNN

.


Statistical/post hoc
Arbitrary/ a priori

Highest statistical discrimination
(univariate Cox hazard)
Reference-drawn
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⊡Table. (Continued)

Author[s], year

HRV

index RPV Choice of cut-off value Method of verification

Acute myocardial infarction/Coronary artery disease

Huikuri et al.
CARISMA  []

SDNN  Arbitrary/a priori Reference-drawn

DFA α .

TS (HRT) < .
ms/RRI

Heart Failure

Stein KM et al.  [] SDANN decrease
by ms

Arbitrary/a priori mean-SD

Szabó et al. ,  [] SDNN  Arbitrary/post hoc Median value

 Arbitrary a priori Reference-drawn

Ponikowski et al.  [] SDNN  Arbitrary/a priori (post hoc) Median value (also a high
associationwith cardiac death
(Cox))

Nolan et al.
UK-Heart Study  []

SDNN  Arbitrary/a priori Lower tercile

 Median value

 Arbitrary/ post hoc Reference value

Fauchier et al.  IDC [] SDNN  Arbitrary/a priori

Galinier et al.  [] SDNN  ms Arbitrary/Lower tercile/ post hoc Highest statistical discrimination
(likelihood ratio)

Mäkikallio et al. DIAMOND-CHF
 []

SDNN  Statistical/post hoc Highest log-rank survival
estimate within – percentiles

HRVI 

DFA α .

Bilchick et al.  [] SDNN .ms Arbitrary/a priori Lowest quartile

Aronson et al. 
Acute decompensated HF []

SDNN  Statistical/post hoc Highest statistical discrimination
(Cox hazard)

SDANN 

Rashba et al. DEFINITE  [] SDNN  Arbitrary/a priori Lower tercile

General population

Algra et al. 
Symptomatic patients with
a -h ECG []

NN+ % Arbitrary/a priori Lower tercile

SDNNI
(min)



SDANN
(min)



Huikuri et al. 
Elderly subjects []

SDNN
B (/f )


−.

Statistical/post hoc Highest statistical discrimination
(Cox hazard)

Sajadieh et al.  [] SDNN
SDNNI
pNN



.%

Arbitrary/a priori Lowest quartile

Stein PK et al. 
Elderly subjects CHS []

SDNN
DFA α
TS (HRT)

Continuous

< 
ms/RRI

Arbitrary/a priori
Arbitrary/a priori
Arbitrary/post hoc

Highest statistical discrimination
(Cox hazard)
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⊡ Table .

Proportion of studies on HRV/BRS or HRT use in myocardial infarction and heart failure as indicated by number of citations in

various databases

Database PubMed CINAHL Scopus Cochrane Google Scholar

Searched term[s] N [%] N [%] N [%] N [%] N [%]

MI  []  []  []  [] ∼,  []
MI + HRV  [.]  [.]  [.]  [.] ∼,  [.]
MI + EF  [.]  [.]  [.]  [.] ∼,  [.]
MI + HRV + EF  [.]  [.]  [.]  [.] ∼,  [.]
MI + BRS  [.]  [.]  [.]  [.] ∼,  [.]
MI + BRS + EF  [.]  [.]  [.]  [.] ∼ ,  [.]
MI + HRT  [.]  [.]  [.]  [.] ∼ [.]
MI + HRT + EF  [.]  [.]  [.]  [.] ∼ [.]

N [%] N [%] N [%] N [%] N [%]

HF  []  []  []  [] ∼, ,  []
HF + HRV  [.]  [.]  [.]  [.] ∼,  [.]
HF + EF  [.]  [.]  [.]  [.] ∼,  [.]
HF + HRV + EF  [.]  [.]  [.]  [.] ∼,  [.]
HF + BRS  [.]  [.]  [.]  [.] ∼,  [.]
HF + BRS + EF  [.]  [.]  [.]  [.] ∼,  [.]
HF + HRT  [.]  [.]  [.]  [.] ∼ [.]
HF + HRT + EF  [.]  [.]  [.]  [.] ∼ [.]

MI – myocardial infarction, HF – heart failure, HRV – heart rate variability, EF – ejection fraction. Terms present in titles, abstracts or keywords. ? HRT

fields like myocardial infarction (past epidemic) or heart failure (future epidemic) is between .–.%. Meanwhile, the
contribution of studies, in which ventricular function is investigated, reaches % on average (range -∼%).

Some reasons for a such situation are related to the multiplicity of methods, variety of algorithms within the same
method, different number of confounding factors, use of complicated measures sometimes (or commonly) completely
unintelligible for physicians, and inconsistency of data.

It would greatly improve matters if members of the next Task Force setting new Standards could unequivocally estab-
lish a basic protocol forHRVanalysis. In addition, recommendations forminimum requirements for investigation reports
would be helpful.

Some methodological suggestions that present an opportunity for a wider use of HRV in clinical practice are listed
in> Table .. As the investigators’ and clinicians’ interests might not appear to converge, a close cooperation between
clinicians and technicians or physicists would seem to be mandatory.

. Physiological Basis of Heart Rate Fluctuations

Changes in heart rate have to be considered in the context of changes in the entire cardiovascular system, as well as
in extra-cardiac body compartments, mainly within key vital organs. Hence, the physiological and pathophysiological
interpretation of HR variation cannot be restricted to HR control itself. For clinical use, it would be necessary to separate
HR changes that are functional (reflex or compensatory) from those which are related to true neuropathies.

The primary assumption usually taken is that the function of the sino-atrial node (SAN) is intact. Really, this holds
true mainly in physiological states. In certain settings, it might not be unusual that heartbeat formation is compromised.
The common clinical syndrome of heart failure may serve as an example [], according to the early observation of
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⊡ Table .

Methodological guide for clinical HRV studies

 Use a method explicable to physicians not familiar with HRV phenomenon

 For global HRV estimates it is required (not obligatory) to:

. Calculate the number of subjects necessary to be examined on basis of reproducibility of the HRVmeasure going to be
used

. Look on data regarding reproducibility of chosen HRV measures in previous studies or provide results of a separate
pilot-study

. Be familiar with the prevalence of abnormal HRV within an examined sample (as it influences sensitivity of detection of
abnormal HRV in a planned study)

. Not rely on references’data that come from a limited (usually unsatisfactory) number of examined subjects
. Be aware that there may be a substantial number of subjects (–%) with other than normal HRV indexes behavior
. Do not rely on data obtained from a healthy population if the examined subjects suffer from any disease that is

associated with HRV abnormality
. Be sure that changes in HRV measures are really a result of an intervention and not contaminated by errors
. Use devices with the lowest possible technical-related errors
. Be familiar with the errors relating to characteristics of devices used
. Balance gender proportion

 For HRV estimates of certain [patho]physiological explanation (i.e., respiratory-related (=cardiac vagal tone), arterial
pressure-related (= baroreflex (LF, HRT), vasomotor-tone related (VLF), day–night difference, activity (ULF, TP), baroreflex
sensitivity, heart rate turbulence, it is required (not obligatory) to:

. Be sure that chosen method truly complies with an examined phenomenon
. Be aware of reproducibility of chosen method or provide coefficient of variation in a sample of examined population
. Carefully observe conditions of study for all examined persons (i.e., the same time of study for short-term HRV, similar

diurnal activity for long-term HRV)
. Balance gender proportion or perform separate investigation in females and males
. Perform investigation in a few groups of different ages instead of a single study in large age-range group
. Use a control group (nested-study design)
. Comprehensively check for outliers
. Include individual data if a small number of subjects is examined
. Use a reference method (if exists) if a newmethod or a modification of an established method is introduced
. Provide data regarding other significant determinants of HRV phenomenon (age, gender, race, HR, BP, respiratory rate,

usual physical activity)
. Providedata regarding important clinical entities (for example inAMI-patients: time-to-reperfusion (successful or failed),

door-to-balloon time, infarct extension (CKMB mass, cardiac troponins), functional status (Killip class), hemodynamic
data LVEF), use of drugs that interfere with HRV, etc.)

. Avoid inclusionof subjects with variousANS derangement (i.e., diabetics, post-CABG) or with other confounding factors
into a single group with subjects with a presumed intact ANS (no neuropathy), instead perform an investigation in
separate groups

. Carefully follow the HRV Standards or the other Statements’ requirements (if applicable)

Wollenberger in . In this syndrome, pacemaker function is compromised and the responsiveness of the SAN to sym-
pathetic over-activity is attenuated (so-called chronotropic incompetence (A term indicating inadequacy between heart
rate and requirements, i.e. impaired HR adjustment for functional needs (usually metabolic))) [], despite the resting
HR being accelerated and the HRV reduced. Moreover, changes in intrinsic SAN properties appear before the overt HF
syndrome []. The importance of intrinsic SAN should also be considered in such syndromes like hyperthyroidism,
inappropriate sinus tachycardia, postural orthostatic tachycardia, and also in subjects with a high-vagal tone (endurance
athletes) [, , ]. Also, in the model of high renin systemic arterial hypertension, an increased intrinsic firing of
the SAN has been observed [].
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One the other hand, SAN abnormalities may be responsible for the inadequate response to proper neural stimuli
leading to pacemaker desynchronization and irregular heart rate fluctuation. This can be observed experimentally in
transgenic knock-in mice without the expression of cardiac connexin Cx−/− and in the clinical setting in patients with
sinus node disease [, ].

The second assumption usually taken is that heart period changes reliably reflect changes in sinus node firing. As
parallel changes are normally seen in physiology and pathophysiology, sporadically this assumption is false. Overdrive
stimulation of the SAN may lead to the so-called exit block [, ]. In such settings, the surface ECG shows a
prolongation of heart period, while a series of SAN depolarization can actually be recorded from intra-cardiac electrodes.

The examples mentioned are given to emphasize the fact that heart period variation should be interpreted with
caution when making conclusions about cardiac autonomic control of SAN activity. In fact, significant progress in
the understanding of mechanisms of heartbeat formation, briefly described below, makes a detailed evaluation of the
contribution of the autonomic nervous system and other modulators to heart period variation even more difficult.

.. Ionic Mechanisms of Heart Beat Formation

The self-excitability of specialized cardiac cells is related to the function of ionic channels that carry ionic currents respon-
sible for spontaneous diastolic depolarization (The fourth phase of actionpotential of specialised cardiacmyocytes involved
in the impulse propagation.). The most important currents in this phase of the action potential are inward calcium cur-
rents (ICaL, ICaT), outward potassium currents (IKr,IKs,IK[ACh] , IK[Ca]) and inward hyperpolarization-activated cyclic
nucleotide-gated (HCN) current If (funny current (Funny current means a current having a combined property aimed at
distinct ion transportation)) [, ]. The latter current plays a major role in the generation and control of pacemaker
activity (pacemaker current (An ionic current specific to self-excitable cardiomyocytes, not present in other working
myocardial cells)) []. The If activation range varies largely from cell to cell, being more negative at peripheral areas.
The If channels are uniquely activated by a direct binding of cyclic AMP (cAMP) molecules to the intracellular aspect of
the channels. This property means that a funny-channel can be voltage-gated, as well as being a cyclic-nucleotide-gated
(CNG) channel – part of a superfamily of CNG channels of sensory neurons (for review see []). Four isoforms of
molecular components of f-channels have been cloned forming a family of HCN channels. In the heart, HCN is the
major component in the pacemaker region. Accumulated data suggests that HCN prevents the diastolic membrane
potential from becoming too negative and HCN is the major channel mediating sympathetic stimulation of the pace-
maker activity. Recent studies indicate that a manipulation in HCN components was able to modify the spontaneous rate
of pacemaker cells, thus opening an area for a clinical application of the so-called “biological” pacemakers [].

Experimental studies have shown that If is a common effector of muscarinic and β-adrenergic activation through
an allosteric conformation of the α-subunit of G-protein, a trimer protein coupled with a membrane GTP-ase []. It
is suggested that this interaction depends on a lipid composition of the P-cells plasma membrane []. Experimental
data also indicates an involvement of the sodium channel in the generation of sinus arrhythmia. A low concentration
of tetrodotoxine reduces sinus rate and increases its variability []. The accumulated experimental and clinical data
strengthen the role of the If current in heartbeat formation and opens an area for the clinical use of drugs that inhibits If
currents (so-called HR-lowering drugs) [].

.. Cellular Mechanisms

... Pacemaker Cells

Sinus beat formation is the result of a synchronisation (Forced rate by a dominant pacemaker over neighboring P-cells,
which generate diverse rates of spontaneous depolarisation while uncoupled.) of a group of spontaneously depolarizing
cells, referred to as pacemaker cells (P-cells, pale, pacemaker, primitive) []. The highest density of P cells is to be
found in the central region. However, they are also sparsely scattered in the right atrium. Each isolated P-cell possesses
a similar self-excitable property. However, the frequency of beating is varied, even among neighboring P-cells due to the
stochastic nature of channels opening and closing. A synchronized rate of firing is possible thanks to the between-cell
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communication related to the presence of gap junctions [].The common rate of a group of P-cells (synchronization) is
based on a phenomenon called phase resetting (Changes in the frequency of depolarisation usually through recruitment
of a new dominant pacemaker or alteration of the dominant pacemaker’s rate.) due to mutual entrainment [].

... Sino-Atrial Node and Sino-Atrial Pacemaker Complex

That cardiac beats have their origin within the heart’s own “substance” was initially proposed by Galen centuries ago.
This “substance” had been discovered by Keith and Flack in  as a fine subendocardial structure lying within the
anterolateral part of the right atrium near the superior vena cava orifice (sino-atrial node, SAN). The proof of its role
in heartbeat formation was provided by Lewis in  [after ]. However, electrophysiological studies in humans with
the use of multisite mapping demonstrated that consecutive sinus beats of various lengths could appear in different sites
that functionally might lie well beyond the anatomically defined SAN. This functional region, referred to as the sino-
atrial pacemaker complex, spreads from the upper portion of the right atrium to the orifice of the inferior vena cava
[]. Pacemaker recruitment (a group of P-cells) with shortening cycle length appears more cranially, while when it
moves caudally, a cycle length prolongation is observed due to the different sensitivity of P-cells to norepinephrine and
acetylcholine depending on their location within the SAN and right atrium []. This phenomenon is referred to as
pacemaker shift (A movement of a dominant pacemaker.) []. Apart from the different sensitivity of the P-cells to NA
and ACh, a nonuniform autonomic innervation is thought to constitute an anatomical basis for the pacemaker shift, as
evidenced by pharmacological interventions and SAN-specific autonomic nerve stimulation []. The pacemaker shift
phenomenon is basically responsible for changeable sinus cycle length through variation in sino-atrial conduction time
(Electrophysiological term (SACT, ms), indicates the time between the first depolarisation within the pacemaker complex
(usually SAN) and the first depolarisation within atrial tissue (usually onset of the P-wave).). Changes in the chemical
and physical environment could modulate this phenomenon, as happens with temperature changes, hypoxia, acidosis or
hyperkalemia [, ].

.. Neuromediators and Hormones

... Acethylcholine

Acethylcholine (ACh) is a key neurotransmitter of the parasympathetic branch of the autonomic nervous system [].
ACh acts through the activation of ligand-gated ion channels (nicotinic receptors) or G-protein-coupled receptors (mus-
carinic receptors).With respect to heart rate autonomic control, nicotinic α- subunitsmediate fast synaptic transmission
in ganglia supplying the heart andmuscarinicM receptorsmediate vagal stimulation in the SAN []. In addition, ACh
modulates central pre-motor vagal activity [].

ACh concentration at the SAN neuroeffector junction depends primarily on its kinetics. Tonic [DC] and phasic [AC]
“net” vagal activity modulates ACh release from efferent cardiac vagal motorneurons endings []. In addition, ACh
release is controlled by other mechanisms, including automodulation (pre-synaptic inhibition by ACh), transneuronal
(pre-synaptic inhibition by NE through alfa-adrenoceptor and NPY) and trans-synaptic (via prostaglandin PGE and
adenosine)modulations []. Pre-synaptic automodulation is discussed as a possiblemechanism involved in paradoxical
HR slowing after low doses of atropine, an M-receptor antagonist [].

The ionic mechanisms of ACh action depends on its local concentration. Small amounts of ACh inhibit If current,
while larger (-fold) amounts inhibit ICaL and stimulates IK[ACh] . The If inhibition is achieved through the stimulation
of M-cholinergic receptor-coupled inhibitory G-protein Gi, that results in cAMP levels reduction and a negative shift of
the If activation curve, therebymodulating its gating properties. It was also shown that a reduction of intracellular cAMP
leads to a reduction of L-type Ca+ current.The latter requiresM-receptor coupling to Gα subunit and seems necessary
to opposite effects of β-adrenergic stimulation [].

Clearance properties depend on the rate of ACh hydrolysis by acethylcholinesterase. Its washout from the junction
determines the actual local effective concentration of Ach []. Other factors, like the size of the release store terminal
and diffusion to distant receptors, also influence the effective ACh concentration. ACh action on the P-cells is related
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to the number of M-receptors and their saturation (Lack of changes in sinus cycle duration in response to a certain
increment or reduction in stimulation frequency above or below breakpoints. In a clinical setting, saturation denotes a
lack of changes in heart beat variation with alteration in heart period duration. Such a phenomenon may be observed
either in an extreme heart period prolongation or shortening.). The binding of ACh to M-receptors is necessary for its
inhibitory effect on P-cell activity.This actionmodulates the intrinsic diastolic depolarization rate and antagonizes simul-
taneous sympathetic effects. In an in vitro study on isolated rabbit pacemaker cells, a superperfusion with ACh increases
cycle length and its variation exponentially and interdependently []. However, in earlier experiments with vagal stim-
ulation, a linear relationship has been observed []. Within a physiological (and pathophysiological) range of sinus
cycle length, a linear relationship with vagal stimulation can also be seen in studies that advocate nonlinear relationships
(> Fig. .) []. Saturation at a longer sinus cycle length does not allow further prolongation to be linearly related, as
an increase in stimulation frequency of the vagus does not result in a further substantial increase in ACh concentration
(> Fig. . inset) []. A clinical study supporting such experimental data has been published []. Thus, two parts
of a relationship can be observed, one within the usual range of the sinus cycle, where such a relationship is linear and a
second within prolonged sinus cycles, where such a relationship is also linear but flat. In an extreme case, further increase
in the frequency of vagal stimulation would result in significant sinus cycle prolongation. However, nonlinearities in the
SAN response to stimulation of the vagus may, sporadically, result in sudden cycle shortening [, ]. Experimental
studies have shown that under normal physiological conditions maximal diastolic potential and threshold potential are
actually not affected by neural activation. However, this may not hold true in a pathological setting [].
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... Norepinephrine and Epinephrine

Norepinephrine (NE) is a catecholamine released from sympathetic nerve terminals, while epinephrine (Epi) is a circu-
lating hormone synthesized in and released from the suprarenal medulla. These substances accelerate the spontaneous
diastolic depolarization of the pacemaker cells via stimulation of the β-adrenergic receptors (βAR) coupled to the stim-
ulatory G-protein Gs, with activation of adenylate cyclase and increase in cAMP levels [, ]. Subsequently, a shift
of the If activation curve to a more positive voltage occurs and heart rate accelerates. In certain conditions, activation of
ICA and IK channels mediates NE effects on pacemaker cells []. Although NE and Epi act mainly through activation
of βAR, their effects depend on the specific properties and pathways of various types of βAR, as well as on the action on
α-adrenergic receptors (αAR) [, ].

... Neuropeptide Y

Neuropeptide Y (NPY) represents one of various neuropeptides that act in addition to the “classical” neurotransmit-
ters. NPY coexists with NE in cardiac sympathetic nerve terminals. Dense population of NPY-immunoreactive nerves is
found in the SAN region []. The NPY-nerves also form synapses on the soma and dendrites of vagal preganglionic
neurons within NA []. Upon a direct sympathetic stimulation, NPY is co-releasedwith NEwithin the α-adrenoceptor
[]. Some data suggests that NPY inhibits ACh release from pre- and postganglionic parasympathetic neurons, thereby
attenuating cardiac vagal action [–].

... Nitric Oxide

Nitric oxide (NO) is a signaling molecule that mediates vasomotor tone, ATP production and cardiac contractility.
Recently, its role as a mediator of the peripheral autonomic control of the heart has been extensively studied [–].
The presence of endothelial NO synthase (eNOS) in human cardiomyocytes [] and neuronal NO synthase (nNOS) in
cholinergic and sympathetic nerve terminals, as well as NO-sensitive neurons in the stellate and intrinsic cardiac gan-
glia argues for a role for NO in heartbeat control [, , , ]. Neuronal NOS is present in the central nervous
system nuclei contributing to vasomotor and cardiac control, like the solitary tract nucleus (STN), nucleus ambigu-
ous, dorsal nucleus of vagus, ventrolateral zona reticularis in the medulla oblongata, and in the periphery in carotid
bodies [, ].

NOS inhibition has been shown to block the negative chronotropic effects of cholinergic agonists and prevent cholin-
ergic inhibition of ICaL in sympathetically activated pacemaker cells in vitro []. In a study with a nNOS inhibitor, a
dose-dependent profound bradycardia has been found in parallel with a large increase in heart rate variability and, at
larger doses, vasoconstriction []. The effects of NO donors and inhibitors on HR control are thought to be indirect,
consistent with a presynaptic modulation of vagal neurotransmission and ACh release during vagal activation. A signifi-
cant post-synaptic action via ACh-M receptor coupling to eNOS has also been reported.The post-synaptic action of NO
(HR acceleration via If activation) has been shown to be opposite to that of pre-synaptic action (HR slowing via a facili-
tation of the ACh release). However, data are not consistent.The importance of NO action seems to be more pronounced
with age and adrenergic activation [, –].

Nitric oxide can also interfere with β-adrenergic signaling. This action can be mediated through cAMP degrada-
tion (either via activation of phosphodiesterase activity or inhibition of Ca channels) and the inhibition of NE release
(via NO-cGMP and, independently, KATP–channel mechanisms) []. Additionally, NO contributes to the metabolic
breakdown of NE and provides a barrier for diffusion of the NE into the bloodstream. NO can also inhibit central sympa-
thetic neurotransmission [, ]. The central part of NO contribution to CV control includes the modulation of aortic
and carotid mechanoceptor reflexes, reduction in the sensitivity of cardiac baroreflex and augmentation of tonic vagal
activity [].

Recent studies indicate that NO action on the cardiac vagus might have a clinical perspective [, ]. In an exper-
imental study, targeted nNOS gene transfer enhancing nNOS expression resulted in a rapid increase in parasympathetic
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activity. In a study in patients with heart failure, those who were homozygous for the T/C polymorphism of the e-
NOS promoter had a more advanced imbalance of the autonomic cardiac control [] in spite of better left ventricular
function.

As vagal stimulation is thought to be cardioprotective [] and might increase the probability of survival after
myocardial infarction [], the importance of vagal modulation through NO donors [] or NOS expression manipu-
lations [] awaits clinical verification.

... Serotonin (-Hydroxytryptamine)

All central brain nuclei that are involved in cardiovascular control are innervated by fibers containing serotonin and
have direct or indirect synaptic contact with cardiac vagal preganglionic fibers that are likely to originate from within the
brainstem []. Some vagal afferents also contain -HT. In addition, these regions express awide range of -HT receptors.
The blockade of -HTA receptors attenuates the bradycardic response evoked by baroreceptor and cardiopulmonary
receptor afferents stimulation. However, the number of -HT receptors and variable effects of their activation/inhibition
limits understanding of their functional roles [].

... Neuregulins

Neuregulins are growth factors that are required for the maintenance of ACh receptor-inducing activity of nicotinic
receptors. A recent observation in an experimental study in mice with neuregulin- gene deletion supports a role for
neuregulins in maintaining normal parasympathetic modulation of excess β-adrenergic stimulation of the heart [].
It might be of clinical importance in patients treated with cardiotoxic drugs that are known to suppress neuregulins
signaling. Such drugs, i.e., doxorubicine, can lead to the development of cardiac impairment that is accompanied by a
reduction in parasympathetic activity that may even precede the occurrence of overt heart failure [].

.. Local Tissue Factors

Locally releasedmediators,mainly neuropeptides,may generally act as neurotransmitters, neuromodulators or neurohor-
mones. Substances, like vasoactive intestinal peptide, somatostatin, substance P, neurotensin, phenyl-histidin-isoleucine,
dynorphine ormelatonin-stimulating hormone are released from neuronal endings within the SA node or from intercon-
necting neurons in peri-nodal ganglia. Peptides synthetized locally in the endothelium of coronary microcirculation or in
the SA node, atrial or ventricular myocytes, can modulate sinus beat formation [, ]. Positive chronotropic action
was observed after stimulation with adreno-medulline, angiotensin II (via AT receptor), atrial natriuretic peptide C and
endothelin (via ETA receptor), while a negative chronotropic effect was observed in response to bradykinin, somatostatin
and endothelin (via ETB receptor) [, ]. Other peptides (ANP, BNP, substance P) are considered as cardiac rhythm
modulators.However, evidence for their direct actions are conflicting []. Cholinergic and sympathetic neuron activity
can also be modulated by several amino acids, purine derivates, and free radicals []. A role for all of these local factors
is probably limited in a normal physiological state.

.. Mechanical-Electrical Feedback

Active and passive changes in the mechanical load of the heart, either physiological or pathological, can influence the
initiation and propagation of cardiac electrical excitation via pathways that are intrinsic to the heart itself. This cross-
talk between mechanical and electrical activity is referred to as contraction-excitation or mechanical-electrical feedback
(MEF) []. Processes involved in the MEF include stretch-activated ion channels in cardiomyocytes, changes in cal-
cium handling, interaction with other mechano-sensitive non-myocyte cells, or stimulation of protein expression, local
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peptides secretion, and biochemical changes [, ]. Mechanical factors are believed to be involved in heartbeat trig-
gering during the early stages in embryogenesis []. The mechanical contribution to HRV can be observed in heart
transplant patients, in whom a small (–% of normal) RSA has been recorded []. Similar findings have been reported
in individuals after brain death [].

.. Vascular Factors (Endothelium)

In general, the ANS and endotheliumplay opposite roles in controlling vascular tone through their action on the vascular
smooth muscle layer, which lies between the two [].There is evidence that the ANS directly influences the endothelial
cell function due to the presence of α- and β-adrenoceptors and muscarinic receptors. The activation of α-adrenergic
and muscarinic receptors results in eNO release and subsequent vasodilation. In addition, sympathetic activation can
stimulate the release of endothelium-derived contracting factors. The effect of ANS stimulation can be observed despite
the presence of major conduit vessels that do not receive direct innervation. On the other hand, the endothelium may
affect the extent of ANS-mediated vascular tonemainly through the changes inNOproduction and release [].The role
of the endothelium in mediating ANS effects increases in clinical entities, in which endothelial dysfunction is a common
feature (e.g., diabetes mellitus, hypertension).

.. Hormonal, Inflammatory and Other Humoral Factors

... Renin–Angiotensin–Aldosterone System

The renin-angiotensin-aldosterone system (RAAS) interacts with the autonomic control of the heart at both central and
peripheral levels []. Angiotensin II (AngII), a key hormone of RAAS, enhances central sympathetic tone and facilitates
theNE release from sympathetic nerve terminals [].Thenet effect ofRAASactivation is related to the entire circulatory
response (circulating AngII level), cardiac local AngII action, and central local interaction within cardiovascular and
respiratory centers [, ].Themagnitude of RAAS-ANS interactions dependson genetic variations (polymorphisms)
within RAAS [, ]. In addition, the response of the RAAS blockade (with either ACEI or ARBs) varies, as different
agents of these classes have been shown to exhibit divergent effects on autonomic function [–]. In addition, these
effects depend on the initial status (before treatment) of the autonomic balance, with negligible changes in healthy persons
or significant, albeit not uniform, changes in patients with hypertension or heart failure [–]. Sympathoexcitatory
action of aldosterone (central or peripheral) both directly or via an inhibition of nitric oxide synthesis [], together
with the involvement of bradykinin, with its direct chronotropic effects [, ], further complicate explanation of the
effects of RAAS activation or inhibition on cardiovascular autonomic control.

... Hypothalamic–Pituitary–Adrenal System

Corticotropin-releasing hormone (CRH) is the principal regulatory neuropeptide that mediates stress-related biolog-
ical responses as a physiologic regulator of adrenal epinephrine secretion [, ]. Neuroanatomical studies show
a projection of CRH-fibers linked directly to autonomic regulatory nuclei in the brainstem [, ]. There is little
experimental evidence of its sympathotonic effect.This action depends on a heterogeneous distribution of CRH-receptor
subtypes between ANS brain centres and the heart and vasculature [–]. Recent studies have shown the presence
of endogenous agonist for CRH-receptor, referred to as urocortin, which mediates many actions previously attributed
to CRH []. Interestingly, the results of a study in CRH-receptor-deficient rodents suggest that CRH may act on a
long time scale, i.e., h, thereby influencing the circadian rhythm of HR and its variation []. Adrenocorticotropin and
cortisol actions are very complex and diverse, depending on the magnitude and length of stressful conditions [].
Although they are involved in circadian and ultradian (-h, -min) circulatory oscillations, short-term fluctuations
(-min) have been observed []. An increased vagal HR control has been reported in a clinical setting such as
hypercortisolemia [].
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... Insulin-Leptin-Adiponectin and Inflammatory Cytokines

Insulin leads to an acute hyperpolarization of the plasma membranes. With respect to excitable cardiac conduction tis-
sue, this may result in an attenuation of the firing response to stimulation and desensitization of HRV during euglycemic
hyperinsulinemia in subjectswith intact autonomic control [–]. Insulin also affects the sensitivity of arterial barore-
ceptors. Insulin exerts its action indirectly through adrenergic activation that is expressed as a centrally-mediated stress
reaction, an increase in the firing rate of adrenergic nerves and a shift in the sympathovagal balance in the HRV power
spectrum [–]. These effects are age-dependent [].

Insulin action, like other trophic factors (growth hormone, tumor necrosis factor α, transforming growth factor β),
might be also related to the modification of MR expression via transcriptional regulation and MR downregulation.
These changes may lead to parasympathetic withdrawal [, ]. Clinical studies suggest that parasympathetic modi-
fications can occur early on in the development of obesity and diabetes and are concomitant with a greater variation in
plasma insulin levels [, ] and insulin sensitivity or resistance [, ].

Leptin, the adipose tissue hormone, plays a crucial role in body weight control. A release of leptin is under tonic feed-
back control by the sympathetic nervous system.Adrenergic neurotransmitters exert an inhibitory effect on leptin release
and synthesis []. Actually, leptin itself might influence the sympathetic neural drive and either acutely or chronically
increase HR.This action can be completely reversed by a combined adrenergic blockade [].The significance of leptin-
sympathetic activity in normal subjects is not clear, as a greater correlation with HR alone than with sympathetic nerve
traffic has been reported. However, gender differences have been observed []. Recently, an association of leptin circa-
dian and ultradian rhythms with a very-low oscillation of HR has been reported []. Also, the G/A polymorphism in
the human leptin receptor gene influences sympathovagal balance.

Adiponectin is an adipocyte derived hormone which acts on the CNS to control autonomic function, energy and
cardiovascular homeostasis [, ]. It acts as an insulin-sensitizing hormone and its circulating concentration is
inversely related to adipose tissue mass []. Adiponectin receptors have been found in brain nuclei, playing a cen-
tral role in the integration of cardiac autonomic control where it interacts with neuropeptide-Y neurons [, ]. Low
serum adiponectin has been shown to negatively correlate with a sympathovagal index in patients with type- diabetes
[]. Hypoadiponectinemia has also been reported to be associated with sympathetic overactivity in obstructive sleep
apnea syndrome [].

Inflammatory cytokines are normally produced by the immune system. However, their excessive expression can in
some circumstances lead to damage of various tissues, as they are involved in chronic inflammatory diseases, including
atherosclerosis among others []. Experimental and clinical evidence indicates that stimulation of parasympathetic
activity (via the nicotinic receptor) can result in anti-inflammatory action via inhibition of the production of some
cytokines, like tumor necrosis factor α, interleukin-, interleukin- and interleukin- []. Activated macrophages and
lymphocytes also express specific receptors for other neurotransmitters released by the autonomic and central nervous
system, including those mentioned above [].

On the other hand, there are many clinical reports on the association of noninvasive measures of cardiac autonomic
control (on the basis of HRV analysis) with the most commonly examined inflammatory substances, like C-reactive
protein, interleukin- and TNF-α. However, negative observations also exist [, , ].

... Gonadal Hormones

Accumulating evidence suggests that gonadal hormones, especially oestrogen, have significant effects on the brain,
peripheral efferent nerves and signaling pathways of effector organ/cells that respond to neurotransmitters [].
Gonadal hormone signals are mediated through binding of steroids to cytoplasmic/nuclear receptors (genomic actions)
and membrane receptors (non-genomic actions). Nuclear oestrogen receptor and membrane binding sites for oestro-
gen, progestrone and testosterone have been identified in brain nuclei involved in the regulation of cardiovascular
function [].

The central action of oestrogen includes increased vagal tone via stimulation of choline uptake and ACh synthesis
and suppressed sympathetic efferent activity via the stimulation of catalytic activity of catechol--methyltransferase and
monamino oxidase. On the contrary, testosterone increases sympathetic activity via the stimulation of the synthesis of
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NE and neuropeptide Y and the inhibition of NE clearance. Oestrogen increases the density and affinity of muscarinic
receptors. In the periphery, the actions of gonadal hormones are similar to those acting centrally. Under experimental
conditions, exogenous oestrogen and progesterone increases the density of β-adrenergic andmuscarinic receptors in the
heart, while testosterone stimulates choline uptake and thyrosine hydroxylase (catecholamine synthetase). Some effects
of gonadal hormones are mediated through nitric oxide [].

There are differences in the parasympathetic and sympathetic responsiveness in females and males - the parasym-
pathetic response is greater in females and the sympathetic response greater in males. There is more pronounced
bradycardia after vagal stimulation. Apart from experimental data, there are concordant data indicating the positive cor-
relation between oestrogen level and cardiac vagal activity that can be observed during either the menstrual cycle or the
menopausal period [–]. Some of these changes can be related to the action of endogenous progesterone-related
steroids, which inhibits muscarinic receptors probably via their allosteric conformation and increases central NE release
[]. The attenuation of HRV has also been observed during progestogen-containing replacement therapy []. How-
ever, in a randomized trial on hormone replacement therapy in postmenopausal women, multiple -h HRV indices
remained unchanged []. However, it has to be noted that the approach used in this trial is too crude to explore cardiac
autonomic control.

.. Thermoregulation

Heart rate (or pulse rate) changes with hyper- or hypothermia are easy to detect. In some disease states (e.g., typhoid
fever), a lack of heart rate acceleration, or even HR slowing in spite of increasing body temperature, has been considered
to be an ominous sign by attending physicians.

Thermoregulation is a complex integrative process generating patterns of autonomic,motor, endocrine and behavioral
changes in response to endogenous and environmental challenges. By considering the impact of thermoregulation on
cardiac autonomic control, both circadian variation of body temperature balancing over a core temperature “set-point”
and reactivity to cold or heat exposure can be investigated.

Circadian variation of body temperature is related to the central pacemaker located in suprachiasmatic nuclei, act-
ing upon hypothalamic centres modulating the set point, and altering the thresholds for cutaneous vasodilatation and
sweating [, ]. This circadian rhythm is involved in the regulation of the sleep–wake cycle together with pineal
melatonin rhythm, and the responsiveness of the circadian pacemaker to light. From this point of view, thermoregulation
is associatedwith the circardian rhythm of heart rate and its variation, being similar to sympathetic rhythm and opposite
to cardiac vagal rhythm.There is neuroanatomical and neurochemical evidence linking central sympathetic activity with
the sleep-wake clock and temperature rhythm [].

The potentiation of cardiac vagal action in response to cold and vagal inhibitory effects during heat stress has
been reported [–]. Also, thermogenic-related changes within cardiac autonomic control have been studied in
response to various meals []. Variations in the frequency of the thermal component of HRV has been shown to
arise from variations in the time delay in response to a periodic thermal stimulus and has been referred to as thermal
entrainment [].

.. Architecture of Cardiac Autonomic Control

... Anatomical Basis for Cardiac Autonomic Control

Efferent Limb of Cardiac Vagal Control

Inhibitory vagal motorneurons originate in the dorsal vagal nucleus (DVN) and nucleus ambiguous (NA). The pregan-
glionic motor neurons in the DVN and NA may exert preferential control over separate populations of neurons within
the intrinsic cardiac ganglionated nervous system []. Their activity is characterized by tonic discharges modulated
in phase with respiration. However, they are not able to generate spontaneous activity. Instead, their action potential
generation rate follows the impulsation of glutaminergic neurones from the solitary tract nucleus (STN) in the dorsal
medulla, where all afferent autonomic fibers are terminated.The importance of diverse cardiac vagal efferents may lie in
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the fact that an intact DVN is not necessary for an efficient baroreceptor reflex, while other cardiopulmonary reflexes are
critically-dependent on an intact DVN [, ].

Vagal efferent motorneurons sprouting to the mediastinum form the anterior and posterior cardiac plexus. Aside
from presynaptic parasympathetic fibers, these plexi also contain presynaptic sympathetic fibers, intermediate puriner-
gic neurons and autonomic ganglia []. Postsynaptic fibers of the vagi preferentially innervate SAN and AVN regions
and atrial muscles []. Parasympathetic innervation of the ventricle is rather sparse and, accordingly, the ACh
concentration in ventricular tissue is lower, achieving approximately / of its concentration in the atria. Although a
weak inhibitory action of parasympathetic stimulation on LV hemodynamics can be observed in experiments, espe-
cially when the sympathetic drive is augmented (accentuated antagonism), such an effect seems to be negligible in
physiology [].

The main effect of vagal stimulation is a reduction of sinus node rate. The magnitude of sinus cycle prolongation
is greater after stimulation of the right vagus nerve, while the left vagus nerve exerts a stronger inhibitory action on the
impulse conduction through the AV junction. Anegative chronotropic action of vagal stimulation is phase and frequency-
dependent. The SAN response to vagal stimulation is rapid, with a latency period less than ms, and is sustained for
less than  s after cessation of stimulation [, ]. Since the relationship between the frequency of vagal stimulation
and slowing HR is nonlinear, changes in the heart period (sinus cycle) seem to be a better indicator of vagal influences
[]. However, it has to be remembered that the time-delay of the vagally-mediated response can vary significantly not
only in healthy people, but even more so in patients with cardiac disease [].

Efferent Limb of Cardiac Sympathetic Control

Pre-motor sympathetic neurons are located in clusters in four topographically defined nuclei in the intermediate gray
matter on either side of the spinal cord (mainly intermediolateralis thoraco-lumbalis pars funiculus) []. Presynaptic
sympathetic stimulating fibers spread like the sympathetic nerves into the thoracic sympathetic ganglia. Postsynap-
tic fibers from these ganglia travel by two pathways: firstly as sympathetic nerves directly to intrathoracic extra- and
intra-cardiac plexi, further innervating atrial and myocardial muscle, and secondly, as sympathetic fibers of the stellate
ganglions joining the vagi, traveling to specialized cardiac self-excitable and conducting tissue []. The sympathetic
fibers traveling with the vagus nerve may contribute to the axo-axonal synapses that have been observed to lie between
these nerves, providing a morphological basis for the observed vagal-sympathetic interaction [].

Afferent Limb of Cardiac Autonomic Control

In general, cardiovascular afferent neurons are divided as those that are sensible to mechanical deformation in the region
of their sensory endings (mechanosensors) and those that detect alteration in chemical milieu surrounding their sensory
neurites (chemosensors) []. Anatomical and functional data indicate thatmost of afferent neurons can simultaneously
transmit mechanical and chemical signals []. Also, the distribution of neural somata of different sensors is similar
throughout nodose, dorsal root, intrathoracic and cardiac ganglia.

Mechanosensors localized in the right ventricular papillary muscle transmit RV loading or pressure in a linear and
reciprocal manner. Those distributed throughout the outflow tract of the right and left ventricles sense development of
chamber pressure, but their exponential activation patterns vary. Significant populations of mechanosensors along the
adventitia of the inner arch of the thoracic aorta and the base of both venae cavae precisely detect phasic mechanical
changes that are undergone during each systolic and diastolic event.

There is a limited population of chemosensors, which are activated when exposed to an altered concentration of a
variety of local chemicals. Most local mechanical and chemical stimuli sensed by the neuronal endings are transmitted to
adjacent neurons that form local circuit interconnections at cardiac and intrathoracic ganglia. These functional linkages
are relevant to short-loop cardio-cardiac and vascular-cardiac reflexes. Sensory information arising from the heart and
major vessels initiate central and peripheral reflexes that control the activity of extracardiac (long- and short-loop) and
intrinsic cardiac motorneurons (ultra short-loop) [, ].

The direct measurement of vagal nerve activity is usually employed in experimental settings. However, the invasive
nature, need for anesthesia and limited functional and behavioral contexts restrict the utility of the direct approach.
Occasionally, direct recordings can be made from cervical vagal afferents and their stimulation can be applied to
humans [].
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... Local Cardiovascular-Cardiac Reflexes

Cardiac mechanosensory reflexes characterize short-tem latency due to a relatively short distance to the first synapse.
The short-term scaling properties are responsible for the cardiac motorneurons’ differential activation at any phases of
the cardiac cycle []. Cardiac mechanosensitivity seems to be related to an expression of titin []. Some intrathoracic
efferent neurons display activation reflecting initiation of the aortic and carotid baroreflex. In addition, the stretching of
vena cava mechanosensors (which can be found with venous congestion) trigger intrathoracic reflexes.

Cardiac chemosensory reflexesmodulate large numbers of cardiac motorneurons over longer timescales andmultiple
cardiac cycles. They also lead to the resetting of cardiac motorneuron activity for a period considered to be long enough
to indicate the retention of information (memory (Biological phenomenon of determinism in which future events are
causally set by past events)) [].

... Accentuated Antagonism

The nonlinear nature of autonomic interactions within the sino-atrial pacemaker complex is emphasized when both
arms of autonomic cardiac control are activated. Levy et al. found that the cardiac pacemaker response to the vagus nerve
stimulation is greater with a rise in sympathetic activity (accentuation) in spite of their opposite action (antagonism)
[, ] (> Fig. .). Such a phenomenon, referred to as accentuated antagonism, can be seen in very fit humans.
In older people, and in certain clinical pathophysiological settings, this phenomenon cannot be observed easily, as the
vagal activity or inhibitory effects of its stimulation are usually depressed. Pyetan et al. [] found an increase in power
at respiratory frequency in a healthy young adult with a high level of cardiac vagal tone subjected to a relatively large
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Sympathetic-parasympathetic accentuated antagonism. Changes in HR in response to various vagal and sympathetic stim-

ulation. Vagal inhibition is greater when sympathetic activity increases, sympathetic stimulation is much less when vagi are

active. The formed exemplifies synergism, the latter antagonism (From [A]).
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cumulative dose of atropine. They interpreted such a response as a feature of the reduction of sympathetic influence
accompanying vagal effector inhibition.

.. Nonregulatory Reflexes Involving Co-Activation of ANS

Classic reciprocal action between sympathetic and parasympathetic outflows represents a highly simplified description of
cardiac autonomic control. The presence of the accentuated antagonism between two branches of the ANS in physiologic
and pathophysiologic settings can find further support in some protective reflexes that are accompanied by excitation of
both autonomic outflows [].

Among reflexes that are accompanied by the co-activation of both ANS branches, the peripheral chemoreflex, diving
response, oculocardiac reflex, defense response, and somatic nociception response are considered []. The com-
mon functional significance of these reflexes/responses is considered to coordinate the relationship between ventricular
contractility and heart rate with sympathetic and vagal activation targeting the ventricular myocardium and SAN, respec-
tively. This may be of special importance during a prolonged and deep hypoxia (diving response), when the bradycardic
response causes a substantial fall in ventricular function via a nonneural mechanism (So-called Bowdich effect.) and
sympathetic co-activation may serve as a compensatory response to maintain stroke volume, as well as blood flow and
oxygen delivery to the heart through action upon coronary arterioles via β-adrenoceptor stimulation. Another possible
significance is related to vagally-mediated tachycardia, when both branches of the ANS act synergistically. It is suggested
that this paradoxical feature is related to ACh release in the intrinsic cardiac ganglia neurons along with activation of
chromafine cells to release catecholamines. Alternative explanations include the muscarinic receptor mediated release of
neurotransmitters co-localizing cardiac vagal fibers, which may have the same effect as NE of increasing HR.

... Peripheral Chemoreceptor Reflex

In experimental settings, activation of carotid body chemosensors resulted in the transient increase in cardiac vagal and
sympathetic activity reflected by a profound bradycardic response. Co-activation of branches of the ANS can also be
elicited by a mild prolonged hypercapnia and mild hypoxia, whereas a co-inhibition occurs in response to hypocapnia.

... Diving Reflex

Vagally-mediated bradycardia is a major feature of the diving response in humans and other mammals. It is suggested
that facial or nasopharyngeal stimulation is responsible for this reflex. Coincidence of sympathetic activation during the
diving reflex is expressed as the occurrence of ventricular arrhythmias, including polymorphic VT, and shortening of the
QT interval, that can be prevented by β-adrenoceptor blockade with propranolol.

... Oculocardiac Reflex

The stimulation of trigeminal nerve endings triggers a reflex that produces vagally-mediated bradycardia and which in
extreme casesmay lead to cardiac arrest. Historically, this reflex has been used as a manual procedure for the termination
of paroxysmal tachycardia (Aschner) by putting pressure on the ocular bulbs (more precisely on the corneal surface). A
sympathetic component of this reflex is expressed as increased outflow to the ventricles and, subsequently the occurrence
of ventricular ectopic beats.
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... Defence Responses

Experimental stimulation of different discrete hypothalamic areas evokes various possible patterns of ANS activation
(sympathetic activation/vagal inhibition or co-activation or co-inhibition). In the case of centrally-mediated ANS co-
activation, HR follows vagal changes. The defence-like response may also occur in the response to alerting-eliciting
acoustic stimuli (startle reflex). Despite these stimuli provoking a small transient tachycardia, a pronounced negative
chronotropic effect of sympathetic blockade suggests a role of vagal co-activation. Interestingly, the vagal response rapidly
habituates with repeated stimuli, while sympathetic activation persists.

... Somatic Nociception Response

Stimulation of somatic nociceptors typically leads to tachycardia, increase in blood pressure and hyperpnea in animals
and humans. Direct cardiac vagal nerve recording has shown that the nociception response involves augmentation in
the activity of cardiac vagal outputs. It is postulated that this complex response is centrally-mediated and modulated
by central respiratory activity. Nociception-evoked tachycardia seems to be vagally-mediated and can be attenuated by
atropine. However, a combined blockade is necessary to abolish this chronotropic response completely.

.. Brain–Heart Interactions

It iswell recognized that sympathetic and parasympathetic neurons play a regulatory role inmodulating cardiac dynamics.
This regulatory role is achieved through a very complex structural and functional interplay between afferent neurons
localized in different cardiac regions and within vascular beds (mainly intrathoracic and cervical) and efferent neurons
localized in the cerebral cortex, brain stem nuclei, medulla oblongata, spinal cord, paravertebral cervical, and thoracic
ganglia, as well as pericardial and intrinsic cardiac ganglia. Spatially overlapping afferent neurons differentially transduce
regional cardiac and vascular events throughout each cardiac cycle directly or indirectly (via interconnecting neurons)
allowing for temporally organized reflexes. All constitutive parts are redundant and stabilize the whole cardiac behavior
[].

In pathological settings, overactivity of the autonomic nervous system plays a critical role in myocardial damage and
mortality [, ]. Therefore, abnormal cardiac rhythm oscillations can be seen in patients with stroke, subarachnoid
hemorrhage, epilepsy, and head trauma [–]. Brain-heart interactions are also important in the pathogenesis of
(a) sudden unexpected death in adults and infants, in specific circumstances (for example status asthmaticus, alcohol-
withdrawal, drug abuse) [, ], and (b) cardiac dysfunction in tako-tsubo cardiomyopathy and phaeochromocytoma,
in which altered fluctuations of heart rate can be detected [–].

. Determinants of HRV

.. Genetic Factors

There is accumulating data confirming the role of genetic factors in HR and HRV control. Early data suggested
that genetic variance can determine the arrhythmia index, the measure of RSA introduced by Schlomka, which has
been reported by Fuller in  in purebred dogs []. Kreutz et al. were the first group to identify HR-determining
gene location on the rat chromosome  []. Since that time, other genes which contribute to heart rate have been
described [–].

Martin et al. [] performed the variance decomposition linkage analysis for genomic screening in  individuals
and found that the heritability of the resting HR was around %. In their study, HR linkage on chromosome  (q.)
was observed. Interestingly, in this region, linkages have also been found for insulin, blood pressure, abdominal subcuta-
neous fat, as well as for type  long QT syndrome, associated with bradycardia [after ]. Similar heritability (–%),
as well as HR linkage to chromosome  has been reported among hypertensives []. A heritability of % for HR and
% for BP responses to exercise training has been found in another set of patients with high blood pressure [] and
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various candidate genes have been proposed []. A recent meta-analysis of genome wide scans indicates the location
of a gene influencing HR on chromosome p– [].

The attempts that explore the HR genetic basis do not necessarily explain the genetic background of HRV.The results
of the Copenhagen Holter Study indicate a significant association of a reduced HRV with the familial predisposition
to premature heart attack []. Using a genome-wide scan in participants from the Framingham Heart Study, Singh
et al. have provided evidence of linkage of the LF power to chromosome  and of the VLF power to chromosome ,
although the linkage odds scores have not exceeded the threshold for significant linkage on a genome-wide level [].
Interestingly, around the region of interest (chromosome ), a candidate gene for KCNJ, a human gene encoding the
G-protein activated inwardly rectifying potassium channel, known to be involved in HR regulation [], has been
identified. Also, candidate genes for human neuronal nicotinic cholinergic receptors have been reported on chromosome
 [].

The combined results of the FraminghamHeart Study and FraminghamOff-Spring Study ( subjects) indicate the
presence of a significant correlation among standard HRV parameters in siblings (between . and .), compared to
spouses (.–.) []. Genetic factors seem to be responsible for substantial inter-individual variations in HRV that
reached % in the Framingham cohort. However, after the adjustment for HR, this proportion is reduced to –%,
suggesting an involvement of similar genetic factors that determine both the HR and HRV []. Genes account for
–% of the variation among spectral HRV measures in this population []. Heritability estimates of .–. for
SDNN and of .–. for RMSSD from -min ECG recordings have been reported to be independent of breathing
mode (spontaneous vs controlled) [].

Associations between HRV and genetics are frequently explored in twins [–]. In a small sample of twins, Piha
et al. found that both ANS branches were strongly related to genetic factors independently of body mass []. In a larger
sample of  twins, the RSA appeared to be determined by stable genetic factors and variable environmental components
[]. Snieder et al. have estimated a genetic contribution to RSA of % at rest and between % and % at four different
stress task conditions [], independently of respiratory rate. A genetic contribution to the mean ambulatory SDNN
index (ranging from % to %) and the mean ambulatory RMSSD (ranging from % to %) has been reported [].
Short-term vagally-relatedHRVmeasures (RMSSD andHV power) at rest and under stress have been found to be largely
influenced by the same gene []. An association of reduced HRV and depression has been found to be genetically-
predetermined []. Also, the dipper-pattern of the blood pressure has been found to be heritable []. Importantly,
HRV-related familiarity can be detected already in newborns. However, environmental influences seem to play a greater
role than genetic factors early in life [].

In a recent study, an association of parasympathetic activity with the variation in the choline transporter, a component
of ACh neurotransmission, has been reported. Subjects having any T-allele (TT or GT genotype) had greater HF power
and lower LF power and LF/HF ratio, compared to subjects with GG genotype []. Studies that compared HRV in
relation to known genetic polymorphisms (ACEI, angiotensinogen, uncoupling proteins) complement evidence for a
genetic background of HRV [, ]. Furthermore, an experimental investigation has confirmed the importance of
G-protein heritability for HR autonomic control [].

.. Constitutional Factors

... Age

Heart rate and its variation is critically dependent on age, especially if one considers the period of the entire lifespan
[]. Within the lifespan, two distinct phases are present with distinct HRV behavior. The first phase is a period of
development and maturation, and the second starts early in adulthood and is related to aging and senescence.Therefore,
in studies in which the age-range is limited (e.g., a young adult cohort ormiddle-aged subjects) the possibility of detection
of significant HRV changes with age is a priori reduced. Also, data on the age-dependence of HRV is generally obtained
from cross-sectional studies. To evaluate within-person age-related changes, longitudinal observations seem to be more
appropriate.
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Autonomic Control Changes During Development

Detectable variation in heart rate can already be observed in fetuses []. Mechanisms underlying these varia-
tions are largely unknown. An intrinsic rhythmicity of the SAN seems to determine HR changes early in gestation
(– weeks), albeit cholinesterase activity can be detected at the eighth gestational week. With the advance of gesta-
tion, parasympathetic effects become evident []. More data is available regarding maturation of cardiac autonomic
control from infancy to adolescence. A dominating role of maturation of central parasympathetic signal processing has
been suggested [].

HRV Changes During Development

The main component of HRV is attributed to RSA, which is detectable at around  weeks gestational age, and remains
a predominant component of HRV in neonates [–, ]. An earlier occurrence of HR fluctuation in the LF
range (< week of gestational age) has been documented. However, it seems to be secondary to maternal HR and BP
variation []. A clear dependency of all time- and frequency domain measures on gestational age has been shown
[, ]. It has to be pointed out that, in fetuses and neonates, the spectral HRV component may have different ranges,
i.e., .–.Hz for VLF, .–.Hz for LF and .–.Hz for HF []. Global HRV changes from  h to  days of
post-natal life have not been consistently observed []. It might also be difficult to assess spectral HRV indices in this
period of life, since the influence of various factorsmay lead tomisinterpretation of HRV data []. A significant increase
in SDNN (+%) and MSSD (+%) between the first and third month, with a prominent increase in SDNN following
awakening (+%) in spite of a shortening of mean RR interval, has been reported []. In a study by Massin and von
Bernuth in  healthy children aged  days to  years, -h SDNN values were found to have almost doubled between 
month and  year, and tripled at – years (tab..) []. Further increases of SDNN and SDANN from long-term ECG
recordings with maxima at a late adolescence period have been reported [, ]. Meanwhile, RMSSD has been found
to reach a maximumvalue already in early childhood [].This is in accordance with the findings of Finley and Nugent,
who have observed maxima of both short- and long-term spectral HRV indices at about – year of age [, ]. The
maxima of short-term HF and LF power have been observed at late adolescence in another study []. The difference
between both studies might be as a result of different data presentation (instantaneous HR vs RR), length of ECG record-
ings and the use of different algorithms (FFT vs AR). The significance of data presentation and length as well as choice of
algorithm for HRV power spectrum estimation is discussed in ..

... Cardiac Autonomic Control Changes Related to Aging

Aging is associatedwith complex and diverse changes in cardiovascular structure and changes [].Themost important
variations are listed in > Table ..

Some of these changes gain a special importance when HRV is considered. A reduced responsiveness of the SAN to
adrenergic stimuli and an increased responsiveness to vagal stimulation is the most relevant [, –]. As intrinsic
properties of the SAN are altered, leading to the partial uncoupling of P-cells [], an increase in the level of sympatho-
excitatory hormones is detected (increasing plasma NE) as well as central sympathetic discharge (increasing efferent
sympathetic nerve activity in microneurographic studies) []. This is accompanied by a reduction in a high affinity
state β-adrenergic receptor density, with changes in the proportion of βAR to βAR from : to .:, mimicking that
observed in heart failure []. A % reduction in the amount of activated adenyl cyclase in response to Gs-mediated
βAR stimulationhas been reported [, ]. As a net result, although aging is associatedwith sympathetic over-activity,
HR and age has not been correlated in the majority of studies.

On the other hand, muscarinic receptor density is increased in older subjects in spite of a surprisingly increased
responsiveness to vagal stimulation [, ]. This seems to indicate that a reduced central vagal outflow can play a
greater role in tonic cardiac parasympathetic control changes with age than SAN responsiveness to ACh itself [, ].
However, these changes are not consistently observed, and even the opposite has been reported [, ]. In terms of
M-RmRNA concentration andmuscarinic/β-adrenergicmRNAproportion, the heart does not age as a unit: age-related
changes are focused on the SA node area []. Among possible mechanisms leading to a reduced vagal tone in elderly
people, a reduced baroreflex sensitivity mainly due to increased arterial wall thickening and stiffness, and a reduced
arterial wall distensibility together with endothelial dysfunction (mainly a reduction in NO) are of greatest importance
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⊡ Table .

Factors affecting ANS control and HRV measures associated with aging (Modified after Ferrari et al. [, ])

Level of integration Morphological changes Functional changes

Consequences

(regarding HRV)

Cellular/subcellular

cardiomyocytes
non-muscle cells
adrenergic receptors
muscarinic receptors

Increased dimension/number
Increase in collagen cross-linking
Altered β/β density ratio
Up-regulation

Reduced responsiveness to stimuli
Increased responsiveness to stimuli

Altered SAN
responsiveness

Cardiac tissue

Sino-atrial node Reduced P cells: all cells ratio
P-cells uncoupling

Altered pacemaker shifting
Reduced SAN-respiratory coupling

Altered SAN
responsiveness

Organ

Heart Increase in heart weight,
LV hypertrophy/ fibrosis
Decreased sympathetic innervation

Reduced lusitropic properties/ diastolic
function

Altered mechano-
electrical
coupling/reflexes

Circulation

Endothelium Reduced NO synthesis/release
Reduced SOD activity
VSMCmigration

Endothelial dysfunction
Increased oxidative stress
Increased total peripheral resistance

Reduced baroreflex
sensitivity

Arteries Increased subendothelial collagen
Increased intima-media thickness
VSMC proliferation
Reduced elastin
Increased elastin fragmentation

Increased total peripheral resistance
Decreased arterial distensibility
Increased pulse wave velocity
Reduced cardioacceleration after
baroreceptor deactivation (delayed
response)

Reduced baroreflex
sensitivity

Hormones/ mediators Increased level of vasoconstrictive
peptides
Increased ANP/BNP synthesis/release
Increased inflammatory mediators level

Endothelial dysfunction
Increased oxidative stress

Reduced baroreflex
sensitivity

Brain

ANS Loss of neurons
Pigments accumulation
Neurotransmitters activity changes

Altered responsiveness to afferent inputs Central control
alteration

[, ]. Only a few studies systematically addressed the issue of cardiopulmonary reflexes in aging and the evidence is
in favor of a blunting of the hemodynamic and humoral components of cardiopulmonary responses. However, evidence
to the contrary does exist [].

Consistently observed age-related reduction in vagal tonemeasures should not simply be interpreted as signs of vagal
neuropathy or an impaired parasympathetic control. Instead, reduced afferent signals coming from peripheral sensors
may lead to a reduced central vagal outflow, irrespective of an altered SAN responsiveness. Moreover, age related auto-
nomic innervation changes can appear relatively early in adulthood (> years of age) [] mainly as a reduction in
sympathethic nerve endings []. Generally, aging is associated with alterations in cardiac autonomic control that, not
surprisingly, lead to consistent observations on a reduction of HRV with age. However, other factors not necessarily
directly connected to autonomic modulation, are also changed in ways that actually are associated with a reduced HRV,
especially over a -h period.

HRV Changes Related to Aging

An age-dependent reduction in the RSA from short-term ECG tracings has been reported as early as  by Schlomka
et al. [after ]. Further studies in adults consistently reported a reduction in time-domain HRV measures with aging
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⊡ Figure .

Age-dependence of the SDNN from -h ECG in healthy subjects. A combined data from  studies in children and adults. HRV

reaches its maximum in late adolescence or early adulthood. Thereafter HRV reduces gradually. Confidence limits (. SD)

shown do not mean the normal limits (Author’s data).

[–]. Interestingly, the RSA assessment over five heartbeats has originally been proposed to estimate “cardiac age”
[]. Similarly, the estimation of “cardiac age” has been proposed by others, though, by using a more sophisticated
approach []. Actually, there is only one alternativemethod for “cardiac age” estimation, namely coronary artery calcium
scoring on cardiac computed tomography [].

The rates of HRV decline at different stages in the life course vary with different traditional HRV measures and the
times of recordings. For the HRV indices that are acknowledged to strongly relate to vagal tone (RMSSD or pNN from
-h recording and almost all statistical descriptors from short-term recordings) the decline is exponential and occurs
early in adulthood, beginning usually well before the fourth decade of age [, ]. At the sixth decade of life, pNN and
RMSSD reach values that are % and % of that observed in young adults. Over the following decades, these indices do
not change significantly. In % to % of people after  years of age, these values can be as low as cut-off values indicating
an increased risk of CV mortality [].

The -h SDNN and SDANN decline more gradually. According to the accumulated data from  Holter-based stud-
ies, SDNN is reduced by approximately % in middle-aged persons (compared to young persons), and by ∼–% in
the elderly (> years of age) (> Fig. .) [, –]. There is still a small reduction of SDNN in senescence []
(> Table .). Importantly, the lowest SDNN and SDANN values in subjects � years old sporadically achieve the
level indicating an increased risk for all-cause or CV death. Reported -h SDNNI values decline almost linearly from
theirmaximumat – years of age achieving a % reduction in the elderly compared to young adults with a significant
proportion (%) below the cut-off value for being at risk [].

Data from studies on HRV analysis from shorter ECG recordings show a similar trend. In the Framingham Heart
Study in , subjects with an age range of – years, the -h SDNN has been reported to decline by % in



Heart Rate Variability  

middle-aged persons and by % in subjects older than  years as compared to young persons []. In another
cross-sectional study in subjects aged between  and  years, the reduction of the median values of -min SDRR
and RMSSD has reached % to % from the fourth to fifth decade of age and % to % from fifth to sixth decade,
respectively []. In another cross-sectional study in  healthy Japanese (– years old), the rate of short-term
SDRR decrease from the third to fifth decade was greater in females (−%) than in males (−%), and was similar
from the fifth to sventh decade (% and %, respectively) []. Agelink et al. reported a smaller rate of the -min
RMSSD of % and % over  decades in men and women, respectively []. In a large prospective within-persons
study (, participants, % females, mean age . ± . years) over the -year follow-up period, the mean -min
SDRR decrease of .% after  years of age was observed only in males, in contrast to a mean increase of .% in
females [].

The power of the HF component declines exponentially from the maximum value usually between the age of –
with almost % reduction over next  decades []. In a longitudinal investigation of , young Finnish children
re-examined at the ages of – years, the short-term (min) lower .% reference limit of HF power decreased bymore
than % from young adulthood tomiddle-age consistently for three heart rate strata [].Thereafter, the h-HF power
reduced at a rate of –% per decade [, ]. After  years of age, variations of HF power are smaller or insignificant
[, ]. In a longitudinal within-persons study the power of -h HF was unchanged over  years in a small sample of
elderly persons []. In another longitudinal study, a % reduction of the short-termHF power over  years of follow-up
has been observed only in males []. At the same time, the lower normal limit of the -h HF power diminishes with
age, being highest in subjects who are  years old, decreasing by % at  years of age, with a further reduction to %
of the maximum values at  years of age [].

The power of the LF component decreases more gradually from the maximum value at – years of age, with a
rate of ∼% per decade [, ]. A similar rate of LF power decrease with age has been reported in a cross-sectional
study on short-term HRV []. A steeper decline of ∼–% per decade was found in the Framingham Heart Study
population []. Biphasic changes with % reduction between the fourth and fifth decade and % between the fifth
and sixth decade [], as well as oppositely directed changes with a rate of % reduction between  and  and of ∼%
from  to  years of age have been reported []. In a longitudinal study in young adults, the LF power diminished
by % between - and -year-old persons [], while in another longitudinal study in the elderly followed over 
years, a continuous decrement of the LF power was noted []. A significant reduction of .% in older males and an
increase of .% in older females has been reported over a -year period of follow-up [].There is also a report in which
the LF power in subjects �  years was comparable to that of younger people (< years old) despite a significant %
reduction in cardiac NE turnover and peripheral MSNA over  decades [].

The VLF and ULF power are almost linearly age-related. A rate of VLF power reduction of % per decade from the
base value at age  years has been observed [, ]. A decrease of ULF power is less distinct and in persons�  years
of age, the ULF power represents ∼ % of initial values [].

Geometrical HRV measures are also age-dependent [, , ]. The highest value of HRVI is observed in young
adults, and then it declines exponentially, reaching values of ∼% of maximum (overall % over  decades) in the
seventh decade []. The mean HRVF decreases more gradually, from % at age  years to % at age  (overall
decrease of % over  decades). Interestingly, there are distinct rates of reduction of the lower and the higher normal
limits. They change from the third to sixth decade by % and %, respectively [].

Results of investigations on age-dependence of nonlinear HRV measures are far from consistent. The DFA α  index
has been shown to increase with age in several studies [, , ], decrease [, ], or remain unchanged
[, ]. However, in longitudinal studies in young and elderly persons, DFA α  has been consistently found to
decrease with age [, ]. In various reports, the DFA α  index increases [, , ], decreases [] or
remains stable over various age ranges [, ]. The beta-coefficient (slope of /f power) becomes steeper with age
[, , ], although in the elderly it remains stable []. Two distinct behaviors of the beta-coefficient have been
reported depending on the frequency break-point [].There are other inconsistent data regarding other scale-invariant
measures [, ].

Results of cross-sectional studies indicate a gradual decrease of the approximate entropy [, , ]. However, in
a longitudinal observation, no change of ApEn has been seen []. Investigations on other entropy measures provide
inconclusive data [, ]. In addition, aging -related alteration of the largest Lyapunov exponent has been found to
differ in magnitude and direction in cross-sectional studies [, , , , ].
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Multilevel influences of aging on cardiac autonomic control are reflected by changes in the baroreflex sensitivity
(> Table .). An inverse effect of the aging process on BRS has been reported in several cross-sectional studies
[–]. This age-association reduction has been confirmed in a number of investigations using various experimental
techniques providing information on separate aspects of the BRS []. In a cross-sectional study, the BRS assessed by
means of the Valsalva maneuver decreases by ∼% in middle-aged subjects (from . ± ⋅ to . ± ⋅ms/mmHg), and
by ∼% in older subjects (. ± .) []. A similar reduction has been found for the phenyleprhine method (. ± .,
. ± . and . ± .ms/mmHg, respectively) [].

The vagally-related arm of the BRS loop declines by a rate of % per decade,while sympathetic-relatedBRS reduces at
a rate of % per decade [].Theα-index of high- and low-frequency has been shown to reduce by ∼% and ∼% over
 decades, respectively, as estimated by means of the spectral method and by % as estimated by means of the phenyle-
phrine method []. Reduction in the BRS with age resulted in the occurrence of abnormal risk-predictive values in a
significant proportion of elderly persons (–%). However, the proportion of abnormal BRS depends on the technique
used for its assessment, with the mean BRS of .ms/mmHg with the Valsalva method (% abnormal), .ms/mmHg
with a vasopressor agent (phenylephrine, % abnormal) and .ms/mmHgwith vasodilator (sodiumnitroprusside, %
abnormal) based techniques []. Cumulative data indicates that in subjects older than  years, it is almost impossible
to differentiate whether the reduction of BRS is related to the aging process or the presence of other risk-factors, with
systemic hypertension being amongst the most important [, , ]. However, spontaneous BRS during controlled
breathing has been shown to linearly decrease from  to  years of age []. In one reported longitudinal study, the
aging effect on spectral BRS has been evaluated in  men ( ±  years at entry) over a mean -year period [].
The rate of BRS decrease of .% per year until  years of age has been observed. In the oldest group (– years at
baseline), no significant change over the -year follow-up was observed.

Age-associated changes of cardiac autonomic control are also reflected by the effect of age onheart rate turbulence.The
TO increases with age, while the TS appears to remain stable []. These relationships strongly depend on the duration
of the preceding sinus cycle at younger ages, and the influence of the basic HR attenuation as age increases []. On
the contrary, in another study, an inverse relation of TS with age and no relation between age and TO has been reported
[]. In a study of healthy children, lower TS has been found in those with pre-pubertal status compared to those during
puberty, while TO has been found to be age-independent []. Thus, conclusive statements on the age-relationship
cannot be established as yet.

... Gender

Gender differences in cardiac autonomic control are multi-factorial and originate not only from differences in hormonal
status, but also fromdistinctive heart rate, blood pressure and respiratory control, constitutional and demographic factors,
life-style and psycho- behavioral factors, as well as intrinsic central and peripheral nervous system features. Some of these
factors with their possible influences upon HRV are presented in > Table .. > Table ..These factors may have a
different role to play at various points throughout life, between women and men actually disappear.

Gender related differences in the time and frequency domain variables are the subject of diverse opinions. In most
studies, some HRV measures are reported to be gender-related whereas others are not. Age and race (where applicable)
are only rarely added as the covariate [, , , , ]. In a small number of studies, heart rate has been analyzed
as a covariate or a separate analysis for various heart rate strata has been performed [, , ]. A combination of
reported relationships between HRV and gender is schematically presented in > Table .. More detailed data from
short-term and long-term HRV studies are shown in > Tables . and > ..

Clearly, these results indicate that global HRV measures and LF power are either comparable or lower in females,
while the respiratory-relatedHRVmeasures are either similar or higher. Interestingly, time-domain short-term variation
measures (RMSSD, pNN) from -h ECG recordings, which are known to be closely correlated with HF power, have
been found to be either similar [, , , , ], higher [], or lower [, ] in women. Some authors prefer
using the relative powers of LF and HF for their superiority in detecting the effect of gender [, ]. However, these
relative spectral indices have the least well defined or even no physiological background. Evidence for lower values ofHRV
measures in females might be of clinical importance, although in some instances, normal limits remain to be established.
For example, Gerritsen et al. proposed separate reference values of -min LF power for women andmen, while proposing
HF power and SDRR normal limits for the entire population [].



Heart Rate Variability  

⊡ Table .

Factors associated with gender differences in HRV. See> Table . for list of abbreviations

Factor[s] Difference Mechanisms Effect on HRV

Blood pressure Lower Baroreflex gain changes Reduction

HR Faster Closer HRV-HR relationship Reduction

Intrinsic HR Faster Intrinsic SAN properties Reduction

Respiratory pattern Thoracic Greater intra-thoracic pressure changes Increase (RSA)

Breathing frequency Faster Smaller intra-thoracic pressure changes Reduction
(RSA)

Physical fitness Usually lower Lower cardiac autonomic tone Reduction

Smoking habits Less frequent Lower sympathetic activation Reduction (LF)

Alcohol abuse Less frequent Greater cardiac vagal activity Increase (RSA)

Psycho-behavioral
factors

Multiple Greater sympathetic activation, lower vagal sympatho-inhibitory actions Reduction

Personality type More complex Multiple Reduction

Nor/epinephrine
level

Lower Lower response to sympathetic activation
Lower adrenal medullary content of Epi
Higher epinephrine clearance rate
Lower neuronal/extraneuronal uptakes

Reduction

Central control Multiple Less sensitive to excitatory stimuli andmore sensitive to inhibitory stim-
uli, varies with oestral and menstrual cycles

Not studied

Noradrenergic neu-
rotransmission

Higher Increased presynaptic α-adrenoceptors number/activity varies with
oestral and menstrual cycles

Not studied

⊡ Table .

Patterns of HR and HRV differences in females (versus males) from

short-term ECG recordings

HR SDRR (or TP) HF power LF power

↑ ↔ ↔ ↓
↑ ↓

↓ ↔ ↓
↔ ↔ ↑ ↔

↓
↔ ↔

↓ ↔ ↔

Variability in patterns depends on age, race, algorithms used, and statistical
adjustment.

Differences between women and men have also been studied in terms of nonlinear dynamics. Gender differences
of fractal dynamics measures vary depending on methods and duration of registration. In short-term HRV studies, the
β-exponent has been found to be less steep in women than in men [, ], contrary to long-term study findings,
where a steeperβ-exponent or no difference has been observed in females [, ]. Short-term and long-term DFA α
coefficients have been found to be lower in females, with no differences in DFA α [, , ]. Higher approximate
entropy in women has been observed in some HRV studies [, , ], but not confirmed by others []. Other
indices have only rarely been studied (> Tables . and > .).

Actually, accumulated data indicates that gender-related differences should be taken into account or a proper
statisticalmethod should be applied for a valid interpretation to be drawn, irrespective of the duration ofHRV recordings.
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⊡ Table .

Gender-differences in HRV measures from long-term ECG recordings

Author, year Sample Parameter Differences in women Methodological issues

Van Hoogenhuyze
et al.  []

 subjects
Mean age  years

SDANN/SDNNI
SDNNI-CV

Lower
No difference

Mølgaard et al.
 []

 subjects
– years

SDNN* Lower * during night-time

Mølgaard et al.
 []

 subjects
– years

RRI/HF/HFsqrt power/
LF

No difference
Lower

Jensen-Urstad et al.
 []

 subjects
– years

SDNN
LF/HF, HF
LF/HF

Lower
Lower
Lower/higher*

* > years of age

Yamasaki et al.
 []

 subjects
– years

LF
HF

No difference/higher*
Lower

* >  years

Umetani et al.
 []


volunteers/outpatients
– years

HR
SDNN, SDANN/SDNNI
RMSSD*, pNN*

Faster
Lower
Lower

* difference only below
 years of age

Ramaekers et al.
 []

 healthy volunteers
– years

HR
SDNN/ SDANN/ TP
RMSSD*
pNN/ HF
LF, LF(n.u.), LF/HF
HF (n.u.)

Faster
Lower
Lower
No difference
Lower
Higher

TP .–.Hz
* difference disappeared
after HR-adjustment

Silvetti et al.
 []

 healthy
children/adolescents
– years

HR
SDNN/SDANN
SDNNI/ RMSSD/pNN

Faster
Lower*
No difference

* higher in – years
old females

Bonnemeier et al.
 []

 healthy volunteers
– year

HR
SDNN/ SDANN/SDNNI
NN+/ RMSSD/HRVI

Faster
Lower
No difference

Grimm et al.
 []

 healthy volunteers
– years

HR
SDNN
RMSSD/ pNN

No difference
Lower
No difference

Antelmi et al.
 []

 subjects free of
heart disease
– years

SDNN/SDANN
SDNNI/ LF, VLF, LF/HF
RMSSD,pNN/HF

No difference
Lower
Higher

Sosnowski et al.
 []

 healthy volunteers
 ±  years

HR
SDNN, SDANN, HRVI, HRVF
pNN

Faster
Lower
No difference

The influence of gender onbaroreceptor reflex control of heart rate in humans is controversial. Baroreceptor sensitivity
has been found to be gender-related in some studies, being lower inwomen compared tomen [, , –], whereas
other studies have indicated similar BRS in females andmales [–].The discrepancy of BRS-dependence on gender
is related to various methods used, age-difference, number of examined subjects (usually small, except for [, , ])
and training status. In a study of Adbel-Rahman et al. the gender-related differences in BRS were found to depend on the
pattern of the rise in blood pressure, being significant with a brief increase (% lower BRS in females) and undetectable
with sustained BP []. Women have been found to exhibit greater inter-individual variation [, ], to have a shift
of the BRS with lower blood pressure [], and to require a lower infusion rate of phenyleprhine in order to increase
SBP by mmHg from baseline []. Also, the age-dependence of BRS has not been found in females in some studies
[, ], while it has been observed in others []. Interestingly, many of these findings come from studies which had
a negative result in assessing gender-BRS interaction [, ].
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Effect of gender on heart rate turbulence is poorly recognized. Only one study aimed at examining HRT differences
between women and men []. In women, a greater age-dependence of TO and a lower age-dependence of TS along
with a weaker TS relationship with preceding R−R interval was found [].

... Ethnicity

Ethnic differences in heart rate response to heat were reported more than half of century ago []. Since then, epi-
demiological, physiological and clinical evidence has been accumulated confirming the importance of ethnicity in the
mortality and morbidity from certain cardiovascular causes [–]. Ethnic-related variations in the resting ECG have
been reported, but with negligible clinical relevance [].

The evidence of ethnic differences in HRV is sparse and inconclusive. Lower long-term and similar short-term
heart rate variations have been reported in the fetuses of African American or Caribbean women when compared
to the fetuses of white women of European-ethnic origin []. A smaller post-stimulus deceleration of R−R inter-
val and smaller acceleration following four cycles has already been found in black newborns compared to white
newborns [].

Deep-breathing RSA changes in response to atropine have been found to be similar in two ethnic groups []. Blunt-
ing sympathetic neuralmodulation as indicated by a lower -h LF normalized power and LF/HF ratio in Afro-Caribbean
American hypertensives compared to CA hypertensives has been suggested []. In the same study, the /f power β-
coefficient was found to be similar in both ethnic groups []. African Americans (AA) have been found to have a lower
LF and higher HF compared to Caucasian Americans (CA) in an epidemiological study by Liao et al. []. Also, the
I/D polymorphism of the ACE genotype may play a greater role in parasympathetic cardiac control in AA hypertensives
[]. In a study in American- and European American youth, a greater age- and HR-adjusted short-term RMSSD and
HF power indicates an increased parasympathetic influence on the heart in blacks []. AA have around a . times
greater probability of having depressed ULF power, compared to CA []. It has also been suggested that higher HRV
may buffer AA from the deleterious effects of ethnic-related stress []. The HF power and BRS have been found to
be lower in young AA males compared to age-matched non-AA males. However, the latter was a heterogeneous group
(%CA, %Asian, %Hispanic) []. In addition, spontaneous BRS assessedbymeans of sequencemethod has been
found to be lower in AA than in non AA []. In another study, resting spontaneous BRS and its change in response to
lower body negative pressure were comparable in AA and CA [].

Results accumulated from cross-sectional comparisons suggest that there is a more parasympathetic predominance
in young AA, a similar autonomic balance in middle-aged AA and CA, and greater sympathetic influences in older AA
than CA.

Some ethnic HRV differences can result from environmental influences. Data from a study on Caucasian lowlanders
and Himalayan Sherpas show higher values of respiratory-related indices (HF and VLF) in CA lowlanders, interpreted
as a lower stability in breathing control in Caucasians compared to Sherpas [].

In general, ethnicity should be taken into account if an HRV study is going to be undertaken in a multiethnic
population.

... BodyMass

There are no consistent data regarding the relationship or causality between body mass and HRV, despite a basic study
indicating that dietary-inducedweight gain is accompaniedwith a reduction inM-muscarinic gene expression, signaling
modifications and density []. Moreover, the importance of circulating insulin, leptin and free fatty acids, known to
interact with cardiac autonomic control in obesity, have been acknowledged [, , –, ].

The differences in reported correlations are related to the various HRV measures used and the lack of adjustment for
the variety of co-factors (age, gender, ethnics and others). Population size and characteristics examined vary in different
studies (healthy volunteers, sample of general population, hypertensives, diabetics and others). Additionally, in a seminal
study on HRV determinants, BMI was not included among potentially significant co-factors [].
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In a study of healthy children/adolescents, a significant correlation between BMI and age and gender adjusted -h
pNN and RMSSD has been reported []. A similar observation has been reported in normotensive obese school
children []. In healthy adolescents and young adults (– years), neither BMI nor waist circumference was found to
impact significantly on a statistical model of determinants of short-term HRV ( sec) []. In a small sample of young
women, BMI was graded as the second factor, after age, influencing overall HRV, but not pNN or RMSSD []. An
approximate % contribution of BMI to the total HRV spectral power has recently been reported in a large sample of
young adults [].

In a population-based study, a significant correlation of BMI with age and HR adjusted short-term spectral HRV
measures was found in middle-aged males, whereas a similar relationship was not present in females []. The con-
tribution of BMI was found to be marginal (% in males), although in certain conditions it clearly surpasses the
effects of age and heart rate []. In the ARIC studies on a large cohort of middle-aged subjects, the BMI rela-
tionship with short-term HRV was not observed []. In a prospective HRV study in middle-aged adults, a higher
BMI has been found to increase the probability of being at the worst quartile of age and gender adjusted -min
HR and HRV over a -year follow-up period []. In contrast, in middle-aged normal persons, the BMI coeffi-
cient of determination relating to the age and gender adjusted total power of spectral HRV was found to be less
than % [].

There are conflicting data regarding the relationship of BMI with HRV in the elderly. The lowest short-term SDNN
quartile has been found to be associated with a higher BMI in a large population-based cohort of the Rotterdam Study
[]. In a study across four European populations, a higher BMI was found to be associated with a lower HF and higher
LF in one population, whereas no association was present in the other countries []. Also, in wide age range samples
of population, insignificant or negligible contributions of BMI to HRV metrics were reported [, , –]. In
the SAPALDIA study, the time and frequency domain HRV indices adjusted for many variables have been shown to
correlate negatively with BMI in subjects > years old []. Also, in the CARLA study, the waist–hip ratio was inversely
associated with HRV []. In contrast, observations from a longitudinal study in a small sample of the elderly did not
produce evidence of a relationship between BMI change and standard HRVmeasures, while a significant correlation was
found for the DFA α coefficient [].

Despite the majority of data indicating that body mass contributes only marginally to HRV, in an individual case,
the influence of weight gain or loss might be of importance as indicated by the more concordant data that come from
studies in obesity. Both weight gain and its reduction have been found to be associatedwith a significant change of certain
HRV indices [–]. Longitudinal studies also provide some evidence regarding the influence of body mass changes
on HRV []. An impressive amount of data has come from a study in obese patients who were treated surgically for
extreme obesity. In these patients with ameanweight loss of  kg (%) over a -year follow-up, themeanNNI decreased
by %, while SDANN and SDNNI increased by % and %, respectively []. Spectral HRV measures also increased
by % (LF, HF), but a relative increase of % for LF and % for HF was observed only for daytime, with no changes
during night-time. Data on changes in lower frequency components were not reported in that study []. In another
study in a group of morbidly obese patients treated with bariatric surgery, the average % BMI reduction and . kg fat
mass loss  months after surgery was associated with –% increase of -h SDNN, RMSSD, HRVI and TINN, while
the pNN values doubled. Further weight loss over the next  months (−% BMI and −. kg fat mass at  months
after surgery) were not found to be associated with further increase in HRV. On the contrary, a small decrease of –%
(SDNN, HRVI, pNN and RMSSD) was observed, while the TINN remained unchanged []. Changes in HRV have
been found to be independent of improvement in insulin resistance []. Even a small weight loss (∼%) after dietary
restrictions has been found to result in an increase of -h HRV in the time and frequency domains []. Conversely, a
% increase in body weight has been associated with HR acceleration and a reduction of short-term respiratory-related
HR power [].

A lower baroreflex sensitivity resulting from increasing body mass and visceral fat in resting conditions and under
stress challenges [–] was reported to be related in part to sympathetic overactivity in obese subjects []. Body
weight reduction was found to be associatedwith a restoration of BRS [].This effect has been observed both in young
and old obese subjects [].

In the only study that addresses HRT changes in obese normotensive subjects without co-morbidities, no differ-
ence was observed between normal and obese subjects. However, there were limitations in the methods, e.g., allowing
calculation of HRT from one ventricular PEB [].
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In general, body mass influences HRV and BRS, but in large-sample studies, its contribution to measured indices is
marginal, albeit sometimes significant, and can usually be neglected.However, in an individual, gain or loss in body mass
contributes substantially to changes of heart rate and its variation that can surpass the effects of established factors (age,
gender).

... Heart Rate

Heart rate is one of the main factors that always has to be considered for the understanding and interpretation of HRV.
Consequently, a lack of knowledge about HR (or RR interval) a priori excludes a reliable assessment of its variation.
Although HR would be expected to be considered, this fundamental requirement has not necessarily been met in many
clinical studies [e.g., , , , , , ]

Coumel et al. listed reasons for which HR itself cannot be ignored: () HR is probably the best and simplest measure
of the ANS balance, () HRV indices are influenced by HR itself, and () the HR and HRV relationship does have a
physiological significance and this perfect harmony betweenHR andHRV should not be overlooked [].This harmony
is related to the so called sympathovagal balance, and can be derived from the classical Rosenblueth-Simeone model,
describing the net effect of combined vagal and sympathetic stimulation upon SAN []. In their model, an actual HR
is a function of intrinsic HR and sympathetic and parasympathetic influence:

aHR = IHR∗m∗n, (.)

where aHR is actual (resting) HR, IHR is an intrinsic HR, m is a sympathetic factor, and n is a parasympathetic factor
[]. This multiplicative relationship (m∗n) is in concordance with the phenomenon of accentuated antagonism [].
The m∗n product may be regarded as the sympatho-vagal balance []. Simply, m∗n> indicates a predominance of
sympathetic activity (net HR acceleratory influence), while with m∗n <  there is vagal predominance (net inhibitory
effect). Since IHR cannot be simply measured, and there is no HRV index that explicitly describes “m” or “n” factor, the
measurement of actual HR remains still the most useful crude estimate of ANS balance. Corroborative observations can
be found in a series of studies by investigators in Chicago [–], who proposed to replace the m∗n product by the
term VSE (vagal-sympathetic effect): VSE = RR interval/intrinsic RR interval [] or simply aHR/IHR [].

Intrinsic Heart Rate

A spontaneous firing of the cardiac pacemaker can be easily seen in the heart removed from a body of an experimental
animal, when central and circulatory factors controlling heartbeat formation are disrupted.The rate of this spontaneous
heartbeat activity is referred to as intrinsic heart rate (IHR) []. In humans, the IHR can be assessed after pharmaco-
logical denervation by means of a combined M and βAR (double blockade), with the use of weight-adjusted doses of
atropine (.mg/kg) and propranolol (.mg/kg) [–]. Despite some limitations owing to the use of a high dose
of atropine (nicotine-receptor partial blockade with a subsequent inhibition of the NE release, antagonism with -HT
and histamine) and propranolol (nonspecific membrane action, negative inotropic effects) and actually incomplete auto-
nomic blockade (with no effects onα-adrenoceptor or humoral factors) [, ], this approach is the only one available
in physiological and clinical studies.

In healthy subjects the mean IHR is approximately – bpm [, , ]. The mean IHR of  ±  bpm has
been reported in seven healthy children []. The IHR does not seem to be dependent on gender [, , ]. The
importance of IHR for understanding heartbeat variation is related to its age, ventricular function and autonomic tone
dependencies. Age-dependence on IHR is recognized by the inclusion of age into the regression equation (r = .)
proposed by Jose and Collison  decades ago []:

IHR = . − .∗age ± k (.)

where the constant k is % for subjects aged < and % for subjects aged � years.
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Means of IHR against age by various authors
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⊡ Figure .

Scatterplot of reported means of the intrinsic heart rate against means of age of examined group in various studies. Data

from studies in which IHR has been assessed by means of double autonomic blockade using muscarinic antagonist + beta-
adrenergic agents.

In a study of Alboni et al., themean IHR of ±  bpm in subjects  years of age or younger and of ±  in subjects>  years was observed []. Their data indicate that IHR is additionally related to aHR (resting baseline). Thus, the
recalculated equation (r = .) would be:

IHR =  − .∗age + .∗aHR ±  bpm. (.)

> Figure . shows a plot summarizing age-effect on the IHR in several studies that examined this relationship
[, –].

A dependence of IHR on ventricular function was firstly reported byWollenberger and Jehl in a model of cardiopul-
monary function [].This relationship has been corroborated by others, indicating also that a reduction of IHRprecedes
the occurrence of overt heart failure [, , ]. An intact innervation of the SAN is a key factor for IHR, as indicated
by experimental studies with extrinsic or SAN selective parasympathectomy and pericardial effusion [, ]. In clini-
cal settings, it might play a role in patients after open heart surgery [, ], coronary artery by-pass surgery [–]
pericarditis andmyocarditis, including chronic Chagas’ disease [, ], as well as after ablation procedures [, ].
In patients, following mitral valve replacement, a reduced HRV with an erratic spectrum can be detected [], com-
parable to that seen in SAN dysfunction (> Fig. .) [] and in patients after heart transplantation [, ]. An
increase in IHR can be observed in patients with hyperthyroidism [], inappropriate sinus tachycardia and postural
orthostatic tachycardia []. There is also evidence that increased parasympathetic tone may result in a compensatory
increase of IHR in renal hypertension []. In addition, temperature changes and atrial stretching might influence the
intrinsic SAN firing [, ].Thus, the presence of changes in IHR in a number of settings indicates that RR interval may
vary irrespective of cardiac autonomic tone.

The change in mean RR interval (or ratio between the longest and shortest RRI) after parasympathetic blockade with
atropine is used as an index of the relative basal vagal tone (V̄), while the difference inmeanRR interval (or ratio between
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⊡ Figure .

Patterns of abnormal HRV power spectra in patients with sinus node disease. Tachograms (upper panel) in two patients after

double autonomic blockade (atropine+propranolol), power spectra (lower panel) show residual contents with abnormal

distribution which are resemble harmonics or erratic variation over mean value (From []).

longest and shortest RRI) after sympathetic withdrawal and subsequent vagal blockade with atropine, can serve as an
index of the absolute vagal tone [, ]. Similarly, an index of the relative and absolute sympathetic influences can be
derived from RRI after adrenergic blockade and after atropine and subsequent propranolol administration, respectively.
An alternative approach of autonomic control of the heart based on the analysis of HR recovery from exercise has been
reported [].

Actual Heart Rate (Resting)

Heart rate and HRV can be considered as factors that limit their ranges. Accordingly, at a certain actual HR, the HRV
varies within some limits (depending mainly on age). However, a reverse relationship is possible, that is, ANS and other
influences reflected by an actual HRV establishes HR limits. This can be easily seen when the circadian variation of
heart rate and HRV is examined [, , , ]. Indices of short-term variation (RMSSD and pNN) follow an
RRI circadian pattern, while the index of long-term HRV (SDANN) behaves in a reciprocal manner []. Accordingly,
circadian rhythm of -h HF power mimics the rhythm of RRI, while circadian rhythm of -h LF power shows the
reciprocal reflection of RRI []. A significant negative correlation (r = .) of SDNN on day-night RRI difference
described in healthy subjects emphasizes the importance of HR itself []. In older healthy subjects, similar relationships
might not be observed because of a reduction of most time and frequency domain HRV indices, despite sustenance of
circadian rhythm of RRI []. Interestingly, circadian rhythm of the SDANN index has been shown to be least affected
by aging []. It has also been found that at in extreme conditions, both HRV decrease or increase cannot further follow
changes in R−R interval (saturation areas) [, ]. In healthy persons, two distinct patterns of the HF power changes
with RRI interval increment can be detected, i.e., saturated or linear []. Despite the authors having described a low-
correlated pattern in their healthy subjects, detailed analysis of data provided indicates that these subjects had in fact been
hypertensive [].

In an experimental study on dogs with myocardial infarction, a low-correlated response to a beta-blockade with
atenolol was observed in animals susceptible to sudden death, in contrast to resistant and sham-operated dogs, in which
a parallel HR reduction and SDRR increase was found []. Actually, a close negative exponential relationship between
HR and HRV (> Fig. .) and clearly VF-prone experimental dogs is characterized by a simultaneous reduction in
HRV and acceleration of the HR, as expected from the HR-HRV relationship (> Fig. . inset). Thus, the same data
might bring different conclusions depending on the type of analysis adopted.

A significant relationship between RRI and HRVI on Holter recording has been found for risk prognostication after
myocardial infarction []. For a wide range of statistical performance (sensitivity and positive predictive accuracy)
results from the lower quartile of mean RRI and mean HRVI were comparable. All-cause mortality reached .% and
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Scatterplot of SDRR against HR; categorized by dogs

HR [bpm]

S
D

R
R

 [m
s]

55 60 65 70 75 80 85 90 95 100 105
100

120

140

160

180

200

220

240

260

280

300

320

340

360

380

400

Dogs: SUSC

Dogs: RESIST

Dogs: SHAM

Dogs: SUSC/BB

Dogs: RESIST/BB

Dogs: SHAM/BB

Scatterplot of SDRR against HR

55 60 65 70 75 80 85 90 95 100 105
HR [bpm]

100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400

S
D

R
R

 [m
s]

⊡ Figure .

Relationship between HR and SDRR in experimental AMI in dogs. Distinct HR-SDRR relationship is shown in dogs with exper-

imental AMI prone to sudden cardiac death (SUSC) before and after beta-blockade (SUSC-BB) as compared to dogs resistant

(RESIST) and (RESIST-BB) or sham-operated (SHAM, SHAM-BB). However, an analysis on entire group (inset) indicate that sus-

ceptible dogs HR-HRV are simple representing reduced HRV in accordance with a reduced HRV. Plots on basis of data from

Adamson et al. []).

.% over a mean -year follow-up, respectively. Post-AMI patients with simultaneous low HRVI (�U) and shorter
RRI (�ms) had the highest all-causemortality (.% over a mean -year follow-up). On the contrary, in those in the
lowest quartile for HRVI and the highest for RRI, the survival ratewas excellent (no deaths) []. However, themortality
rate in those with HRVI in the highest quartile and RRI in the lowest quartile was still substantial (.%). The impact
of a beta-blockade (% of patients) that might prolong RRI without significant alteration of HRVI was not discussed.
It might also be speculated whether a good prognosis in patients with low HRVI and longer RRI overall reflects better
survival in patients with sinus node disease []. Another outcome of a separate study in patients with acute MI has
found evidence that HRV indices do not provide additional prognostic power over that of RRI itself, clearly because of
the significant mutual relationship (r = .) [].

The significance of basic RRI for HRV evaluation has been reflected in some investigations that addressed the issue of
HRV normal limits [, , ]. In a recent study, the influence of RRI duration on HRV indices was underlined again
[]. In a short-term HRV study, the most common tests revealed a distinct behavior in RRI and HRV (> Fig. .) in
healthy subjects and post-MI patients [].

In certain pathological states (heart failure, sinus node dysfunction) the actual heart rate is different than expected
from a concomitant HRV change []. As a reduced HRV represents parasympathetic withdrawal in HF patients
(with/without sympathetic over-excitation) [], an R−R interval shortening (faster HR) can be expected. In such cases,
an impaired IHR prevents heart rate adjustment. Therefore, a relatively slow HR and a reduced HRV can be observed.
The author referred to this feature as themetronome-like bradycardia (Metronome-like bradycardia – a specific feature of
chronotropic impairment in which slow HR is associated with a significantly reduced HRV.) and found it to be a specific
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Disparity between RRI and SDNN behaviour in various tests in normal and post-MI subjects
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⊡ Figure .

A distinct behavior of HR and HRV in response to various stimuli. Example shows that changes in HRV do not necessarily

follow RRI alteration. Also, differences between healthy and post myocardial infarction patients are clearly seen (On basis of

data from []).

sign of an organic sinus node impairment (in patients not treated with agents that may interfere with SAN function)
[]. In heart failure, circadian HRV measures have not been found to vary correspondingly to HR changes []. Also,
in a third of post-AMI patients, a poorly correlated pattern of HF-RRI relationship has been reported []. Abnormal
HR–HRV relationship can be ascribed to an increasedHRV in spite of HR acceleration. Such behavior is seldomobserved
in heavily trained healthy subjects []. More commonly, such behavior can be seen in patients after heart transplanta-
tion and with obstructive sleep apnea syndrome [, , , , ]. Under these conditions, HRV may be increased
due to the rising contribution of mechanical respiratory influences unrelated to cardiac autonomic tone (that is actually
shifted towards a sympathetic predominance). A similar feature can be observed in patients with sinus node dysfunction
after double autonomic blockade []. Therefore, an increase in short-term HRV in patients after heart transplanta-
tion cannot be simply interpreted as a sign of re-innervation or increased mechanical load unless sinus node function is
reassessed [, ]. A higherHRV than expected from actualHR is a frequent feature of SAN dysfunction [, , ].
Interestingly, a prognostic value of increased HRV has recently been confirmed [].

Baroreflex sensitivity does not seem to depend on heart rate. Despite a weak negative correlation (r = .) between
BRS and HR having been found in healthy subjects, the significance of the relationship was lost in multivariate analysis
[]. The BRS–HR relationship was not found in persons �  years old even in a univariate analysis []. Another
study indicated that there might be a gender difference in BRS-HR correlation. However, the small number of subjects
examined does not allow a conclusive opinion to be drawn []. A lack of correlation between HR and BRS has been
reported in most studies in which the BRS had been estimated by means of various methods [, , , ].

Heart rate turbulence parameters are dependent on heart rate in healthy subjects. Turbulence onset and turbulence
slope decreases with HR increase []. A need for adjustment of the turbulence slope for heart rate was concluded from
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a study in patients with coronary heart disease []. However, the accumulated data is relatively sparse, so a general
statement cannot be given.

In summary, heart rate is of the utmost importance in the analysis of HRV. Actually, an interpretation of HRV data
without information regarding actual (or mean) HR or RR interval might be inappropriate, diminishing conclusions
drawn from such an investigation. Even in a case of seemingly insignificant HR (RRI) differences in comparative studies,
HRV measures should be adjusted not only for age, gender and ethnicity, but also for HR (RRI).

... Respiration

Respiration is one of the most important determinants of short-term heartbeat variation, which is clearly evidenced by
a phenomenon referred to as respiratory sinus arrhythmia (RSA, Carl Ludwig ) [, –, , , , –]. During
normal breathing, the raw (unadjusted) RSA contributes to –% of the total short-term HRV. Respiratory-related
short-termHR variation is frequently interpreted as an index of tonic cardiac vagal modulation of heart rate [, , ,
, ]. However, respiratory influences on HRV do extend beyond high frequencies, and in certain settings can affect
HRV within low- and very-low frequencies (> Fig. .) [, , ].

The RSA magnitude is significantly related to respiratory parameters both in laboratory conditions and during daily
life [, , –]. In an early investigation, Eckberg found that a % increase in tidal volume led to only a % increase
of RSA estimated by means of the peak-valley method []. In a study of Grossman et al. with similarly determined
RSA, the amount of variance accounted for by frequency of breathing and tidal volume has reached % (–%) [].
By dividing RSA by tidal volume (RSATF [ms/ml]), the greater proportion of HR variance was explained. Additionally, a
correction for breathing frequency has been shown to be unnecessary []. A need for additional adjustment for arterial
partial pressure of CO has also been pointed out, especially while central autonomic drive is affected, i.e., hyperven-
tilation, sleep-related breathing disorders, heart failure []. The respiratory HR variation is accentuated during slow
(∼. Hz) deep breathing [, , ]. This relationship constitutes the basis for a clinical test [, ]. Interestingly, an
evolution of this method can still be seen [].

Respiratory parameters should be obligatorily controlled for in laboratory studies []. In clinical settings, some
information about respiration (breathing rate)might be extracted from themean (ormedian) frequency ofHF component
of the short-term HRV power spectrum. Unfortunately, respiration parameters are only rarely taken into account in
clinical studies both in normal subjects and those with various clinical entities.Meanwhile, the respiratory rate (defined as
the frequency of maximumHF power) has been identified as a factor explaining HRV differences between CAD-patients
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Spontaneous slow respiration effect on HRV spectral components. In an example, the power spectrum (AR) shows only one

peak that cannot be considered either a LF or HF power (From [], Oxford Univ Press, with permission).
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with preserved and depressed LV systolic function []. As respiration influences frequencies lower than that of the HF
component [, , , ], its contribution for VLF and LF components should also be considered. It could be of the
utmost importance in patients with heart failure and sleep-related breathing disorders in whom chemoreceptor-reflex or
centrally-driven changes contribute significantly to HRV [–]. Recently, it has been observed that the frequency of
respiration influences fractal measures of HRV [].

The contribution of nonneural influences to short-term HR variation due to lung volume oscillation is usually small
under normal conditions (∼%). However, it can be responsible for up to % of the HF power in healthy middle-aged
persons []. It has been shown that a slow deep breathing can provoke R − R interval oscillations of ∼ms after
complete autonomic blockade []. In addition, the proportion of nonneural components of RSA has been observed
to increase during exercise []. The relative contribution of nonneural RSA mechanisms increases even in mild heart
failure, and accounts for % of the HF power. Importantly, in an individual patient, this mechanical contribution can
reach % of the HF component []. Abnormal breathing patterns that can occur in patients with heart failure during
exercise influence lower frequencies [].

Another form of respiratory contribution to HRV is related to so-called cardio-ventilatory coupling [,
, –] and seems to be independent of cardiac autonomic tone, blood pressure variability, and baroreflex
sensitivity []. The cardioventilatory coupling has been observed in two third of healthy subjects, being most apparent
at low breathing rates and associated with high HRV []. As reduced cardiorespiratory interactions have been found
in patients with a myocardial infarction [] and is associated with low HRV [], it might be another mechanism that
should be taken into account while interpreting reduced HRV in a number of clinical conditions.

In general, respiratory parameters should bemeasured and reported in studies onHRV, especially in patients in whom
breathing and related disorders play a significant role in pathophysiology and clinical presentation.
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Examples of diurnal fluctuation of long-wave (SD) and short-term (dif %) measures of HRV in a healthy subject. (From [],

with permission).
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... Day–Night Rhythm

Diurnal variation of HR and HRV are well recognized []. They are related to the circadian rhythm of sleep and activ-
ity. Measurement of the global -h HRV indices (SDNN, SDANN, HRVI, or HRVF) provides a crude description of
the level of circadian rhythm, since the sleep–wake cycle is the strongest determinant of overall HRV (> Fig. .).
More detailed analysis requires a partitioning of -h recordings into day and night periods, or even hourly intervals. In
healthy subjects, HRV measures of high frequency variation (pNN, RMSSD, HF power) reach their maximum early
in the morning before awakening (usually about  AM) independently of gender and activity [, , , ]. How-
ever, a lack of diurnal variation has been reported [] as has attenuation of cardiac vagal modulation with age [].
Sleep-related increase in HRV short-term indices has been confirmed in shift workers []. Also, cardiorespiratory cou-
pling has been found to exhibit day–night differences []. Sleep deprivation has been shown to result in attenuation
of parasympathetic and augmentation of sympathetic-related HRV indices []. Diminished LF/(LF+HF) ratio during
non-REM sleep that mimics sleep deprivation has been found in subjects homozygous for the PER/ allele, in contrast
to other polymorphisms in this gene encoding circadian clock []. Apart form the sleep–wake cycle, there is a role for
light–dark rhythm intrinsically coupled with HRV changes over -h [].

In a recent study, Hu et al. investigated intrinsic circadian cardiac dynamics in healthy subjects by adjusting the sleep–
wake behavior cycle to  h []. They found significant circadian changes of DFA scaling exponent α with the average
maximum value at ∼– am and the average minimum value at ∼ pm. The protocol used in this study forcing a lack of
synchrony allowed the detection of the influence of the circadian pacemaker on cardiac dynamics independent of HR
circadian rhythm [].

Early HRV abnormalities can easily be detected in diabetic patients without autonomic test abnormalities and in
patients with uncomplicated coronary artery disease in the form of a reduction of night-time (sleep) HF power, whereas
daytime values can still be comparable [, ]. In diabetic patients with autonomic neuropathy, the HRV diurnal
pattern is reduced or even lost, therebymaking both daytime and night-timeHF and LF power lower compared to healthy
subjects []. Similar findings have been reported in heart failure patients []. Increased night-time SDNN, in spite
of a smaller HF increase, has been observed in post acute MI patients []. Also, higher pNN values during sleep
have been reported in hypertensive patients with left ventricular hypertrophy [].The absence or reversal of circadian
rhythm of a particular HRVmeasure has been shown to be of prognostic significance in post-MI patients and in survivors
of sudden death [–]. Last, but not least, the pharmacodynamic effects of certain agents can be tracked by means
of circadian HR and HRV analysis [].

Baroreflex sensitivity also undergoes clear day-night rhythmicity with minimum values during the day [].
In general, evaluation of HR and HRV circadian rhythms may add information beyond their mean values that may

be useful in risk-prognostication. Additionally, diurnal changes of certain HRV measures indicate that measurements of
short-term HRV should be performed at similar specific times in the day.

.. Behavioral Factors

... Physical Activity

Theautonomic nervous system is involved in the complex adjustment of circulatory control to altered demand in response
to physical activity. Thus, the effects of short-term exercise or prolonged training can be easily recognized by means of
HRV analysis. The autonomic response to exercise or training depends on the type of physical activity (tonic or phasic),
its frequency, intensity, and duration. Also, initial physical status should be taken into account. On the contrary, spells of
physical inactivity can be studied in the setting of prolonged bed rest.

Physical activity has been listed among the most important determinants of -h HRV []. Subjects with good
fitness levels have a higher power of both HF and LF components []. However, conflicting data exists in general
population studies. Vigorous self-reported physical activity has been found to be associated with short-term HRV in
males. Those men in the highest category of vigorous activity had an % higher SDNN, % higher LF power, and %
higher HF power than those men who reported no vigorous activity, after adjustment for age and for light and moderate
activity []. Similar observations have been reported in healthy adolescents [] and in middle-aged subjects [].
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Interestingly, in the latter study, moderate and vigorous physical activity has been associated with a higher LF power
[]. In the SAPALDIA study, each hour of heavy physical exercise has been associated with a .% increase in SDNN,
a .% increase in the high frequency (HF) range power and a .% increase in LF power []. A lower LF power but
not HF power has been found in women with a sedentary lifestyle []. In contrast, in a large cross-sectional study in
an elderly population, no association between physical activity and HRV measures has been reported []. In addition,
in a cross-sectional study of Byrne et al., physical fitness has not been identified as an independent predictor of HRV,
despite univariate associations having been observed []. Cumulated data indicate that preserved age-dependentHRV
measures can be found in those humans who are physically active over years or decades [, ].

Basic physical fitness can be improved by various exercise protocols. However, the effects of training depend on its
intensity and duration. Light or moderate physical training that can improve peak VO does not necessarily alter HRV
measures [–]. More vigorous training has been found to increase parasympathetically-mediatedHRV indices irre-
spective of age [, , –]. Aerobic training at % of maximum VO exerts evident influences on HRV in
post-menopausal women [, ]. An extreme physical loading may exert harmful effects upon HRV []. A distinct
effect of physical training on various measures of autonomic control (HRV, HR recovery, and HRT) has been discovered
recently in patients with heart failure [].

Increased HF power response to exercise and increased RMSSD during recovery have been associated with a worse
prognosis in one study (mainly males) [], whereas no evidence of prognostic value has been found in another [].
Differences might result from exercise testing (treadmill test vs bicycle ergometer), gender-differences or intensity of
workload. Heavy exercise above the ventilatory threshold has been shown to determine occurrence of increased HF
power [].

The effects of physical fitness and training on baroreflex function are more difficult to evaluate since exercise simul-
taneously exerts influence on central command, the exercise pressor reflex and the arterial baroreflex. Some harmony
between these three components of an integrative response to exercise is required to produce a normal response to exer-
cise [].The use of variousmethods for BRS assessment, different parameters for its description (usually onlymaximum
gain), different intensity, protocols and duration of exercise or training is one reason for data inconsistency. Exercise
capacity parameters, like maximum or peak VO, have been found not to correlate with BRS changes or their lack of
change [, ].

Too short a period of physical training, as well as BRS examination by means of baroreceptor unloading, are more
frequently reported in studies in which the BRS has been found reduced or unchanged [–]. Also, the use of semi-
invasive maneuvers results in inconsistent observations, including those usually with unchanged BRS following exercise
[]. In studies with spontaneous BRS estimation, an increase of BRS in response to exercise can be observed more
consistently [–]. More regular exercise of moderate intensity has been reported to attenuate age-related reduction
in BRS []. Multi-phasic response to prolonged exercise training has been described with an initial BRS improvement
after months, which is sustained for the next fewmonths and followed by a decline after a -year period despitemarkedly
increased training []. This might be an effect of baroreceptor resetting. However, more detailed analysis of baroreflex
function curve and its operative parameters would help to explain the changes described [].

... Mental Stress

Mental stressors (anger, mental arithmetic, presentation with/without audience participation, and others) are frequently
used in acute psychophysiological studies in which short-term spectral HRV analysis is preferentially employed [, ,
, , ]. Others have investigated more chronic traits, like depression, anxiety disorders, panic disorder, personality
types, hostility, mistrust, and work stress, as well as the white-coat effect and post-traumatic stress [–]. Also, the
effects of anti-stressor behavior (mental distraction, yoga, relaxation training) have been investigated []. For the effects
of chronic mental stress evaluation, either short-term or long-term HRV analysis is in use [].

Cardiac vagal withdrawal is evoked by a wide range of stressful states []. However, acute stressors induce various
effects on HRV sympathetic and parasympathetic-related components that are related to mutual influence on respiration
[]. Anger has been found to induce an increase in both LF and HF components, while anticipation of giving a pre-
sentation has been associated with an increase in LF power although HF power has remained unchanged [, ]. An
increase of LF power and a shift of HF power towards higher frequencies in response to the reaction time task have been
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associatedwith a shift of the respiratory spectrum in healthy subjects []. Meanwhile, a mental arithmetic test has been
shown to induce a large increase in LF power with a reduction of HF power into almost undetectable values, broadening
and flattening of the respiratory spectrum and a reduction of the alfa-index of BRS gain []. Unfortunately, the changes
described have not been adjusted for accompanyingHR acceleration and SBP increment. Delaney andBrodie found a shift
of the HRV power spectrum towards low frequencies in response to defence-arousal reaction []. Decreases in HRV
in response to random number generation have allowed the detection of anxiety and depression in apparently healthy
subjects, even though basal HRV remained similar in all those in the study [].

Anxiety traits and disorders are associated with changes in HRV []. In phobic disorder, decreased vagal and
increased sympathetic cardiac function, have been revealed in a study of HRV by Yeragani et al. []. A phobic
anxiety self-rating score has been inversely related with age-adjusted SDNN in the Normative Aging Study []. In
a small case-control study, both -h HF and LF powers were found to be lower among subjects with panic disor-
der as compared to those without []. Also, a negative relationship between cardiac vagal indices and anxiety trait
has been reported in many studies [see  for review], but contradictory data has appeared [, ]. Encourag-
ing data on the potential of HRV analysis for evaluation of treatment of anxiety has been reported. These and other
studies are reviewed elsewhere [, ]. Depression has been found to be another entity in which HRV can be
seen as abnormal. Agelink et al. compared short-term HRV in depressive and normal subjects and found a faster
HR in moderately and severely depressed subjects, while HF power was lower only in patients with a high Hamilton
Depression Score [].

Some difficulties in interpretation of the cumulated data arise from the lack of information about such fundamental
physiological parameters as heart rate or respiration in the majority of studies. In the most frequently cited study of
Carney et al., an association between depression and low -h HRV in patients with acute MI (the Enhancing Recovery
in Coronary Heart Disease (ENRICHD) trial), the average HR in the groups compared has neither been adjusted for
nor compared. In addition, more important clinical data have been missed []. Interestingly, in a few studies in which
HR has been accounted for, the differences in HRV have not been seen. O’Connor et al. found significant differences
in HR, but not in RSA, in bereaved and depressed subjects []. Similar results have been obtained by others []. A
significant correlation of anxiety state with HR has been observed in a study by Watkins et al., while RSA and anxiety
state were not found to be correlated []. These authors also reported that respiratory control did not change this
relationship. However, in their multivariate analysis, they did not include heart rate and respiratory rate (despite being
measured) into the final model []. In addition, respiratory rate and arterial pressure variability have been the most
consistently changeable parameters among all those measured in an acute sleep deprivation study. However, conclusions
have been drawn on the basis of unadjusted HRV parameters [].

Generally, accumulated data document the role of mental stressors (acute and chronic) for cardiac autonomic con-
trol. However, the effects of heart rate and respiration are required to be considered or at least adjusted for in further
investigations in order to draw clinically valid conclusions.

... Smoking

Smoking is one of themost important determinants of HRVbecause of the direct effects of nicotine on the autonomic ner-
vous system and the indirect consequences related to the role of smoking on the processes of atherosclerosis, thrombosis
and chronic pulmonary diseases.

The association of smoking and increased heart rate is consistent across many reports. Gillum et al. quantified the
HR increase of . bpm and . bpm in current male and female smokers, as compared to ex-smokers and those who had
never smoked []. Acute nicotine administration increases HR by – bpm [].

The acute effects of smoking in young persons was not reflected in the -min SDRR, although RSA was reduced
[]. Heavy chronic smoking (> cigarettes per day) can be associated with RSA being reduced to a level observed in
sedentary nonsmoking subjects [, ]. However, in one study, differences in RSA were not detected in subjects older
than  years of age []. In the ARIC study, a greater reduction of -min adjusted SDRR and HF power during active
postural changes was noticed in smokers compared to nonsmokers []. Blunted changes of unadjusted short-termHRV
measures in response to controlled breathing have also been reported []. Lower amplitudes of LF and HF components
of -h HRV have been found in smokers []. A diverse influence upon circadian HRV measures has been described,



  Heart Rate Variability

with significant differences between smokers and nonsmokers only within daytime HF power, while LF power has been
reduced both during daytime and nighttime in smokers []. In another study, the -h SDNN and SDANNwere found
to be lower in smokers only during daytime, while RMSSD was comparable to that of nonsmokers over the whole ECG
recording []. Also, tobacco use was found to be an independent determinant of global time-domain, but not short-term
HRV measures in patients referred for coronary angiography [].

There are also negative studies in which the relationship between smoking andHRVwas not confirmed [, ].The
minimal significance of smoking as anHRVdeterminant has been observed as a lack of influence of smoking as a covariate
on the predictive value of reduced SDNN in the Framingham Heart Study and in the ARIC Study [, ]. Also, in a
study by Kuch et al., smoking was associated with short-term HF power only in women. However, the significance of
association was weak and smoking as a determinant of HRV was rejected from the final multivariate models both for the
resting state and controlled breathing []. The contribution of smoking to the total variance of HF and LF has been
accounted for as approximately .% []. In a number of studies, smoking habits have not been considered [, ,
, , , ]. Also, in the majority of clinical studies, smoking has not been listed among sample characteristics.

... Other Factors

There are a plethora of reports accounting for the association between HRV and other factors, like anthropometrics
(height), biochemical (lipids and glucose, insulin, leptin, adiponectin, uric acid, anemia), inflammatory measures (white
blood cell counts, CPR, interleukins), habits (caffeine and alcohol consumption), social status and others [–, , ,
, , –]. However, none of these factors has been evaluated reliably without taking into account contributions of
all of themore important determinants. It is reasonable to consider the impact of a single factor thatmight influence HRV
measures in certain circumstances. However, in general, the contribution of other factors to HRV seems to be negligible.

.. General Comments

In any subject, at a certain point of the life-course, HRV seems to be dependent on nonmodifiable determinants, such as
heritability, age, gender and ethnicity.These factors should always be considered in any statistical analysis (if an examined
population is heterogeneous). However, as indicated by studies in twins, these factors have accounted for less than %
of explained variation in the HRV [, , , , ]. So, there is still a place for the role of other factors.

If short-term HRV examination is to be performed, the significance of heart rate, respiration, body position and phys-
ical fitness might be of importance, and so these determinants should be controlled apart from nonmodifiable factors.
However, these factors have been found to account for no more than –% of explained HRV variation.

If long-termHRV is to be examined,medianHR, day–night difference and sleep–wake cycle, as well as diurnal activity,
including work pattern, are of greater importance.Therefore, it seems necessary to check for these determinants in every
study in addition to nonmodifiable factors.

Importantly, in longitudinal studies, a change in factor that is known to have only a marginal effect on HRV in the
population might be of special interest, as changes in modifiable determinants can influence actual HRV by a factor of
at least , as compared to their impact in population studies.Thus, if body mass influences HRV by –%, an individual
decrease of  kg affects HRV by at least %. Probably, a similar rule can influence changes in other factors, including
physical training, smoking cessation, stress controlling approaches (i.e., yoga), and others. However, it is important to
keep in mind that HRV error estimation is necessary to account for differences. As mentioned earlier, changes of at least
–% in HRV can be considered significant.
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. Introduction

Exercise testing is a widely usedmethod for diagnosis in patients with suspected ischemic heart disease and for functional
evaluation of patients with known heart disease.Throughout the years, most attention has been given to the information
obtained from the electrocardiogram during exercise. However, other information that can be obtained during the test
is of equal importance. Such information, as listed in > Table ., can be obtained by observation of the patient, mea-
surement of the heart rate and blood pressure responses, measurement or estimation of total body oxygen consumption,
and from other noninvasive investigations such as myocardial-perfusion scintigraphy and evaluation of left ventricular
function by radionuclide angiography or echocardiography. This chapter focuses on exercise electrocardiography.

Compared with the noninvasive stress imaging tests such as stress echocardiography and myocardial perfusion
scintigraphy, exercise testing can be performed at a much lower cost. However, the noninvasive imaging modalities have
been increasingly more used in the last decade and have been shown to outperform the standard exercise test in terms of
diagnostic accuracy.This does not mean, however, that exercise electrocardiography should be replaced by these imaging
modalities.The standard exercise test remains the initial test of choice inmany clinical circumstances. However, new tech-
nical improvements in the field of the stress imaging tests are expected to further increase their performance and clinical
use. Furthermore, new techniques are being developed that permit direct, noninvasive imaging of the coronary arteries
(e.g., multislice computed tomography). These developments will require a continuous reassessment of the relative role
of all commonly used diagnostic tests and procedures.

The report of an exercise test should contain a summary of the previous history of the patient, his present symptoms,
medication, and an interpretation of the ECG at rest.The exercise protocol should be described with the expected perfor-
mance of a normal subject of the same age, sex, and body size.The reasons for termination of the test should be stated and
symptoms which occur during the test should be described, including the workload at which symptoms began, the type
of symptoms, their severity, and the duration of the symptoms after exercise has ceased. Heart rate and blood pressure
should be reported at rest, at the onset of symptoms, at peak exercise, and after approximately min into the recovery
period. A description of the ECG should contain any arrhythmias which may have occurred and changes in the QRS
complex and ST segment. Finally, a conclusion should be drawn which answers the clinical questions that were posed
before the test. The report should not be limited to words like “positive” or “negative.”

. Safety of Exercise Testing, Precautions, and Contraindications

Exercise testing is a well-established procedure that has been in widespread clinical use for many decades. Although exer-
cise testing is generally a safe procedure, bothmyocardial infarction anddeath have been reported.A large survey reported

⊡ Table .

Information obtained by exercise testing in patients with (suspected) heart disease

Information Measurement

● Exercise tolerance ●Maximumworkload

● Heart rate response
●Maximum oxygen consumption

● Limiting symptoms ● Symptoms during test

●Myocardial ischemia ● Angina pectoris
● ST segment changes

●Myocardial perfusion scintigraphy

● Left ventricular function ●Maximumworkload

● Blood pressure response
● Echocardiography (Radionuclide angiography) (Left ventricular filling pressure)

● Arrhythmias ● Electrocardiogram
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 deaths among , patients tested in three German-speaking countries []. In addition, nonfatal ventricular fibril-
lation occurred at a rate of /, tests and nonfatal myocardial infarction at a rate of /, tests. Since these risks are
not negligible, all stress testing should be done in a setting where emergencies can be treated efficiently and expeditiously.
A defibrillator and an emergency kit of appropriate drugs should be immediately available, and the staff of the exercise
laboratory should be trained in cardiopulmonary resuscitation []. In addition, exercise testing should be supervised by
an appropriately trained physician, who should be in the immediate vicinity and available for emergencies []. However,
themost important safety factors in stress testing are patient selection and good clinical judgment, deciding which patient
should undergo exercise testing and knowing when not to start and when to stop a test are essential in reducing the risk
of stress testing. Absolute and relative contraindications to exercise stress testing are listed in > Table . [].

. Exercise Protocols

Exercise should be performed on a treadmill or a calibrated bicycle ergometer [, ]. Other modalities may be used in
special situations; for example, in sports medicine a rowing ergometer or a canoe ergometer might be used. The various
forms of step tests are outdated, since these do not permit quantification of the work performed. The choice between a
bicycle ergometer and a treadmill can be made on the basis of personal preferences or local custom. In general, normal
subjects can reach higher heart rates and a higher level of oxygen consumption on a treadmill []. Furthermore, virtually
all subjects can be exercised on a treadmill, while riding a bicycle requires some skill. On the other hand, the body
position is more stable on a bicycle ergometer, resulting in less motion artifacts on the ECG. For studies of left ventricular
function during exercise or studies with indwelling catheters, only bicycles can be used, usually with the patient in the
supine position. Guidelines for the design of a clinical exercise testing laboratory have been published by the American
Heart Association [].

Exercise should start at a low workload and increment stepwise or continuously, according to a fixed protocol.
A large number of treadmill protocols has been described (> Fig. .). Probably the most widely used protocol has
been described by Bruce []. In this protocol, both the grade (slope) of the treadmill and its speed are altered at the end of

⊡ Table .

Contraindications to exercise testing (Adapted from ACC/AHA  Guideline Update for Exercise Testing [])

Absolute

● Acute myocardial infarction (within  days)

● High-risk unstable angina
● Symptomatic severe aortic stenosis

● Uncontrolled symptomatic heart failure

● Acute pulmonary embolus or pulmonary infarction

● Uncontrolled cardiac arrhythmias causing symptoms or hemodynamic compromise

● Acute myocarditis or pericarditis

● Acute aortic dissection
Relative

● Left main coronary stenosis

●Moderate stenotic valvular heart disease

● Electrolyte abnormalities

● Severe arterial hypertensiona

● Tachyarrhythmias or bradyarrhythmias

● Hypertrophic (obstructive) cardiomyopathy and other forms of outflow tract obstruction

●Mental or physical impairment leading to inability to exercise adequately

● High-degree atrioventricular block
aSystolic blood pressure of >mmHg and/or diastolic blood pressure of >mmHg, as suggested by the ACC/AHA Committee on Exercise
Testing



Exercise Electrocardiography and Exercise Testing  

Ellestad

Time (min)

Treadmill protocols

Bruce

USAFSAM
Balke ware

Balke

Weld

Bicycle protocols

10 W.min–1

20 W.min–1

30 W.(3 min)–1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

2.7

10%

4.8

10%

6.4 8.0 8.0 9.7

0 2 3 4 5 6 7 8 9 10 11 12 13 14 15%

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

10% 10% 15% 15%

10% 12% 14% 16% 18% 20%

2.5 4.0 5.5 6.8 8.0 8.9

0% 5% 10% 15% 20% 25%

5.3 5.3 5.3 5.3 5.3 5.3

5.3

0% 5% 10%
(Bruce I)

12%
(Bruce II)

14%
(Bruce III)

2.7 2.7 2.7 4.0 5.5

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

30 60 90 120 150 180

⊡ Figure .

Summary of five treadmill protocols and three bicycle protocols. The figures above the lines of the treadmill protocols rep-

resent treadmill speed in kilometers per hour, and the figures below the lines represent the slope. Some treadmill protocols

use steps of min each (Bruce, USAFSAM, Weld), while others use steps of min (Balke) or alternating steps of  and min

(Ellestad). The figures above the lines of the bicycle protocols correspond to workload in Watts. Either -min steps or steps of

min are used. The value of the divisions marked on these lines is indicated on the left.
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⊡ Figure .

Comparison of oxygen requirements over time for two bicycle protocols (steps of W/min or W/min) and two treadmill

protocols (Bruce and Weld) in a  kg male subject. The horizontal axis represents time in minutes and the vertical axis rep-

resents average oxygen uptake (l/min), which can be equated to metabolic equivalents (METS). It should be noted that the

actual oxygen consumption of a givenpatient at a certain level of exercise varieswidely and depends on their level of physical

condition. Furthermore, oxygen consumption on the treadmill is dependent on body weight.

each -min stage. In the Ellestad protocol [], the slope is constant during the first four stages, while the speed increases.
At stage five, speed is kept constant while the slope is altered; for stage six, speed is again increased. The Balke protocol
and its derivatives maintain a constant speed in the range of .–. km/h with changes of treadmill slope every minute
or every min []. Modifications of these protocols have been developed for the evaluation of patients prior to discharge
from hospital aftermyocardial infarction. For example, the protocol used byWeld employs two stages with a low treadmill
slope prior to the first stage of the Bruce protocol [].

Workload on a treadmill is dependent on body weight. Accordingly, the workload performed using various proto-
cols can be expressed as ml/kg/min oxygen consumption. In the literature, workload has frequently been expressed in
metabolic equivalents (METS) [, ]. One MET equals .ml/kg/min oxygen consumption, which corresponds to the
average resting oxygen consumption. In>Fig. .,mean oxygen consumption is given for various protocols and the cor-
responding METS have been indicated. Oxygen consumption rises more rapidly with the Bruce protocol or the Ellestad
protocol thanwith theUSAFSAMmodification of the Balke protocol, which uses a speed of . km/h [, ].Thework on
a bicycle ergometer is independent of body weight. Frequently used protocols on a bicycle ergometer in the sitting posi-
tion increase the workload by W/min or W/min. For adult male subjects with average body weight, the metabolic
requirement (total body oxygen consumption) of a protocol with W/min workload increments is comparable to the
Bruce protocol (> Fig. .). Similarly, a protocol with W/min steps is comparable to the Weld protocol for submax-
imal predischarge tests after myocardial infarction. Predicted normal values for the peak workload for a protocol with
steps of W/min are presented in > Table .. In the supine position, lower workload increments are normally used;
for example,  or W every –min.

It should be realized that the hemodynamic response to exercise in the supine position differs considerably from the
response in the sitting position. In patients with coronary artery disease (CAD), the peak level of exercise in the supine
position is approximately % of the peak level in the sitting position. Peak heart rate and peak systolic blood pressure are
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⊡ Table .

Predicted normal exercise tolerance (in Watts) using a bicycle ergometer protocol for exercise testing

Exercise tolerance inwomen Exercise tolerance inmen

Height (cm) Height (cm)

Age (years)          

          

          

          

          

          

          

          

          

          

          

          

Predicted normal exercise tolerance (in Watts) for women (left) and men (right). These normal values are applicable when a protocol with steps of
W/min is used on a bicycle ergometer. The normal range is between % and % of these values. For example, a -year old man with a height
of  cm has a predicted normal exercise tolerance of W, ranging from  to W.

approximately % lower. On the other hand, pulmonary capillary wedge pressure during exercise is higher in the supine
position owing to the greater venous return [–]. In order to obtain reproducible results, each hospital and laboratory
should select one or two protocols which can be applied to all subjects. Reference values for such protocols are readily
available as shown in > Fig. . and > Table .. Nevertheless, each laboratory should verify whether these values
are indeed applicable to the local population. Measurement of oxygen consumption is not very useful in a laboratory
for exercise electrocardiography. If necessary, oxygen consumption can be estimated from the workload as shown in
> Fig. .. The standard deviation of this estimation is between % and %.

. Exercise Endpoints

For most purposes, exercise can be continued until symptoms occur. It is a fallacy to terminate exercise at an arbitrary
percentage ( or %) of the age-adjusted maximum predicted heart rate for a number of reasons. First, the heart-rate
response in normal subjects is highly variable []. The mean value at each age may be predicted as  minus age, or
minus age/.Thesemean values apply both tomen and women up to  years of age. However, the standard deviation
is large, approximately  beats/min.Thus, the % confidence interval is between  beats below and  beats above the
predicted mean value []. Second, the maximumheart rate reached by patients with severe disease is considerably lower
than the heart rate reached by normal subjects. Thus, when heart rate is used as an endpoint for terminating exercise,
patients with severe disease may be stressed beyond their limits, while other patients will be unnecessarily prevented
from exercising to their true capacity. Finally, the target heart rate approach has additional limitations in patients with
heart rate impairment, those with excessive heart rate response, and those receiving medication such as beta-blockers,
some calcium antagonists, and specific sinus-node inhibitors [–].

Therefore, other endpoints for terminating exercise testing, as summarized in > Table ., are strongly preferred.
It should be noted that ST segment elevation developing in leads (other than aVR or V) without diagnostic Q-waves of
a previous myocardial infarction usually indicates transmural ischemia rather than just a subendocardial problem. It is
almost always associated with a high-grade obstruction proximal in the respective coronary artery. If exercise continues,
myocardial infarction may be imminent, so that it is necessary to terminate the test and direct the patient to immediate
follow-up care including coronary angiography.
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⊡ Figure .

Nomogram for assessment of functional aerobic impairment ofmen andwomen according to age, duration of exercise by the

Bruce multistage procedure, and habitual physical activity status. In order to find functional aerobic impairment (C), apply a
straight-edge to age (A) and duration (B) and read intercepts of diagonal (Adapted from Bruce []).

It is advisable to express symptoms which occur during exercise on a semiquantitative scale, such as the Borg scale
(>Table .) [].Theuse of rating of perceived exertion scales is oftenuseful in assessment of patient fatigue. Symptom-
limited testing with the Borg scale as an aid is very important when the test is used to assess functional capacity. It also
permits a comparison of the degree of a patient’s symptoms over time.

It has previously been recommended that all medication be stopped one or more days before an exercise test is done.
Although this may be useful for some scientific applications, this principle is not generally followed in clinical practice.
In patients with stable angina, a period of instability may develop if beta-blockers, nitrates, or calcium antagonists are
withdrawn. If the interpretation of the test is significantly hampered by medication, for example, a normal response is
obtained in a patient with angina using beta-blockers, the medication may be gradually withdrawn and the test repeated.
However, most patients with angina will develop symptoms and ischemic ECG changes in spite of the use of antianginal
drugs, albeit at a higher workload than without such drugs [, , , ]. Despite the effect of beta-blockers on maxi-
mal exercise heart rate, no differences in test performance were found in a consecutive group of men being evaluated for
possible CAD when they were subgrouped according to beta-blocker administration initiated by their referring physi-
cian [, ]. Therefore, for routine exercise testing, it appears unnecessary for physicians to accept the risk of stopping
beta-blockers before testing when a patient exhibits possible symptoms of myocardial ischemia.

. Recording and Computer Processing of the Electrocardiogram

.. Recording of the Electrocardiogram

It is essential to record a high-quality ECG. Proper ECGquality can be achieved in virtually all patients if skin preparation
is meticulous. The skin should be abraded with sandpaper or a special, commercially available, drill. Special electrodes
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⊡ Table .

Indications for terminating exercise testing (Adapted from ACC/AHA  Guideline Update for

Exercise Testing [])

Sensations felt by patient Observations made by physician

Absolute indications

●Moderate to severe (progressive)
angina

● ST-elevation (≥.mm) in leads without diagnostic
Q-waves (other than V or aVR)

● Increasing nervous system
symptoms (e.g., ataxia,dizziness,
or near-syncope)

● Technical difficulties in monitoring ECG or systolic
blood pressure

● Subject’s desire to stop ● Sustained ventricular tachycardia

● Drop in systolic BP of >mmHg from baseline
despite an increase in workload, when
accompanied by other evidence of ischemia

● Signs of poor perfusion (cyanosis or pallor)
Relative indications

● Fatigue, shortness of breath,
wheezing, leg cramps, or
claudication

● Drop in systolic BP of >mmHg from baseline
despite an increase in workload, in the absence of
other evidence of ischemia

● Increasing chest pain ● ST- or QRS-changes such as excessive ST-depression
(>mm of horizontal or down-sloping ST segment
depression, especially when the magnitude of the
ST-depression is increasing rapidly at low
workloads) or marked axis shift

● Arrhythmias other than sustained ventricular
tachycardia, includingmultifocal PVCs, triplets of
PVCs, supraventricular tachycardia, heart block, or
bradyarrhythmias

● Development of bundle-branch block or IVCD that
cannot be distinguished from ventricular
tachycardia

● Hypertensive response (systolic blood pressure of
>mmHg and/or diastolic blood pressure of
>mmHg)a

BP, blood pressure; ECG, electrocardiogram; PVCs, premature ventricular contractions; and IVCD, intraventricular
conduction delay
aAs suggested by the ACC/AHA Committee on Exercise Testing

should be used to prevent motion artifacts. Furthermore, the ECG cables should be of special design to prevent artifacts
owing to cable motion. As stated, cycle ergometers produce less motion of the upper body resulting in less motion arti-
facts on the ECG. Finally, ECG amplifiers which meet the American Heart Association standards, and have high input
impedance, should be used []. If a proper combination of skin preparation, electrodes, cables, and amplifiers is used, a
stable baseline can be achieved throughout the test in most subjects.

.. Computer Processing of the Electrocardiogram

Computerized exercise stress test systems have become the method of choice in most stress testing laboratories. The
principles of computer-assisted interpretation of exercise ECGs have been described [–] and a review of methods
for computer-based resting electrocardiography is also presented elsewhere in this textbook (> Chap. ). A summary
of methods for analysis of exercise ECGs is presented here in brief.
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⊡ Table .

Borg scale

Grade Symptoms

 Nothing at all

. Extremely weak (just noticeable)

 Very weak

 Weak (light)

 Moderate

 Somewhat strong

 Strong (heavy)



 Very strong



 Extremely strong (almost maximal)

 Maximal

The Borg scale for rating of perceptual intensities constructed as
a category scale with ratio properties []. This can be used for
quantitative evaluation of symptoms, for example chest pain

Computer systems for exercise testing regulate the workload of the bicycle or treadmill ergometer according to one of
several predefined protocols. The computer systems also maintain a record of time, heart rate, and workload, and display
these data on a computer screen together with baseline ECGwaveforms []. The continuous stream of ECG waveforms,
data, and computer measurements are stored and processed online in the system. ECG waveforms are acquired by a pro-
cess termed analog–digital conversion. Most current digital processing ECG and exercise test systems sample the analog
waveforms at the rate of  samples/s. A representation of the original analog signal can be obtained by digital–analog
reconstruction of the digitized waveform. The computer system subsequently processes the ECG waveforms online to
minimize noise and artifactual effects. Especially, at the higher workloads and heart rates, the recorded basic ECG trac-
ingsmay show somuch noise and artifacts from exercising skeletalmuscles and respiratory variability thatmeasurements
from the original ECG waveforms are unreliable.

The processing involves the steps of QRS-detection, temporal alignment, and signal averaging. The QRS complexes
are detected with the aid of a combination of the derivatives of multiple ECG leads. Thus, the characteristic feature used
for detection of the QRS complex is the large voltage changes that occur in all leads simultaneously during ventricular
activation. The QRS complexes are then classified as normal or abnormal. Abnormal beats may be a result of premature
ventricular or supraventricular complexes, or theymay be normal beats distorted by excessive noise or baseline drift.The
normal beats are then combined into a single representative complex by computation of an average (mean) ormedian beat.
Signal averaging can be performed at preselected intervals, for example, during  s of each minute, or continuously. The
latter is the method of choice because it permits continuous display of the updated ECG waveform. Since the averaging
procedure might be subject to errors in some of the patients, the user should compare the shape of the averaged signal
with the original ECG tracings.

From the representative complexes, measurements can be obtained. Since the noise level during exercise is rather
high in comparison with resting ECGs, it is not appropriate to take measurements from individual beats as is the case in
some resting ECGprograms. In commercially available systems, the baseline and ST segment are defined at fixed intervals
before and after a single fiducial point in the QRS complex. Therefore, it is necessary to define the proper onset and end
of the QRS complex. Such precise definition of QRS-onset and end is only possible if a combination of multiple leads is
used [, ]. Computerized algorithms for QRS-detection and time alignment are, therefore, more reliable and robust in
multichannel recording. Additionally, algorithms are applied that reduce the effect of baseline drift during exercise caused
by temperature changes, respiration, and body motion, especially at higher workloads and if there is poor skin–electrode
contact.
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The processed, online cleaned data allow more accurate measurements of the exercise ECG, especially the low-
amplitude signals such as the P-wave, the PR-segment, the junction of the QRS complex and ST segment (J-point), and
the ST segment itself [].The digital measurements are generally more accurate and reproducible thanmanualmeasure-
ments. However, careful overreading to provide quality control for automated choice of onset–offset waveform fiducial
markers on the signal-processed data is required to avoid error in interpretation resulting in false-positive test results
[, ]. Therefore, ECG recordings of the raw, unprocessed ECG data should be available at each stage of the exercise
protocol for comparison with the averages that the exercise test monitor generates. Recommendations and standards for
the degree of filtering and processing of data have been published [, ].

.. Lead Systems for Exercise Electrocardiography

Various types of lead systems have been developed, studied, and used in the last decades. Bipolar precordial lead systems
have been used for a number of years and have produced satisfactory results in patients with suspectedCAD and a normal
ECG at rest. The two optimal leads for detection of ST segment depression during exercise are the bipolar lead from the
right infraclavicular region to the V position (CS bipolar lead system) and that from the manubrium of the sternum to
the V position (CM bipolar lead system). They have been reported to detect up to % of all ST segment depression
identified by multiple-lead systems [–]. In patients with a previous myocardial infarction, a single-lead system is
inadequate and such patients should be testedwith amultiple-lead system.Multiple-lead systems that have been evaluated
include the pseudo-orthogonal lead system, the corrected orthogonal lead system (with computer-processed Frank leads),
the precordial map, the conventional -lead ECG system, and systems using a combination of bipolar leads and the
standard  leads [–, –]. The arrival of powerful high-speed microcomputers has allowed the development of
systems for continuous online recording and analysis of the standard  ECG leads, which has become the norm in
most testing facilities today []. It should, however, be noted that lead V remains by far the most sensitive electrode
position that outperforms the inferior leads and the combination of lead V with II, because the latter has a relatively
high false-positive rate. Therefore, in patients without prior myocardial infarction and with normal resting ECGs, the
precordial leads alone are a reliablemarker for CAD, andmonitoring of inferior limb leads adds little additional diagnostic
information. In these patients, exercise-induced ST segment depression confined to the inferior leads is of little value for
detection of CAD [, ].

... Right-Sided Chest Leads

In a study of  patients, it was shown that the diagnostic accuracy of exercise testing was increased when right ventric-
ular leads were added to the standard  ECG leads []. By using right-sided chest leads, the sensitivity for the detection
of CAD by angiography was comparable to that of myocardial perfusion scintigraphy ( versus %). However, it is
important to realize that these data were obtained in a population with a very high prevalence of CAD and might well be
less reliable if the prevalence of CAD were to be substantially lower. Therefore, routine clinical use of right-sided chest
leads awaits confirmation of these results in differing populations [].

. Interpretation of the Electrocardiogram

.. Changes of the ECG During Exercise in Normal Subjects

Normal ECG changes during exercise have been studied in standard chest leads [], in corrected orthogonal leads []
and by body-surface mapping [, ]. It has been shown that such changes occur gradually in relation to heart-rate
changes during stress.

The amplitude of the P-wave increases, without major changes in the waveform. At heart rates over approximately
 beats/min, this is enhanced by the superposition of the T-wave and the P-wave. At peak exercise with heart rates
over  beats/min, the P-wave amplitude is on average twice, but in some patients up to five times the amplitude at rest.
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Obviously, the PQ-interval shortens, owing to increased sympathetic activity during stress. With the P-wave becoming
taller and the Ta-wave (atrial repolarization) increasing, there is a downward displacement of the PQ-junction below
the isoelectric line in the resting ECG. This point is considered to be the baseline for terms of measuring ST segment
change []. Exaggerated atrial repolarization waves during exercise may extend into the ST segment and T-wave and can
cause downsloping ST-depression in the absence of ischemia at high peak exercise heart rates [, ]. Patients with false-
positive exercise tests based on this finding have a high peak exercise heart rate, absence of exercised-induced angina,
and markedly downsloping PQ-segments in the inferior leads [, , ].

QRS-duration does not change significantly during exercise. In one specially designed study, a systematic reduction of
QRS-duration of only a few milliseconds was observed []. Prolongation of QRS-duration, however, is certainly abnor-
mal. Changes in QRS-morphology have been discussed extensively. At peak exercise, QRS-forces shift toward the right
and superiorly. Accordingly, Q-waves in the left precordial leads deepen, R-waves in the left precordial leads decrease,
and S-waves becomewider and deeper. However, intra-individual variability is large. In standard precordial leads, R-wave
amplitude increases frequently at intermediate workloads, with heart rates between  and  beats/min []. This is
precisely the heart rate reached by most patients with CAD. At higher heart rates, R-wave amplitude decreases.The situ-
ation is even more complex when body-surface maps are analyzed [, ]. The position of the maximum amplitude on
the chest wall during ventricular depolarization remains located in the left anterior region, but the precise location of the
maximum shifted one electrode position or more in seven out of  normal subjects studied by Block []. No consistent
pattern was observed in the changes of the maximum QRS-forces in body-surface maps in normal subjects exercised
up to a heart rate of  beats/min during maximum exercise. The mechanism of the QRS-changes during exercise is
still unclear. It has been claimed that these are related to reduction of end-diastolic volume, which would diminish the
effect of the radially oriented depolarization fronts in the left ventricular wall traveling from endocardium to epicardium.
However, no reduction in end-diastolic volume was seen in patients studied in the supine position with radionuclide ven-
triculography []. Furthermore, R-wave amplitude variations appeared not to be related to changes in left ventricular
volume during experimental myocardial ischemia [].

The QT-interval shortens during exercise, although it cannot be measured accurately when the T-wave and P-wave
overlap at higher heart rates. Usually, there is depression of the J-point followed by an upsloping ST segment. However,
the ST segment slope may vary considerably. The T-wave amplitude varies greatly during exercise but increases consider-
ably in most normal subjects immediately after exercise. Generally, the ST segment amplitude ms after the end of the
QRS complex remains positive in normal subjects at heart rates around  beats/min in the left precordial area, while a
minimum develops below the right clavicle. During exercise, depression of the J-point and ST segment are prominent in
leadswith a lateral and vertical orientation [].These changes are far less significant in anterior–posterior and transverse
leads.This explains in part the relatively high incidence of so-called false-positive ST segment depressions in these leads.
ECG changes in healthy female volunteers are similar to those in males, with the exception of ST segmentmeasurements.
Flat or even slightly negative ST segments are present in some of the females at rest. This contributes in part to the false-
positive ST segment changes in females []. Accordingly, separate criteria were developed for quantitative interpretation
of the ECG changes during exercise in females [].

.. Changes of the ECG During Exercise in Patients with Coronary Artery Disease

Themost prominent electrocardiographic findings associated with CAD are a depression or elevation of the ST segment
in the left precordial leads.

... ST Segment Depression

The probability that a given subject has CAD is higher if the ST segment depression adheres to the following pattern: it
develops early during exercise at a low heart rate, is deeper and has amore horizontal, or even downsloping pattern. How-
ever, it should be appreciated that, in subjects with a normal ECG at rest, there remains a considerable overlap between
ST segment measurements in normal subjects and in patients with CAD. Also, as mentioned, ST segment waveforms in
females during exercise differ from males and show a greater tendency towards ST segment depression, particularly in
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Baseline (0W)
HR 89 bpm
BP 125/85 mmHg

Peak workload (120W)
HR 132 bpm
BP 190/90 mmHg

Largest ST-shift (2 min
in recovery – 20W)
HR 107 bpm

End of recovery (0W)
HR 102 bpm
BP 160/90 mmHg

Bicycle ergometer
Protocol: steps of 20 Watts (W) per minute
ST segment: measured at J-point plus 80 msec (μV)

Paper: 25.0 mm/sec – 10.0 mm/mV
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⊡ Figure .

Bicycle exercise stress test in -year old male who underwent percutaneous coronary intervention of the left anterior

descending artery  years earlier for stable angina. He was referred for screening before entering a fitness program. Upon

request, he admitted that he had chest pain on exertion. The degree of functional impairment was difficult to assess because

of an inactive lifestyle. The patient reached W, whereas the predicted normal value for the peak workload was W. He

discontinued the test because of shortness of breath and chest pain. With increasing workload, there is a slow-upsloping

ST segment depression up to mm (.mV) in the inferior and left precordial leads, evolving to a downsloping pattern in the

recovery phase. The patientwas referred for coronary angiography, which revealed a significant stenosis in the left circumflex

artery that was subsequently treated by percutaneous coronary intervention.

the vertically-oriented leads []. In combination with the lower incidence of CAD in females, this results in an increased
fraction of false-positive exercise test results in women, as reported in the literature [, –]. Nevertheless, exercise
testing can be used in females when these factors are taken into account [, ]. Accordingly, the likelihood of CAD in
females is lower than inmales for most combinations of age, history, and ST segmentdepression, as will be discussed later.

Upsloping ST Segment Depression

The significance of upsloping ST segment depression has been studied extensively in the past decades and has gener-
ated much controversy. Clearly, downsloping ST segment depression is a stronger predictor of CAD than horizontal
depression, and both are more predictive than upsloping depression. However, slowly-upsloping ST segment depres-
sion, for example, when the slope is less than mV/s or when the degree of depression at –ms from the J-point is
.mm (.mV) or more below the baseline level of the PQ-junction, is associatedwith an increased probability of CAD
(> Figs. . and > .) [, –]. In a study of  patients with these ST segment changes, % had either two- or
three-vessel CAD [, ]. On the other hand, junctional depression with a very steep upsloping ST segment is probably
not pathological. From this it follows that, if slowly-upsloping ST-depression is considered an abnormal finding, sensitiv-
ity of exercise testing is increased, albeit at the cost of decreased specificity resulting in more false-positive test results. In
the most recent ACC/AHA guidelines on exercise testing, the use of the more commonly-used definition for a positive
test of ≥mm (.mV) of horizontal or downsloping ST segment depression is favored [].

Horizontal and Downsloping ST Segment Depression

Themost commonly-used definition for visual interpretation of a positive exercise test result froman electrocardiographic
standpoint is ≥mm (.mV) of horizontal or downsloping ST segment depression for at least –ms after the end of
the QRS complex (> Fig. . (Continued)) []. As stated, downsloping ST segment depression is a stronger predictor
of CAD than horizontal depression.
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Baseline (20W)
HR 91 bpm
BP 170/90 mmHg

1st min of recovery
phase (workload 40W)
HR 154 bpm

Peak workload (180W)
HR 164 bpm
BP 210/80 mmHg

After 1 min in recovery
HR 146 bpm
BP 200/80 mmHg

Bicycle ergometer
Protocol: steps of 20 Watts (W) per minute
ST segment: measured at J-point plus 60 msec (mV); ST-slope in mV/sec

Paper: 25.0 mm/sec –10.0 mm/mV

Workload of 160W
HR 143 bpm
BP 205/100 mmHg

⊡ Figure .

A -year old male treated for hypercholesterolemia by his general practitioner underwent exercise testing at the request of

the specialist in allergy and immunology. He was suspected to have had a severe allergic reaction to the (rare) combination

of wheat and exercise. Before planning an exercise test after ingestion of wheat to assess whether an allergic reaction could

be provoked, a standard bicycle exercise test was performed as baseline. In daily life, the patient had a good exercise tol-

erance without any angina-like complaints. He reached W (predicted peak workload W) and discontinued because of

fatigue. There were no angina-like symptomsor dyspnea. The baseline ECGwasnormal. Up to W, therewere no significant

ST segment changes indicative of myocardial ischemia. From W onward, minimal slow-upsloping ST segment depression

developed in the left precordial leads, which got a more horizontal pattern and increased up to mm (.mV) at peak work-

load. The ST segment depression resolved directly following the discontinuation of exercise. This ECG pattern in which the

ST segment becomes abnormal only at high workloads and returns to baseline in the immediate recovery phase may indi-

cate a false-positive test in an asymptomatic subject. A nuclear perfusion scintigraphy using dipyridamole was subsequently

performed which showed no signs of myocardial ischemia.

Magnitude of ST Segment Depression and Probability of Coronary Artery Disease

> Table . summarizes data from various studies that related the magnitude of ST segment depression at peak exer-
cise to the probability of CAD at coronary angiography [–]. It is evident that, for example, horizontal ST segment
depression of ≥mm (.mV) is highly specific (if only such results were considered abnormal, the specificity would be
%), but occurs in the minority of patients with CAD (sensitivity would be only %). On the other hand, ST segment
depression of .mm (.mV) is nonspecific (sensitivity is %, but specificity only %), and should, therefore, not
be used as a criterion for abnormality. A superior approach is to compute, from the data in > Table ., the ratio of
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Baseline (0W)
HR 79 bpm
BP 165/85 mmHg

Largest ST-shift (just
prior to peak workload)
HR 125 bpm

Peak workload (120W)
HR 126 bpm
BP 210/100 mmHg

End of recovery (0W)
HR 70 bpm
BP 180/85 mmHg

Bicycle ergometer
Protocol: steps of 20 Watts (W) per minute
ST segment: measured at J-point plus 80 msec (μV)

Paper: 25.0 mm/sec –10.0 mm/mV
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⊡ Figure .

(a) Bicycle exercise stress test in -year old male with no history of cardiovascular disease who visited the outpatient clinic

for angina-like chest pain complaints, class III according to the Canadian Cardiovascular Society []. The predictedmaximum

workload was W. The patient discontinued the test at W because of severe chest pain. Slow-upsloping to horizontal

ST segment depression already developed at low workload (W) and increased to a maximum of .mm (.mV) in the

left precordial lead V at maximal exertion. The ST segment depression evolved to a downsloping pattern in the recovery

phase. Coronary angiography revealed a severe stenosis at the bifurcation of the left anterior descending artery and first

diagonal branch,whichwas subsequently treatedbypercutaneous coronary interventionwithbifurcation stentingaccording

to the culotte technique. (b) Overview of ST segment trends and hemodynamic data of the same exercise test, showing the

development of progressive ST segment depression in the inferior and precordial leads with increasing workload.
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Baseline (20W)
HR 83 bpm
BP 140/90 mmHg

4 min in recovery phase
(workload 20W)
HR 95 bpm
BP 150/90 mmHg

Peak workload (180W)
and largest ST-shift
HR 154 bpm
BP 190/90 mmHg

End of recovery phase
HR 92 bpm
BP 140/90 mmHg

Paper: 25.0 mm/sec – 10.0 mm/mV

Workload of 120W
HR 118 bpm
BP 180/80 mmHg

V2II III V1I V5 V6V4V3

Bicycle ergometer
Protocol: steps of 20 Watts (W) per minute
ST segment: measured at J-point plus 60 msec (μV); ST-slope in mV/sec

c

⊡ Figure . (Continued)

(c) The same patient visited the outpatient clinic approximately  year after the percutaneous coronary intervention. He indi-

cated that he suffered again from chest pain similar to the complaints he had prior to the revascularization procedure. The

only difference was that the chest pain now occurred with more strenuous exertion as compared to the complaints  year

earlier (functional class II according to the Canadian Cardiovascular Society []). The patient reached the predicted work-

load of W and discontinued the test because of tiredness and shortness of breath. The exercise electrocardiogram again

showed marked ST segment depression up to mm (.mV) with a horizontal to downsloping pattern at maximal exertion.

Coronary angiography revealed severe in-stent restenosis in the treated segments in the left anterior descending artery and

first diagonal. The patient was subsequently successfully treated by repeat percutaneous coronary intervention.

the likelihood that a given range of ST segment depression is related to the presence or absence of CAD. This likelihood
ratio is . for ST segment depression up to .mm (.mV). Only ST segment depression greater than mm (.mV)
is clearly associated with CAD. It is apparent that this likelihood increases when the ST segment depression is more
pronounced.

Magnitude of ST Segment Depression and the Degree of Anatomical Coronary Artery Disease

Many investigators have attempted to correlate the magnitude of ST segment depression with the degree of anatomical
CAD. Initial studies reported that an increased magnitude of ST-depression was associated with an increased degree
of ischemia [, ]. Later studies have been unable to correlate the ischemia estimated from the magnitude of the ST
segmentdepression in any lead or from the sumof the ST-changes in all leadswith either the number of diseased coronary
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⊡ Figure . (Continued)

(d) The respective ST segment trends illustrate the marked ST segment depression, predominantly occurring in the inferior

and left precordial leads.

⊡ Table .

Probability of CAD in relation to degree of ST segment depression during exercise testing

ST-depression

(mV)

Normal

subjects (n=)
Subjects with

CAD (n=)
Specificity

(%)

Sensitivity

(%)

Likelihood ratio

for CAD

< .   .

.–.     .

.–.     .

> .     .

Pooled data from four studies [–] that provided information on the presence of coronary artery disease (CAD) in relation to the degree of
ST segment depression during exercise stress testing. Seventeen patients with ST segment elevation have been excluded from reference .

arteries or the size of the area of reversible ischemia observed on myocardial perfusion scintigraphy [, , ]. As the
development of ST segment depression as an electrophysiological phenomenon results from many influences, including
those caused by electrolytes, hormones, and hemodynamic,metabolic, as well as anatomical changes, it is unlikely that the
magnitude of ST segmentdepressionwould correlatewell with the coronary anatomy in patients with CAD. Furthermore,
the degree of ST-depression at higher workloads also depends on what is used as an indication to terminate exercise. For
example, if patients with single vessel disease are encouraged to exercise strenuously or if they have some degree of left



  Exercise Electrocardiography and Exercise Testing

Baseline (10W)
HR 76 bpm
BP 160/95 mmHg

After 2 min in recovery
(workload 40W)
HR 115 bpm

Peak workload (100W)
HR 127 bpm
BP 200/95 mmHg

End of recovery phase
HR 91 bpm
BP 170/90 mmHg

Bicycle ergometer
Protocol: steps of 10 Watts (W) per minute
ST segment: measured at J-point plus 60 msec (μV); ST-slope in mV/sec

Paper: 25.0 mm/sec – 10.0 mm/mV

Workload of 80W
HR 115 bpm
BP 180/95 mmHg
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⊡ Figure .

Bicycle exercise test (W/min protocol) in a -year oldmale with angina pectoris complaints, classified as II–III according to

the Canadian Cardiovascular Society []. His medical history was unremarkable except for poorly controlled arterial hyper-

tension. The resting ECG showed signs of an old inferior myocardial infarction (Q-waves in leads II, III, and aVF), as well as left

ventricular hypertrophywith repolarization abnormalities in the left precordial leads (downsloping ST segmentwith inverted

T-wave). With increasing workload, the preexistent ST segment depression increased progressively up to mm (.mV), per-

sisting in the recovery period. Coronary angiography revealed three-vessel coronary artery disease and ventriculography

showed amoderately impaired left ventricular systolic function. The patient subsequently underwent coronary arterybypass

grafting.

ventricular hypertrophy, they may have severe ST-depression (see also > Figs. . (Continued) and > .).Therefore,
the magnitude of ST segment depression at maximum workload may not indicate the severity of CAD.

Time Course of ST Segment Depression

ST segment depression that comes on early during exercise at low workloads is associated with more severe disease and
impaired prognosis [, , –]. In a study on the predictive value of the time course of ST segment depression during
exercise testing in patients referred for coronary angiography, a direct relationship between the time of onset and offset
of ST-depression and the number of diseased coronary arteries was demonstrated [, ]. Severe three-vessel CAD was
found in % of patients with early onset and late offset of the ST-depression, while this increased up to % in those with
resting ST-depression that increasedwith exercise []. Even ST segment depression occurring at highworkloads andwith



Exercise Electrocardiography and Exercise Testing  

rapid resolution during recovery may be associated with significant CAD, although it may also indicate a false-positive
response in an asymptomatic subject (> Fig. .).

Furthermore, although ST segment depression during exercise often persists into the recovery phase, it sometimes
may not develop until exercise has been terminated (> Fig. .). Whereas this phenomenon is still not completely
understood, several studies have demonstrated that ST segment depression occurring only during recovery has the same
significance as exercise-induced ST-depression in predicting CAD [, , ].

Adjustment of ST Segment Depression

Subjects with tall R-waves exhibit a greater amount of ST segment depression than those with smaller R-wave amplitude
[]. Accordingly, when the R-wave in the lateral precordial leads is less than mm, the sensitivity of ST-depression
for the detection of CAD is low if mm (.mV) of ST-depression is required for a positive test result []. Correcting
ST-depression for R-wave amplitude has been proposed by dividing the amount of ST segment depression by the R-wave
height (both expressed in mm) []. The ST/R-ratio may then be used as an alternative to the amount of ST segment
depression per se, with . as a cutoff value for an abnormal test result []. In studies, however, adjustment of the amount
of ST segment depression by the R-wave height has not been shown to consistently improve the diagnostic value of
exercise-induced ST-depression [].

Several methods of heart rate adjustment have been proposed to increase the diagnostic accuracy of the exercise
ECG. The first technique is to derive the maximal slope of the ST segment relative to heart rate (ST/HR slope). The
secondmethod, termed the ST/HR index, divides the difference between ST-depression at peak exercise by the delta heart
rate (difference between resting and maximum heart rate) [, , –]. The value of ST/HR adjustment in improving
diagnostic accuracy has been evaluated in several studies [, –]. Most studies, however, were limited by work-up bias
and enrollment of relatively healthy patients, which presents a limited challenge to the ST/HR index [, –]. In a large
multicenter study without these limitations, the ST/HR slope or index was not found to be more accurate than simple
measurement of the ST segment depression []. The most recent guidelines on exercise testing take the perspective that
the ST/HR adjustment approach in symptomatic patients has at least equivalent accuracy to the standard approach [].
Although the ST/HR approach might be useful in assessing certain borderline or equivocal ST segment responses during
exercise (e.g., ST segment depression associated with a very high exercise heart rate), further validation is required.

ST Segment Depression and the Location of Coronary Artery Disease

In several studies, an attempt has been made to relate the location of ST segment depression during exercise to coronary
anatomy. As stated, extensive CAD (three-vessel disease) is more likely to be present in a patient who develops major
ST segment depression in multiple leads at low workloads. However, even in patients with single-vessel disease, there is
no clear separation between the leads in which ST segment depression develops when either the right coronary artery
or the left anterior descending coronary artery is involved []. Studies using body-surface mapping indicate that the ST
segment depression is most prominent in the precordium. The actual position where the largest ST segment depression
occurs varies widely, from the level of the third intercostal space to the tenth intercostal space []. However, even analysis
of precordial surface maps has not permitted an accurate prediction of the location of CAD [, ], although this has
previously been claimed []. Furthermore, in another study, no relation was found between the spatial orientation of
the ST segment vectors during exercise and the location of myocardial ischemia as detected by myocardial perfusion
scintigraphy [].

ST Segment Depression and/or Exercise-Induced Angina

Theoccurrence of chest pain during stress testing is of equal diagnostic value as the development of ST segment depression
[–]. Symptoms that cannot be clearly understood during an outpatient clinic visitmay be clarified if they occur during
the actual exercise procedure and disappear rapidly in the recovery phase. In order to permit optimal comparison between
the history of the patient and the observations during the stress test, it is recommended that either the test is performed
by the patient’s own physician, or that the physician supervising the test reports in detail all the complaints that occur
during the test and notes whether these are similar to the complaints that led the patient to the outpatient clinic. In
> Fig. ., the incidence of CAD and the number of diseased vessels are presented for ST segment depression with and
without angina [].
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Incidence of normal coronary arteries (zero-) and one-, two-, or three-vessel disease in  patients without a history of

transmural myocardial infarction. It should be noted that the incidence of CAD was similar in  patients with ST segment

depression without symptoms (%) and in  patients with exercise-induced anginawithout significant ECG changes (%).

ST-depression represents .mV or greater of ST segment depression in at least one precordial lead (Adapted from Roskamm

[]).

... ST Segment Elevation

ST segment elevation during exercise is observed most frequently in leads with Q-waves in patients with a history of
myocardial infarction (> Fig. .). The significance of ST segment elevation in areas of Q-waves of an old myocardial
infarction is controversial. Some studies have suggested that this ST segment elevation is caused by an area with abnormal
wall motion (ventricular akinesia or dyskinesia) [, –]. However, other studies have shown that in some patients
such ST-elevation disappears after coronary bypass surgery, which suggests that the ST-elevation was a result of myocar-
dial ischemia []. More recent studies using myocardial perfusion scintigraphy have found such ST-elevation to be a
marker of residual viability in the infarcted area [–]. Therefore, it seems advisable to consider additional tests such
as myocardial perfusion scintigraphy in patients with chest pain complaints after myocardial infarction and ST segment
elevation during exercise stress testing.

Exercise-induced ST segment elevation in leads without Q-waves on a normal ECG (other than in aVR or V) is very
rare and represents severe transmural myocardial ischemia (whereas ST segment depression represents subendocardial
ischemia) [, –]. It is caused by a coronary artery spasm that completely obliterates antegrade flow through the epi-
cardial artery, or a high-grade proximal stenosis in a coronary artery (> Fig. .). In patientswith variant or Prinzmetal’s
angina, coronary spasm is most commonly seen at rest, but very occasionally it occurs with exercise, probably indicating
the presence of hemodynamically significant coronary atherosclerosis [, , ]. In contrast to ST segment depression,
exercise-induced ST segment elevation is very arrhythmogenic and localizes the ischemic area. When ST segment ele-
vation occurs in leads V through V, there is severe anterior wall ischemia with a high-grade stenosis in the proximal
left anterior descending coronary artery (> Fig. .); in leads II, III, and aVF, there is severe inferior wall ischemia with
involvement of a proximal stenosis in a large right coronary artery; and in the lateral leads, the left circumflex or diagonals
are involved []. As stated previously, this rare finding warrants immediate discontinuation of the stress test and prompt
referral for coronary angiography.
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Bicycle ergometer
Protocol: steps of 20 Watts (W) per minute
ST segment: measured at J-point plus 60 msec (μV); ST-slope in mV/sec

Paper: 25.0 mm/sec –10.0 mm/mV
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Baseline (20W)
HR 78 bpm
BP 125/85 mmHg

3 min in recovery phase
(workload 20W)
HR 100 bpm
BP 145/85 mmHg

5 min in recovery phase
(workload 0W)
HR 92 bpm
BP 140/80 mmHg

Peak workload (160W)
HR 158 bpm
BP 160/90 mmHg

⊡ Figure .

Bicycle exercise stress test in a -year-old male approximately  year after he underwent a primary coronary intervention

with recanalization of the occluded left anterior descending coronary artery for an acute anterior myocardial infarction. The

result of the intervention was suboptimal because there was no reflow in the infarct-related artery. No intervention was

performed on a –% stenosis in the left circumflex coronary artery. Echocardiography showed an impaired systolic left

ventricular function with akinesia of the interventricular septum and hypokinesia of the anterior wall and apex. The base-

line ECG showed sinus rhythm, a left anterior fascicular block, and a QRS-pattern compatiblewith an old antero-septal-apical

myocardial infarction with QS-complexes in V and V, a small R-wave in V, as well as a Q-wave in aVL. The patient reached

Wanddiscontinued the test because of fatigue. The patient did not experience any anginal complaints or dyspnea during

the test.With an increase inworkload, there is an increasing level of ST segment elevation in the right precordial leads (V –V),
representing either wall motion abnormalities or residual viability in the infarcted area. Furthermore, the duration of theQRS

complex increased. In the recovery phase, minimal .mm (.mV) downsloping ST segment depression developed in the

inferior and left precordial leads.

... Changes of the QRS Complex

R-Wave Amplitude

It has previously been reported that an increase in R-wave amplitude during exercise is a useful indicator of CAD [].The
first reports on this phenomenon were based on an unusual series of patients with known false-positive or false-negative
ST-changes during exercise. Although some studies supported these observations, others found that the R-wave amplitude
changes were variable both in patients with CAD and in normal subjects [–, ]. It is possible that the observed
differences in R-waves between patients with CAD and normal subjects result in part from differences in heart rate, since
most patients stop exercising at heart rates between  and  beats/min which is the rate at which normal subjects
frequently exhibit increased R-wave amplitudes [].Themechanisms of these changes also remain unclear. In particular,
the hypothesis that the increase in R-wave amplitude would be related to an increase in ventricular volume owing to
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⊡ Figure .

Bicycle exercise test in a -year-old male with no history of cardiovascular disease who underwent stress testing because

of complaints of chest pain on exertion suspected for angina pectoris. The predicted maximum workload was W. The

test was discontinued at W by the attending physician because of shortness of breath, as well as failure of the blood

pressure to rise in the presence of ST segment depression. Starting at W, up to .–.mm (.–.mV) of slow-upsloping

to horizontal ST segment depression developed in the inferior and left precordial leads, indicating subendocardial ischemia.

Directly following discontinuation of exercise, the patient experienced angina-like chest pain. This was attended on the ECG

by ST segment elevation and a marked increase in T-wave amplitude in the right precordial leads, suggesting transmural

ischemia due to a high-grade stenosis in the proximal left anterior descending artery. Later on in the recovery phase, biphasic

T-wavesdeveloped in the rightprecordial leads.At theendof the recoveryperiod, theECGhad returned tonormal. Thepatient

was subsequently admitted to hospital. Coronary angiography was performed the same day and revealed, as expected, a

severe stenosis in the proximal left anterior descending artery which was treated with stent implantation.

myocardial ischemia [] was not supported by studies in which the volume changes were actually measured [, , ].
As exercise-induced changes inR-wave amplitude have provided very little, if any, discrimination formyocardial ischemia,
the R-wave measurements are not routinely applied in clinical practice.

QRS-Duration

As stated, the duration of theQRS complex during exercise does not increase butmaybe reduced slightly because conduc-
tion velocity is increased by catecholamine release [, ]. Although a number of studies have shown that conduction
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velocity is decreased by myocardial ischemia [, ], QRS-duration measurements are not routinely used for the diag-
nosis of CAD as studies on this phenomenon have had equivocal results []. Prolongation of the QRS-duration during
exercise was found to be associated with CAD in  patients who underwent exercise testing and coronary angiography
[]. The greatest prolongation was found in patients with three-vessel disease. However, the observations could not be
used in individual patients to determine the presence or absence of myocardial ischemia as the variations around the
mean value were too large [].

Bundle-Branch Block

Rate-dependent bundle-branch block may become apparent during exercise and the interpretation of such a finding is
the same as in rate-dependent bundle-branch block occurring under other circumstances. Rate-dependent left bundle-
branch block, right bundle-branch block or left anterior fascicular block may be related to CAD [, ]. However, they
have also been observed in healthy subjects without myocardial or coronary pathology []. The isolated finding of a
rate-dependent bundle-branch block should, therefore, not be used as a proof of significant heart disease. On the other
hand, the occurrence of a bundle-branch block during exercise should be viewed in light of the other clinical findings in
each patient in order to assess the probability that CAD is present. Leftward rotation of the frontal axis with development
of a left anterior fascicular block during exercise in a patient with CAD usually signifies involvement of the proximal left
anterior descending coronary artery or three-vessel CAD [, ]. The axis shift associated with left anterior fascicular
block may mask the ischemic ST segment changes in the frontal plane and to a lesser extent in the precordial leads.

The significance of ST segment depression as a predictor of ischemia in the presence of right bundle-branch block has
been the subject of debate. Exercise-induced ST-depression usually occurs with right bundle-branch block in the anterior
chest leads V through V, probably because of secondary repolarization changes, and is not associated with ischemia
[, ]. However, ST segment depression in the left precordial leads (V and V) or inferior leads (II and aVF) has the
same significance in predicting CAD as exercise-induced ST-depression in a normal resting ECG [, ].

Exercise-induced ST-depression usually occurs with left bundle-branch block and has no association with ischemia
[]. Even up to mm of ST-depression occurs in healthy subjects. There is no level of ST-depression that confers
diagnostic significance in left bundle-branch block. Therefore, there is a consensus, as stated in the guidelines, that
exercise-induced ischemia cannot be diagnosed from the ECG in patients with left bundle-branch block [].

... T-Wave Changes

As previously mentioned, the T-wave amplitude varies greatly during exercise but increases considerably in most normal
subjects immediately after exercise as a result of an increased stroke volume, which makes up for the lingering metabolic
debt after the heart rate has dropped very rapidly. Many patients with flat or inverted T-waves at rest will manifest upright
T-waves at the time of exercise.This is particularly true inwomen.This phenomenon of normalization of inverted T-waves
or pseudonormalization of the T-waves is not considered to indicate ischemia. In earlier studies, T-wave normalization
was accompanied by significant ST segment depression in % of patients with CAD, but by a negative test result based
on ST segment criteria in all patients without ischemic heart disease [, ]. Similarly, exercise-induced deep T-wave
inversion is almost always accompanied by significant ST segment depression and is then associated with a more severe
degree of CAD.

. Exercise Testing to Diagnose Coronary Artery Disease

The vastmajority of exercise testing is performed in adults with symptoms of known or suspected ischemic heart disease.
There has been considerable discussion on the value and use of exercise testing for the diagnosis of CAD and the liter-
ature on this subject is extensive. Knowledge of terminology used in describing diagnostic test characteristics and test
performance is required for understanding the exercise test literature (> Table .).
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⊡ Table .

Diagnostic test characteristics

True-positive test result (TP) Abnormal test result in subject with disease

False-positive test result (FP) Abnormal test result in subject without disease

True-negative test result (TN) Normal test result in subject without disease

False-negative test result (FN) Normal test result in subject with disease

Specificity Percentage of subjects without disease who have a normal
test result = TN/(TN + FP)

Sensitivity Percentage of subjects with disease who have an abnormal
test result = TP/(TP + FN)

Test accuracy Percentage of true test results = (TP + TN)/total number of
tests performed

Predictive value of a positive test result Percentage of subjects with abnormal test who have the
disease = TP/(TP + FP)

Predictive value of a negative test result Percentage of subjects with normal test and without disease
= TN/(TN + FN)

Formula for calculation of posttest probability (Bayes’ theorem):

Posttest odds (disease present) = pretest odds (disease present) × likelihood ratio (LR)
where, odds = probability/( − probability)

LR = sensitivity/( − specificity) in case of an abnormal test result
= ( − sensitivity)/specificity in case of a normal test result

Posttest odds (disease absent) = pretest odds (disease absent) × likelihood ratio (LR)
where, odds = probability/( − probability)

LR = ( − specificity)/sensitivity in case of an abnormal test result
= specificity/( − sensitivity) in case of a normal test result

The better (very high or very low) the likelihood ratio of the test (determined by
sensitivity and specificity), the more discriminant the test is.

⊡ Table .

Pretest probability (%) of CAD in patients by age, sex, and chest pain characteristics

(Adapted fromDiamond and Forrester [])

Age (years) Sex Non-anginal chest pain Atypical angina Typical angina

– M . ± . . ± . . ± .
F . ± . . ± . . ± .

– M . ± . . ± . . ± .
F . ± . . ± . . ± .

– M . ± . . ± . . ± .
F . ± . . ± . . ± .

– M . ± . . ± . . ± .
F . ± . . ± . . ± .

CAD denotes coronary artery disease

.. Pretest Probability

The pretest probability of obstructive CAD can be estimated from factors such as age, gender, risk factors, and chest pain
characteristics [–]. The pretest probabilities described in this way by Diamond and Forrester in a series of over
, patients are shown in > Table . []. From this table, it is apparent that exercise testing is not very useful
for establishing the diagnosis CAD in a -year-old man with typical or definite angina. The pretest probability of CAD
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⊡ Table .

Posttest probability (%) of coronary artery disease based on age, sex, symptom classification, and exercise test-

induced electrocardiographic ST segment depression

Typical angina Atypical angina Non-anginal chest pain Asymptomatic

Age ST-depression (mV) M F M F M F M F

– .–.      < < <

.–.        <

.–.        <

.–.        

.–.        

>.        

– .–.        <

.–.        

.–.        

.–.        

.–.        

>. >       

– .–.        

.–.        

.–.        

.–.        

.–.        

>. >       

– .–.        

.–.        

.–.        

.–.        

.–.        

>. > >      

is so high that the test result does not substantially change this probability. As shown in > Table ., the likelihood of
CAD is % if no ST segment depression occurs during the test, while it would be % if mm (.mV) of ST segment
depression developed.However, the testmay still be used to determine the functional impairment of that subject, to mea-
sure the blood-pressure and heart rate response, or to estimate the prognosis. Similarly, the diagnostic value of exercise
electrocardiography is low in asymptomaticmen and women (see also> Fig. .).The greatest diagnostic value of exer-
cise testing is obtained in patients with an intermediate pretest probability of CAD, for example, between % and %,
because the test result has the largest potential effect on diagnostic outcome. If the posttest likelihood is intermediate,
another noninvasive (e.g., myocardial perfusion scintigraphy) or invasive test may be applied.

.. Diagnostic Characteristics and Test Performance

One of the problems with diagnostic tests for CAD is that there is a considerable overlap in the range of measurements for
the normal population and those with CAD. Since the depth of exercise-induced ST segment depression and the extent
of the myocardial ischemic response can be considered as continuous variables, a certain cutpoint or discriminant value
(e.g.,  mm (.mV) of ST segment depression) cannot completely discriminate patients with CAD from those without
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⊡ Figure .

Illustration of the impact of the prevalence of CAD in the population studied on the fraction of false-positive test results and

the predictive value of the exercise test. Each bar represents a population of  patients. In the left-most bar,  patients

have CAD, while  do not have CAD. In the second bar, % has CAD, in the third %, in the fourth %, and in the right-

most bar only %. In each theoretical example, the sensitivity for detection of CAD is %. Thus, % of patients with CAD

do indeed have ischemic ST segment depression. On the other hand, the specificity is %. Thus, % of the patients without

CAD exhibit false-positive ST segment depression (black area). In the population with a % prevalence of CAD (left-most

bar),  abnormal tests are found, five of which are false-positive (.%). In the population with only a % prevalence of

CAD (right-most bar), nine false-positive tests occur out of a total of  tests with ST segment depression (.%). In this latter

population, which reflects the prevalence of CAD in many screening conditions, the number of false-positives is higher than

the number of correct or true-positive test results. CAD, coronary artery disease; FP, false-positive; PV, predictive value; Pts,

patients; and TP, true-positive.

disease. A higher discriminant value for ST segment depression improves specificity, but reduces the test’s sensitivity.
Therefore, sensitivity and specificity are inversely related and determined by the choice of a cutpoint or discriminant
value.The positive predictive value (PPV) and negative predictive value (NPV) are also affected by the population tested.
The PPV will be higher in a population with a higher prevalence of CAD. Accordingly, PPV is higher in patients with
three-vessel CAD and lower in patients with one-vessel CAD. The NPV can be decreased if the test is used in patients in
whom false-positive results aremore likely such as thosewith ST segment depression on the resting ECGor left ventricular
hypertrophy. > Figure . illustrates these points.

.. Probability Analysis

The use of Bayes’ theorem of conditional probability can assist in the interpretation of a test result and can also pro-
vide a meaningful estimate of the posttest probability in the individual patient. According to this theorem, posttest
probability is a function of pretest probability, and the sensitivity and specificity (likelihood ratio) of the test [].
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Under the assumption of the independence of the exercise test result from the clinical (pretest) data, posttest probabil-
ity can be calculated according to the formula listed in > Table .. Although this calculation is often made intuitively
by the clinician, mathematical equations or scores have been developed from multivariate analysis of clinical and exer-
cise test variables (including heart rate at peak exercise, ST segment response, the presence or absence of angina during
the test, peak workload, and ST segment slope) that can provide a more accurate estimate of the probability that CAD is
present, when compared with use of the ST segmentmeasurements alone [, –]. However, the use of these statistical
models remains limited. Nevertheless, they underline the importance of taking into account all relevant variables when
estimating the probability of CAD in a given subject [–].

.. Diagnostic Accuracy of the Standard Exercise Test

Ameta-analysis was performed on the diagnostic accuracy of the exercise test based on  consecutive published reports
involving , patients who underwent both coronary angiography and exercise testing [, ]. There was a wide
variability in the reported diagnostic accuracy of the standard exercise test among the studies (> Table .). The mean
sensitivity was % (range –%) and mean specificity was % (range –%). This large variability results from
the fact that most studies do not fulfill two major criteria that are important when evaluating diagnostic tests []. The
first concerns the fact that the population studied does not represent the diagnostic dilemma group in clinical practice. In
particular, inclusion of patients whomost certainly have the disease (e.g., post-myocardial infarction patients) in the test
group presents a limited challenge to the diagnostic test.The second cause concerns the presence of work-up bias which
refers to the fact that most reported studies were affected to some degree by clinical practice wherein the results of the
exercise testwere used to decide whowould undergo coronary angiography and be included in the study [].The reported
meta-analysis provides, however, the best estimate of the diagnostic accuracy of the exercise test. When only studies that
excluded patients with a previous myocardial infarction were considered, mean sensitivity was % and mean specificity
% (> Table .). Only three studies avoided work-up bias and provide an estimate of the diagnostic accuracy of
exercise testing in a more general population of patients presenting with chest pain [–]. The mean sensitivity and
specificity in these studies were % and %, respectively (> Table .).

.. Electrocardiographic Factors Influencing Sensitivity and Specificity

The influence of left ventricular hypertrophy, resting ST segment depression and use of digoxin on the exercise test char-
acteristics are summarized in > Table .. Left ventricular hypertrophy with repolarization abnormalities is associated

⊡ Table .

Meta-analysis of diagnostic performance of exercise test (Adapted from ACC/AHA Practice Guidelines on Exercise Testing []

and from [, ])

(Sub-)Groups
Number

of studies

Total number

of patients

Sensitivity

(%)

Specificity

(%)

Predictive

accuracy (%)

Meta-analysis of standard exercise test  ,    

Meta-analysiswithout prior MI  ,    

Meta-analysiswithout work-up bias  >,    

Meta-analysiswith ST-depression  ,    

Meta-analysiswithout ST-depression     

Meta-analysiswith digoxin  ,    

Meta-analysiswithout digoxin  ,    

Meta-analysiswith LVH  ,    

Meta-analysiswithout LVH  ,    

LVH, left ventricular hypertrophy; MI, myocardial infarction
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with a decreased specificity, but sensitivity is unaffected. If the test result is negative, the probability of CAD is substantially
reduced, but additional tests are indicated in patients with an abnormal test result (> Fig. .). Although not apparent
from > Table ., studies have suggested that digoxin also lowers specificity by producing an abnormal ST segment
response to exercise, which occurs in up to % of healthy individuals [, ]. Resting ST segment depression is asso-
ciated with a higher prevalence of severe CAD and a higher incidence of adverse cardiac events [, –]. As shown in
> Table ., resting ST-depression lowers specificity of the exercise test. The most recent guidelines on exercise testing
state that, if the resting ST segment depression is less than mm (.mV), the standard exercise test may still be the first
test because sensitivity is increased []. In a retrospective study of male patients with resting ST segment depression,
but without prior myocardial infarction, undergoing exercise testing, mm (.mV) of additional exercise-induced ST
segment depression, or downsloping ST segment depression of mm (.mV) or more in the recovery phase were found
to be important markers for the diagnosis of CAD, with a sensitivity of %, a specificity of %, and a likelihood ratio
of . [, ]. In patients with less than mm (.mV) of resting ST segment depression who are also taking digoxin
or have left ventricular hypertrophy, as well as in those with more than mm (.mV) of resting ST segment depression
(> Fig. .), the diagnostic merits of the standard exercise test may be insufficient and imaging tests such as myocardial
perfusion scintigraphy or stress echocardiography are preferred [].

Finally, as stated, specificity was lowered and sensitivity increased when upsloping ST segment depression was clas-
sified as abnormal. Furthermore, the presence of right bundle-branch block does not appear to reduce the diagnostic
accuracy of the exercise test for the diagnosis of CAD. On the contrary, exercise testing should not be used for the diag-
nosis of CAD in patients with complete left bundle-branch block, or in those with pre-excitation (Wolff-Parkinson-White)
syndrome, or electronically paced ventricular rhythm [].

.. Exercise Electrocardiography Versus Noninvasive Stress Imaging Studies

Although it is beyond the scope of this chapter to include a complete discussion on the comparison of exercise electrocar-
diography with the noninvasive stress imaging tests for the diagnosis of CAD, some features are presented here in brief.
Studies that compared the diagnostic performance between exercise electrocardiography and the noninvasive imaging
modalities using pharmacological stress (e.g., stress echocardiography or stress single-photon emission computed tomog-
raphy (SPECT) myocardial perfusion scintigraphy) indicate that the latter are both more sensitive and more specific for
the detection of CAD [–]. Furthermore, myocardial perfusion scintigraphy and stress echocardiography permit, to
a certain extent, separation of patients with single and multiple vessel CAD and detection of the location of significant
coronary artery stenosis [–]. This does not mean that exercise electrocardiography should be replaced by these
imaging modalities. In many patients, CAD can be effectively ruled out, or diagnosed, by conventional exercise testing.
Noninvasive imaging tests may provide additional information if the diagnosis is uncertain after conventional exercise
testing, for example, if there is a posttest likelihood of intermediate probability. This likelihood is then considered as the
pretest likelihood for the stress imaging test, as shown in> Table . for myocardial perfusion scintigraphy; a % like-
lihoodwill reduce to % if the scintigram is normal, or increase to % if a reversible perfusion defect occurs.Myocardial
perfusion scintigraphy and stress echocardiography using pharmacological stress agents can also be a useful alternative
to exercise stress protocols in patients who are unable to exercise because of neurological, orthopedic, or peripheral vas-
cular disease, as well as in those patients in whom interpretation of the ECG is hampered [–]. For a more complete
and detailed overview of the noninvasive imaging modalities and their usefulness in the evaluation of CAD, the reader is
referred to the relevant literature and guidelines [–].

. Exercise Testing in Patients with Coronary Artery Disease

The value of exercise testing for risk or prognostic stratification must be considered in the light of what is added to that
which is already known about the patient’s risk status.Most studies on risk assessment in patients withCADusing exercise
testing have focused on the relation between test parameters and future survival. The strongest predictor of survival in
patients with CAD is the function of the left ventricle. Other important prognostic factors include the anatomic extent
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⊡ Table .

Calculationofposttestprobabilityof CADaftermyocardialperfusionscintigraphy. Thepretest

probability (after exercise testing) can be obtained from the appropriate data in> Table .

Posttest probability (after nuclear perfusion scintigraphy in %)

Pretest probability (%) No defect Nonreversible defect Reversible defect

   

   

   

   

   

   

   

   

   

CAD denotes coronary artery disease

and severity of CAD, evidence of a recent acute coronary syndrome resulting from a coronary plaque rupture, and the
propensity for the development of ventricular arrhythmias.

.. Risk Stratification and Assessment of Prognosis with Exercise Testing

In patients with suspected or known CAD and symptoms suggestive of myocardial ischemia, exercise testing is the stan-
dard initial test in those with a normal ECG for identification of ischemia and risk assessment [, –]. In patients
with a non-interpretable ECG, exercise testing may still provide useful prognostic information, but cannot be used to
identify ischemia. Studies on the prognostic value of the exercise test in symptomatic patients with non-acute CAD iden-
tify the maximum exercise capacity to be the strongest and most consistent prognostic factor [, –]. Maximum
exercise capacity can be expressed as maximum exercise duration, maximum workload or MET level achieved, maxi-
mum blood pressure, or double (rate-pressure) product and represents at least in part left ventricular function. Markers
of exercise-induced ischemia (electrocardiographic and/or clinical) represent the second group of variables that bear
adverse prognostic information. In particular, electrocardiographic evidence of myocardial ischemia in patients with a
low maximum exercise capacity represents a high-risk population [, , ].

Using data of , patients with known or suspected CAD, without prior revascularization or recent myocardial
infarction, who underwent exercise testing before coronary angiography, the Duke treadmill score was created [, ].
This score is calculated using multiple variables of prognostic importance from the exercise test and can subsequently be
converted into an average annual mortality rate [, ]. Based on the individual scores, patients can be classified in a
high-risk group with a high average annual cardiovascular mortality, an intermediate risk group, or a low-risk group.The
Duke treadmill score was shown to independently add prognostic information to the standard clinical data plus the data
resulting from cardiac catheterization.The score can also be applied in women, although women have a lower overall risk
for any score value than men []. Comparable prognostic scores have been developed by other groups [].

Recently, several studies have identified other parameters from the exercise test to bear important prognostic infor-
mation. These include chronotropic incompetence, abnormal heart rate recovery, and delayed blood pressure response
[–]. In one study of almost ,, mostly, asymptomatic patients, it was demonstrated that abnormal heart rate
recovery and the Duke treadmill score were independent predictors of mortality [, ].

Exercise testing is a much stronger predictor of cardiovascular mortality than of nonfatal myocardial infarction. This
may, in part, be a result of the fact that myocardial infarctions are mostly caused by rupture of relatively small, vulnerable
atherosclerotic plaques that are difficult to detect by exercise testing because of their non-obstructive character, whereas
exercise test results are correlated with the presence and severity of obstructive CAD [, , ].
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.. Exercise Testing to Guide Patient Treatment

The results of exercise testing may be used to guide patient treatment. Patients with a low risk exercise test result and a
low predicted average annual mortality rate can be treated medically, whereas patients at higher risk should be referred
for additional testing or cardiac catheterization, especially in case of left ventricular dysfunction.

Patients with acute coronary syndromes without persistent ST segment elevation are stratified as low, intermediate,
or high risk based on history, physical examination, -lead ECG, and cardiac markers of myocardial necrosis [, ].
High-risk patients will be scheduled to undergo coronary angiography and subsequent revascularization. In low or
intermediate risk patients with unstable angina, exercise or pharmacologic stress testing plays an important part in risk
stratification and identification of obstructive CAD. Exercise electrocardiography should be the standard mode of stress
testing in patients with a normal resting ECG []. In general, stress testing can be performed as soon as the patient has
stabilized clinically. Furthermore, studies have shown that exercise testing is safe when used in emergency department
chest pain centers to provide risk stratification for chest pain patients believed to possibly have acute coronary disease
[, –]. However, exercise testing in this setting should only be used in low, and intermediate risk patients on the
basis of history, physical examination, -lead ECG, and markers of myocardial necrosis.

. Exercise Testing after AcuteMyocardial Infarction

Exercise testing after acute myocardial infarction can be used for patient management, risk stratification, and prognos-
tic assessment. Treatment strategies for acute myocardial infarction have changed substantially over the past decades.
In particular, the advent of reperfusion therapy involving the use of fibrinolytic agents or, more recently, direct or pri-
mary percutaneous coronary intervention has led to a marked improvement in the prognosis of patients after myocardial
infarction. Contemporary medical treatment with beta-adrenergic blocking agents and angiotensin converting enzyme
inhibitors has further improved prognosis. The patient population currently undergoing exercise testing after acute
myocardial infarction is, therefore, far different from historical populations before the reperfusion era. The goals and
basic principles of exercise testing have, however, not changed dramatically. Therefore, the role of exercise testing must
be viewed in the context of the patients who present for exercise testing.

In patients following acute myocardial infarction, exercise testing is frequently performed before hospital discharge
to establish the hemodynamic response and functional capacity for exercise prescriptions and cardiac rehabilitation, to
detect serious ventricular arrhythmia, and to identify patients with inducible myocardial ischemia [–]. Further-
more, it is helpful in reestablishing patients’ confidence in their ability to conduct their activities following discharge.
Predischarge exercise testing in patients after acute myocardial infarction appears to be safe provided that the proper
contraindications are observed [, , ]. Major contraindications in this patient population include manifest con-
gestive heart failure and postinfarction angina. Predischarge exercise testing has historically been performed between
 and  days following myocardial infarction [, , , ], although studies have suggested that exercise testing
can also be performed safely within – days in patients with an uncomplicated myocardial infarction [, ]. Pre-
discharge exercise testing following acute myocardial infarction has traditionally utilized a submaximal protocol that
requires the patient to exercise until a target, predetermined workload (e.g., achievement of – METs or –% of
age-predicted maximum) has been reached []. However, it has been proposed that symptom-limited exercise testing
prior to discharge may be safely performed in patients with an uncomplicated postinfarction course. As opposed to sub-
maximal testing, performance of a symptom-limited test provides a better estimate of peak functional capacity and is
associated with an increased detection rate of ischemic ST segment changes and angina pectoris [, , ].

.. Exercise Testing in Patient Management

Both in patients treated with thrombolysis and in those who have not received reperfusion therapy, a predischarge
standard exercise test remains the test of choice to identify myocardial ischemia and select patients who might bene-
fit from coronary angiography and revascularization. Imaging studies may be helpful for risk stratification and detection
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of myocardial ischemia in patients who have physical limitations that prevent them from exercising to an adequate work-
load, or in those with ECG abnormalities that preclude an accurate interpretation of ST segment changes. As expected,
patients treated with thrombolytic therapy exhibit exercise-induced angina and ST segment depression less frequently
than patients who have not received reperfusion therapy. In patients treated with direct or primary percutaneous coro-
nary intervention, the coronary anatomy is known. If, besides the infarct-related artery, one ormore of the other coronary
arteries also shows a significant and important coronary obstruction at the time of angiography, additional coronary
revascularizationmay be warranted. If the other coronary lesions found at the time of angiography are of intermediate or
equivocal severity and significance, exercise testing or noninvasive stress imaging studies can be used to provoke residual
ischemia and select patients who might benefit from additional revascularization, as well as those who can be managed
conservatively.

.. Risk Stratification and Prognostic Assessment

As stated, the prognosis among patients after myocardial infarction has improved significantly, particularly in those who
have received thrombolytic therapy or revascularization during hospitalization. Consequently, the low subsequent cardiac
event rate associated with this improved treatment and survival substantially reduces the predictive accuracy of early
exercise testing. Parameters derived from the exercise test following acute myocardial infarction that are associated with
an increased risk of future death or recurrent nonfatal myocardial infarction include inability to perform the submaximal
predischarge exercise test, poor exercise capacity, inability to increase - or a decrease in - systolic blood pressure, the
development and magnitude of ST segment depression, especially at low workloads, and the development of angina
[, , –].

Patients who have not undergone coronary revascularization and are unable to undergo exercise testing have the high-
est cardiac event rate. This was demonstrated both in trials in the thrombolytic era and in earlier studies in patients not
receiving thrombolytic agents [, –]. In patients who are able to perform the test, exercise capacity is an impor-
tant predictor of adverse cardiac events [, , , , , –]. Similarly, the hemodynamic response during
the exercise test is of prognostic importance. Failure to increase systolic blood pressure by –mmHg or a decrease
in blood pressure during exercise have been shown to be independent predictors of adverse outcome in patients after
myocardial infarction [, , , , , –]. In a study in the prethrombolytic era, the degree of blood pres-
sure rise during the exercise test was reported to be the single best predictive measurement []. The exercise capacity
and the change in systolic blood pressure are, in fact, measures of left ventricular function which is the most impor-
tant prognostic determinant of mortality following acute myocardial infarction. However, it was demonstrated that the
maximum exercise capacity achieved during exercise testing provided an incremental prognostic value in patients with
a low (less than %) left ventricular ejection fraction by gated radionuclide scintigraphy  month after acute myocardial
infarction [].

Exercise-induced ischemic ST segment depression in patients aftermyocardial infarction is an independent predictor
of death or nonfatal myocardial infarction, particularly if the ST segment depression is accompanied by angina, occurs at
a low level of exercise or in patients with controlled congestive heart failure [, , , , , ]. The predictive
value of exercise-induced ischemia for adverse outcome is, however, limited by the fact that many patients who have
an abnormal test result undergo coronary revascularization, which may alter the natural history of the disease process
[, , , , ].

Finally, exercise testing can be used for activity counseling after hospital discharge and is an important tool in exercise
training as part of a comprehensive cardiac rehabilitation program [, ].

. Exercise Testing after Revascularization

.. Exercise Testing after Coronary Artery Bypass Grafting

The conversion of a positive exercise test result performed before coronary artery bypass grafting (CABG) to a negative
postoperative test result is associatedwith successful revascularization [, ]. In patients with recurrent chest pain after
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CABG, exercise testing may be used to demonstrate myocardial ischemia, although the exercise ECG is limited in this
group of patients by the relatively high frequency of resting ECG abnormalities and the inability to document the site and
extent of ischemia, as compared to stress imaging tests [, , ].

Exercise testing may be used for guiding exercise training as part of cardiac rehabilitation. It has been demonstrated
that exercise testing in an asymptomatic individual, who has undergone successful CABG, is not predictive of outcome
when the test is performed within the first few years after CABG [, ]. Therefore, routine periodic monitoring of
asymptomatic patients after CABG is not indicated [].

.. Exercise Testing after Percutaneous Coronary Intervention

Several studies that evaluated the diagnostic accuracy of exercise testing for identification of restenosis after percutaneous
coronary intervention have shown that the exercise ECG is an insensitive predictor of restenosis [–], especially
in asymptomatic patients, with sensitivities ranging from % to %, significantly less than those obtained by stress
imaging tests [, ]. The insensitivity may be caused by the failure of moderate one-vessel stenoses to lead to sig-
nificant ischemia on the exercise ECG. Routine, periodic exercise testing of asymptomatic patients after percutaneous
coronary intervention without specific indications is therefore not recommended, especially since the prognostic benefit
of controlling silent ischemia needs to be proved [].

. Exercise Testing and Heart RhythmDisorders

Heart rhythm disorders occur frequently with exercise. The prevalence increases steadily with age, both in patients with
heart disease and in normal individuals [–]. Increased sympathetic tone with withdrawal of muchof the vagal tone,
as well as myocardial ischemia may all play a role in the development of cardiac arrhythmias.

.. Sinus Node Dysfunction

Exercise testing may distinguish subjects with resting bradycardia with a normal increase in heart rate with exercise from
those with sinus node dysfunction with a low resting heart rate that fails to accelerate normally with exercise, which is also
labeled as chronotropic incompetence []. The definition of chronotropic incompetence has varied, the most common
definition being failure to achieve % of (i.e., more than two standard deviations below) age-predicted maximum heart
rate [, ]. The mechanisms involved are complex and not yet completely understood []. However, studies have
confirmed the adverse prognostic implications of chronotropic incompetence [, , ]. Furthermore, a normal
exercise test result does not negate the possibility of sinus node dysfunction.

.. Supraventricular Arrhythmias

The incidence of any supraventricular arrhythmia during exercise testing varies from % to % and increases with age.
Atrial premature beats regularly occur at lower workloads, disappear as exercise increases andmay return in the recovery
period. They are considered to be of little clinical significance.

The majority of patients with atrial fibrillation demonstrate an abnormal heart rate response to exercise, which com-
prises an initial reduction of heart rate followed by delayed acceleration at lower workloads and a subsequent exaggerated
increase in heart rate with tachycardia often persisting for a long period of time in the recovery phase [, ]. In patients
with atrial fibrillation, exercise testing may help to evaluate the efficacy of drug regimens aimed at ventricular rate con-
trol. The ST segment changes associated with myocardial ischemia in atrial fibrillation are similar to those observed with
sinus rhythm. However, in patients with atrial fibrillation and a very high ventricular response, the very short diastolic
intervals may produce subendocardial ischemia because of the inadequate perfusion time in the absence of CAD. Atrial
fibrillation initiated by exercise can be associated with CAD, rheumatic heart disease, or cardiomyopathy. However, it is
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also seen in subjects with no apparent cardiac abnormalities, in whom itmay be a prelude to the developmentof sustained
atrial fibrillation at a later stage [].

Patients with Wolff-Parkinson-White syndrome may exhibit ST segment depression during exercise testing in the
absence of CAD. In patients withWolff-Parkinson-White syndrome, exercise testingmay be used to help evaluate the risk
of developing rapid ventricular response during atrial arrhythmias. When the pre-excitation disappears during exercise,
the antegrade refractory period in the accessory pathway is longer than that in the atrioventricular node and it is unlikely
that a rapid ventricular response will occur [].

.. Ventricular Arrhythmias

In normal subjects, there is an increase in the incidence of resting premature ventricular contractions (PVCs) of –%
with age []. It has been demonstrated that, in the absence of overt heart disease, these resting PVCs are usually benign
[]. PVCs are often induced by exercise and the incidence in clinically normal, middle-aged or older subjects during
maximumstress testing is about %–%, usually at high workloads [–]. In general, exercise-induced ventricular
arrhythmias in a large group of subjects without symptoms followed for – years were found to have no influence on
subsequent morbidity and mortality, and appear to be benign [, ]. These data are generally believed to apply to
all asymptomatic individuals although one study on a large cohort of asymptomatic men suggests that exercise-induced
PVCs may have more adverse prognostic implications than previously reported [].

In patients with CAD, the reported incidence of ventricular arrhythmias during exercise ranges from % to %
[, , ]. In general, patients with CAD manifest arrhythmias at a lower heart rate than normal subjects. Despite
the fact that PVCs aremore easily evoked in patientswithCAD than in normal subjects, there is toomuchoverlap between
thosewith andwithout ischemia to allow such arrhythmias to have diagnostic value.Accordingly, the appearance of PVCs,
including multiform or repetitive PVCs, should not be interpreted as a sign of myocardial ischemia in diagnostic stress
testing [].

The appearance of frequent, multiform, or repetitive PVCs during exercise is associatedwith an increased risk of mor-
tality in patients with a previous myocardial infarction, especially apparent in patients with an impaired left ventricular
function [–]. Most studies suggest that exercise-induced PVCs are also associated with an impaired survival in
patients with CAD without a previous myocardial infarction, especially in cases of multiform, repetitive PVCs or (non-
sustained) ventricular tachycardia [, , –]. Some reports have disputed such an association, however, at least
in low-risk patients with demonstrable stable CAD [, , ]. Significant multivessel disease is likely to be present
in patients with angina and exercise-induced ventricular arrhythmias, especially if ischemic ST segment changes are also
present [, , , , ]. Although the induction of PVCs by exercise is well recognized, ventricular ectopic activ-
ity may also be abolished by exercise in patients with CAD, just as it may be in normal subjects. Therefore, this finding
does not exclude the presence of CAD [, , ].

In general, more arrhythmias are seen on recovery than during exercise. In the recovery period, the imbalance
between oxygen supply and demand induced during exercise may be augmented in patients with CAD; peripheral dilata-
tion induced by exercise combined with a reduced venous return caused by cessation of muscular activity may result in
reduced cardiac output and coronary flow at a time when myocardial oxygen demand is still high owing to tachycar-
dia. Furthermore, catecholamine levels are considerably elevated []. These changes can be minimized by a gradual
cool down.

... Exercise-Induced Sustained Ventricular Tachycardia

Sustained ventricular tachycardia during exercise testing is relatively rare and occurs most frequently in the group of
patients with ventricular tachycardia or ventricular fibrillation as their primary complaint. As stated previously, because
ventricular tachycardia can deteriorate into ventricular fibrillation, immediate termination of exercise is warranted. Sus-
tained ventricular tachycardia or long runs of non-sustained ventricular tachycardia usually portray serious underlying
diseases; either CADwith ischemia or some type of cardiomyopathy should be suspected. Ventricular tachycardia caused
by ischemia almost never has a left bundle-branch block pattern.
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... Exercise Testing to Evaluate Spontaneous Ventricular Tachycardia

Exercise testing can play an important role in the workup of patients who survived sudden death, as well as in those
with syncope and sustained ventricular tachycardia []. The usefulness of exercise-testing in patients with ventricular
tachycardia is variable, according to the cause of the tachycardia. In patients with idiopathic right ventricular outflow tract
tachycardia, the ventricular tachycardia can be reproducibly induced during stress testing as it is commonly provoked
by exercise. During exercise testing, the patients also exhibit many PVCs and coupled PVCs. The ventricular tachycardia
has a left bundle-branch block morphology and is more likely to be non-sustained [].

In adrenergic-dependent ventricular tachycardia, including monomorphic ventricular tachycardia and polymor-
phic ventricular tachycardia related to long-QT syndromes, exercise testing may supply the circumstances necessary
for induction of the ventricular tachycardia and is, therefore, a useful prelude to an electrophysiological study []. Fur-
thermore, the occurrence and nature of exercise-induced ventricular ectopy is of prognostic value in these patients
[, , ]. Even in patients at risk of ventricular tachycardia, maximal exercise testing can be conducted safely with
the appropriate precautions [, ]. The main limitation of exercise testing in patients with ventricular arrhythmias is
related to its limited reproducibility so that other testing modalities are also required in the evaluation of these patients
[, ].

Exercise testing may also be used to unmask pro-arrhythmic responses with development of sustained ventricular
tachycardia during exercise in patients receiving anti-arrhythmic therapy.

. Exercise Testing in Valvular Heart Disease

Theprimary value of exercise testing in valvular heart disease is to objectively assess atypical symptoms, exercise tolerance,
and extent of disability to guide decisionmakingwith regard to surgical treatment.This is particularly of importancewhen
a patient is thought to be asymptomatic because of inactivity (e.g., as in the elderly) or when a discrepancy exists between
the patient’s symptom status and the echocardiographic severity of the valvular stenosis or regurgitation. Furthermore,
exercise testing can be used in follow-up of asymptomatic patients with valvular heart disease to detect a reduction in
exercise capacity over time []. Details regarding the uses of exercise testing in patients with valvular heart disease have
also been described in the respective guideline for the management of patients with valvular heart disease [].

.. Mitral Valve Stenosis and Regurgitation

Exercise testing in mitral valve stenosis is of most value when the patient’s symptom status and mitral valve area show
discrepancy. When exercise induces excessive heart rate responses to a relatively low level of exercise or hypotension as a
sign of a reduction in cardiac output, amore aggressive therapeutic approach aimed at earlier surgerymight be considered
[]. In a rare case, exercise may precipitate atrial fibrillation in a patient with mitral valve stenosis.

In patients with mitral valve regurgitation, exercise testing objectively determines the functional capacity of the
patient. Patients with severe mitral valve regurgitation commonly demonstrate a reduction in exercise capacity and are
usually limited by the development of dyspnea. In patients with moderately-severe mitral valve regurgitation, a combi-
nation of exercise testing and assessmentof left ventricular function may be useful in documenting occult left ventricular
dysfunction and provoking earlier surgery [, , ]. Furthermore, exercise testing can be used to monitor exercise
tolerance over time in these patients.

.. Aortic Valve Stenosis and Regurgitation

Severe, symptomatic aortic valve stenosis is a contraindication to exercise testing. As aortic valve replacement is not
indicated in asymptomatic patients [], it is important to distinguish those who are truly asymptomatic from patients
who are asymptomatic because they are inactive or have adjusted to their functional impairment. In these patients, exer-
cise testing can be used to select a subpopulation of patients who are hemodynamically compromised by aortic valve
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stenosis and in whom surgery should be considered. Studies in adults with moderate to severe aortic valve stenosis
have demonstrated that, with the appropriate precautions, exercise testing can be safely performed in these patients
[, , , ]. Adverse hemodynamic responses that advocate aortic valve replacement include profound functional
limitation, hypotension during exercise or failure to augment systolic blood pressure with exercise, and a rapid increase
in heart rate indicating a fixed stroke volume. In this way, exercise testing can be combined with echocardiography in the
follow-up of patients with aortic valve stenosis to help in determining the time at which aortic valve replacement should
be performed.

Exercise tolerance is preserved until late in the course of aortic valve regurgitation. Exercise testing is not routinely
required to guide treatment as the decision to proceed to valve surgery in chronic aortic regurgitation is primarily based
on symptom status, left ventricular systolic (dys)function, and left ventricular size [, ].
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This chapter deals with the use of digital computers for the handling of the resting ECG. The reader is referred to other
chapters of this book for a review of computer-assisted interpretation of the exercise electrocardiogram, for ambulatory
monitoring, on-line arrhythmia detection in the coronary care unit, and for surface mapping andmodeling applications.

. Some History

It is a deep rooted fantasy of man, told in many stories, to be able to handicraft a creature in his own image and endow
it with the breath of life: a “homunculus.” More often than not, the endeavor is initially successful but ends in disen-
chantment. The advent of the computer seemed to make it possible to equip such a creation with human intelligence.
Electrocardiography appeared to be a field where the computer could be expected to deploy its intelligent capabilities to
the best advantage.

The ECG was an attractive object for computerization for a number of reasons: () it is an electrical signal, easily
recorded and easily digestible for a computer; () it is a rather simple, orderly and repetitive signal; () it carries important
information about which a vast corpus of knowledge has been amassed to prime the computer program; () ECGs are
produced in enormous quantities all over the world whichmakes it worthwhile to let a computer reduce humanworkload.

ECG diagnosis by computer would be an instance of artificial intelligence which might ultimately challenge the spe-
cific human faculty of diagnosis. When is artificial intelligence really intelligent? Turing devised a thought experiment
to answer this question []. Suppose that a computer and a human being are sitting in separate closed chambers and
that an outside investigator is questioning them. If the investigator cannot decide from the answers whether they are
given by the computer or by man, then the computer has attained full human intelligence. This implies that the com-
puter’s diagnosis of the ECG must exactly copy that of man in order to satisfy this requirement. Indeed, the agreement
between computer classification andman-made diagnosis of the ECG has been extensively studied. But how intelligent is
man? Disagreement between computer andmanmight even be due to a computer’s superior diagnostic power! A second
approach in testing a diagnostic ECG program, therefore, had to be to gauge it against reality, the clinical diagnosis, and
to compare its performance with the skills of the human reader in this respect. The outcomes of both approaches will be
discussed later.

The first attempts to automateECG analysis by computer were made as early as the late s, but it took considerably
more time to develop operational computer programs than had originally been anticipated. At that time, the analog
electric computer dominated the field. Analog computers were being used in basic electrocardiographic research [], but
their impact on clinical electrocardiography remained insignificant and they soon disappeared from the scene []. To have
an analog signal processed by a digital computer, it must be broken down into digital samples. However, analog-to-digital
(A-D) conversion systems (see > Chap. ) were not available as they are today and a special purpose A-D conversion
system for ECGs had to be developed first [].

A very crude computer program for the separation of normal from abnormal records became operational in  [].
It was based on angles andmagnitude of spatial ventricular gradients, calculated from the time integrals over one PQRST
cycle in the three orthogonal leads. Cycle recognition was still obtained through analog circuitry. The beginning and end
of P, QRS, and T were not identified in this simple screening program. The first automatic wave-recognition program
became available in , opening the way for more detailed analysis of ECG records []. This original program, as well
as its successors developed by Pipberger and coworkers [, ], was based on the Frank XYZ leads for the main reason
that three leads laid less claim to computer capacity, still very limited both in speed and in memory space, than  leads.
Through the pioneeringwork ofCaceres et al. [] the first program for conventional -lead ECGanalysis became available
in . It was supported by theUSPublicHealth Service and intended tomake expert ECGanalysis immediately available
to all who needed it, using the telephone system. The  ECG leads were transmitted sequentially and, therefore, had to
be analyzed individually. The loss of context between the leads, together with inherent cable noise, caused considerable
waveform recognition errors and the program came to an untimely end.

User satisfaction, indeed, was not won by these early accomplishments and the initial state of excitement was to give
way to one of dogged perseverance. Fresh investigatorswere, according to their state of awareness, attracted by the seeming
easiness or the proven difficulties of the subject. Commercial suppliers started to be active in this market []. Gradually, a
number of operational systems came into being in North America, Europe, and Japan. In the bigger hospitals, main frame
computers were installed, which received the ECG signals on tape from mobile carts and could store them in databases.
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For the less well-equipped customers, ECG diagnosis via telephone was offered by all kinds of entrepreneurial services,
which did a thriving business in the s and s, sometimes handling millions of ECGs a year [, ]. The scene
changed completely with the advent of the microprocessor []. Microprocessor-based systems have made it possible to
distribute computerized ECG analysis outside hospital and laboratory to even the smallest hospitals, to screening clinics
and to practitioners of every kind. While it took minutes to process a single ECG on a main frame computer in the
early years, a present-day simple PC takes a fraction of a second to do the analysis. Most of these electrocardiographs are
“stand-alone,” that is, have a computer and printer on board. Some manufacturers offer separate front-end equipment
(amplifiers and A-D converter) that can be interfaced with the computer standing in the doctor’s office.

With a widening choice of systems on the market, the consumer may wish to know how intelligent the system being
considered for purchase is. But where can the consumer turn for an objective intelligence test? It is clear that objective
assessment of the quality of computerized ECG systems is needed. We will return to this subject in later sections of this
chapter.

. ECG-Processing Computer Systems

.. Advantages

Although diagnostic accuracy and reliability are greatly desirable characteristics of an interpretation system, the program’s
utility in a clinical environment is also determined by other factors. Reduction of the labor spent by the cardiological
and clerical staff has been a key determinant in moving toward computer-aided processing systems in hospitals [, ];
improvementof overall process quality has been another. Rigorous operational control, as imposed by a computer system,
can substantially add to the recording quality and thus the reliability of interpretation. The quality of reporting is also
improved through the use of standard terminology and formats.

Computer analysis abolishes the well-known subjective differences arising in visual interpretation, and through a
quantitative approach may enhance correct classification. Pipberger et al. [] have, since the early s, pointed to
improved accuracy of interpretation as the primary objective of computer ECG processing. Automatic storage and
retrieval, with the possibility of comparing the new ECG with its predecessors (serial analysis) is another asset of
computerized ECG processing.

Computerized analysis of the resting ECGhas also increased the feasibility of large-scale cardiovascular screening and
epidemiological studies. “Minnesota coding” of the ECG can nowadays be performed by computer, quickly and reliably
(see > Chap. ).

.. ECGManagement Systems

An ECGmanagement system can come in several forms and undertake multiple functions. In its simplest form, it effec-
tively acts as a database for storage of ECGs and offers straightforward retrieval of ECGs for display or printing. It could
be in the form of a small PC, to which an ECG machine might be directly attached as might be found in a small family
medical practice.

At the other extreme, a large ECG management system could be used to centrally store all ECGs recorded within a
large hospital or group of hospitals. Such systems generally have the capability to store multiple ECGs for a single patient
and thereby facilitate serial comparison either through visual display of several ECGs on the same monitor screen or
through automated techniques (see> Sect. .).The large systems offer the user the ability to measurewave amplitudes,
durations, and standard time intervals on an averaged ECG waveform, generally using digital calipers.

One of themajor benefits of the larger systems is to allow editing, sometimes known as over-reading, of the automated
interpretations. Generally, manufacturers provide facilities to assist with editing such as through acronyms to represent
standard interpretative statements. In many environments, a physician will handwrite comments onto an automated
report and amember of the administrative staffwith appropriate knowledge can edit the changes on the ECGmanagement
system. A problem then arises if serial comparison is available on the system. In such a case, the original electronic copy
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of the automated interpretation also has to be edited so that any subsequent serial comparison is made with the corrected
report. This is actually quite a complex issue and one which can inhibit automated serial comparison.

Clearly, the ECG management system offers the facility for the provision of statistics on throughput of ECGs, num-
ber of edits made by each cardiologist, and so on. Nowadays, there is a trend toward manufacturers providing multiple
databases for ECGs, echocardiograms, x-rays, etc., on a single server, but flexibility of editing and retrieving ECGs easily
on an ECG management system still remains of significant importance in many healthcare environments.

. Information Content of Lead Systems; Lead Transformations

In the analysis of biological signals in general, an enormous flow of information is channeled through a limited number of
transducers.The often still redundant transducer output stream is then reduced and transformed to amanageable number
of parameters. These in turn are harnessed into decision machinery, which finally summarizes the input information in
a few standardized “diagnostic” terms that carry significance for the user and are the basis for further action. The ECG is
such a biological signal.

The electrical activity of the heart gives rise to a three-dimensional time-varying distribution of currents and poten-
tials. To obtain a full picture of this process, it is necessary to measure the complete course of potential distributions
in and on the body. Only the body surface signals are readily available for measurement and even then the amount of
information generated by the heart is so large that it is necessary to curtail the information stream for practical purposes.
For the recording of a body surface potential map (BSPM), grids of – electrodes are being used (see > Chap. ).
In this way, in a single BSPM all ECG information of that moment may be considered to be present as to localization.
However, in a sequence of BSPMs, it is not feasible to follow all these individual electrocardiograms in their time course.
For practical reasons, global parameters like “isointegral maps” or “isochrone maps” have to be used, and for diagnostic
purposes, “difference maps” and “departure maps” have also been used. All this manipulation of data has only become
possible, thanks to the computer, but so far clinical acceptance of BSPM diagnostic systems has been poor.

The universally used standard -lead ECG system needs nine electrodes, the three original Einthoven electrodes and
the six thoracic electrodes adapted from Wilson. With the use of nine electrodes, eight independent leads, as they are
called, can be obtained. The four extra extremity leads, which complete the -lead system, are not independent as they
are arithmetically derived from any two other extremity leads. Nine electrodes are a drastic reduction of the number
of sampling sites used to create a BSPM; the diagnostic power retained in this reduced lead set is indeed amazing. The
explanation lies in the large degree of redundancy present in the surface information. Even among the eight leads of
the standard ECG there is much redundancy and the question arises how many leads are actually required to render all
relevant information.

In the vectorcardiogram (VCG), all information is contained in only three orthogonal leads, the X, Y, and Z com-
ponents of a single dipole vector that changes with time in direction and strength, but is assumed to be stationary in
position. Clearly, the three leads of the VCG (composed from a set of selected primary leads by linear combination) carry
less information than eight leads, but, in return, the vector depicts the temporal relation between leads, providing phase
information that is largely neglected in the ECG. Vectorcardiography could properly be called “phase electrocardiogra-
phy.” This feature makes up for the restriction on information input so that the diagnostic performances of the ECG and
VCG are comparable, as will be discussed later on. Thus, each choice of data input, whether it be BSPM, standard ECG,
or VCG, incurs the sacrifice of some information aspect: time resolution, phase coherence, or localization.

Presently, all ECG computer programs which are in clinical use will handle the conventional -lead system. Systems
processing only the VCG have been driven from the market. The advantage that the VCG offers a data reduction of :
has become insignificant considering the power of present-day computers. The clinical acceptance of the VCG has been
hampered by the variety of different lead systems (from which the Frank lead system [] emerged as the most commonly
embraced), by a lack of understanding by clinicians of the physical principles, by the requirement of dorsal electrodes
found to be cumbersome to apply, and finally by the absence, at the time, of proper recording equipment [].

The question remains: how many leads are actually required to render all relevant information? It is of more than
anecdotal value that Dower [] let his ECG service only take vectorcardiograms. The ECGs that were then delivered
to the hospital were derived from these VCGs by means of a mathematical transformation – apparently for many years
to everybody’s satisfaction. The inverse transformation yields the VCG from the standard ECG [, ], or, for better



  Computer Analysis of the Electrocardiogram

adjustment, from the standard ECG fitted out with some extra electrodes []. Kornreich [, ] demonstrated that
the ECG and VCG leave some clinically useful spaces on the surface map not covered by their electrodes. With a set
of electrodes also serving these areas, nine leads were determined that yielded better diagnostic classification (using
multivariate analysis) than either the VCG or ECG [, ]. Kors et al. [] proposed a system containing the standard
electrodes of which two chest electrodes were moved to positions higher up and lower down on the chest. From the
seven not-displaced electrodes ( chest +  limb) the  leads could be reconstructed by linear transformation in very
good approximation. In fact, it was possible to compose any set of ECG leads with electrode positions chosen for local
information density and ease of placement, standard or nonstandard, and from these leads derive the standard ECG by
a mathematical transformation []. Computer analysis of such a “derived” ECG should give all but the same result as
that of its directly recorded counterpart. The nonstandard extra recorded leads might then be exploited for additional
information – with the difficulty that no standard diagnostic criteria are available for such leads. Even an entire BSPM
can be simulated from a limited number of measured ECG leads.

The EASI lead system designed by Dower uses only four electrodes to produce the  standard ECG leads by linear
transformation []. Four electrodes will yield three independent leads; four was also the number of electrodes used orig-
inally by Burger to derive the three orthogonal vector components []. Linear transformations were also used to reduce
signal noise [] and to identify interchanged leads []. The first to use a linear transformation in electrocardiography
were Burger et al. [] to transform VCGs obtained from different lead systems into those from each other.

For practical purposes, this review will be further restricted to computer analysis of the resting standard -lead
ECG with some reference to the orthogonal -lead ECG. Some ECG processing systems have an option to display and
print vector loops, either directly recorded from the regular (Frank) electrode positions or computed through linear
transformation from the ECG leads. The reader is referred to > Chap.  in this book for a review of other lead systems.

. Computer Processing of the ECG

In teaching electrocardiography, and in order to start the novice reader on a career in electrocardiography, it suffices to
say: “This is a QRS complex, this little wiggle in front is a P, and the hump following QRS is a T.” Some more detailed
descriptions are absorbedwith equal ease and the final touch is added by the recommendations and guidelines for nomen-
clature and measurements as issued by various committees and task forces [–]. Reading the electrocardiogram is in
the first place a matter of visual observation, if necessary, aided by calipers and magnifying glass, and relies on the amaz-
ing deftness in pattern recognition of the human brain. The subsequent electrocardiographic diagnosis is a logic built on
correct pattern recognition. The computer must do without human “eye balling” skills and needs to be instructed punc-
tiliously about every detail of measurement down to the microvolt and millisecond level. Rules and definitions for visual
ECG analysis may then appear imprecise and not consistent enough for computer application, and may even show gaps
in their logic. New computer-compatible prescriptions for ECG signal measurements should, however, adhere asmuch as
possible to accepted methods of visual measurement []. In the sections on waveform recognition (.) and parameter
computation (.) we will go further into the matter.

As in visual ECG analysis, in an ECG data-processing system, the first of the twomain parts that can be distinguished
is that which contains program components to perform measurements. The second part includes the program compo-
nents that derive the clinical significance of these measurements. This results in a final classification, or interpretation,
of the ECG in terms familiar to the physician. The words “classification” or “interpretation” are preferred by some over
“diagnosis,” which is then the term reserved for the human interpretative activity.

The principal components of the ECG measurement section are as follows:

. Data acquisition
. Preprocessing and signal conditioning
. Detection of QRS complexes and of P waves
. Typing of QRS complexes
. Forming a representative (P)-QRS-T complex
. Boundary recognition, that is, detection of points of onset and offset of waves
. Parameter extraction
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The principal components of the ECG interpretative section are:

. Rhythm analysis
. Diagnostic classification
. Serial comparison

These separate program components will be discussed in detail in the following paragraphs. Many ECG processing sys-
tems implement these different tasks in separate modules, each of which has well-defined objectives []. The advantage
of such a structured setup is its easy implementation, evaluation, and maintenance []. In addition, systems for clini-
cal use will have to offer an over-reading facility, which allows manual correction of the computer output. A fixed set of
codes, most commonly acronyms, takes care of producing the required text elements, thereby ensuring consistency of
terminology. In addition, entries in free text are admissible.

To inform the consumer about the quality of a computerized ECG system, it is necessary to have access to reference
standards for objective evaluation. A paragraph on reference databaseswill therefore precede the discussion of the various
parts of computer processing mentioned above, since it will often be necessary to refer to these standards.

. Reference Databases for Program Evaluation

“How to test the intelligence of the computer” was the question raised in the introduction of this chapter. The simple
precept is to compare the computer statements with the objective “truth” embodied in the ECG readings of the human
expert or the clinical findings. How to carry this out will be shown to be no simple matter.

Two qualities are to be considered separately in the operations of the computer program, namely, waveform recogni-
tion skill and diagnostic competence, with correct waveform recognition being a sine qua non for reliable interpretation.
As to the first quality, large measurement differences may become apparent between programs while analyzing identical
ECGs [, ]. As to the second aspect, where is it possible to obtain the diagnostic truth? Initially, a number of program
designers compared the computer output with their own ECG interpretation []. Diagnostic criteria were identical for
both. As could be expected, agreement between computer and human readers was excellent. It is obvious that not diag-
nostic accuracy but reliability of the wave-recognition andmeasurementparts of the programs was tested in these studies.
For example, in the study by Crevasse and Ariet [] a computer accuracy rate of % was reported for LVH. Both the
computer and the human readers used the Romhilt-Estes point score. When this criterion was tested by the originators
of this scoring system in  autopsy cases with LVH, they found a true accuracy of only % []. This is therefore the
closest to “truth” that the computer could ever get on the strength of this criterion []. In other studies, computer results
were compared to interpretations of human readers who used their own, individual diagnostic rules [–]. As had to
be expected, percentages of disagreement rose sharply, reaching almost % in one early study [].

Comparisons with ECG-independent clinical evidence were also carried out in due course [, –]. These inves-
tigations were mostly limited to one or two programs only. Moreover, they are difficult to compare since they utilized
different databases, most of them collected within a single institute. More andmore the need was felt for common, objec-
tive, impartial reference standards to test and improve different ECG computer programs [, –]. For this purpose,
well-established test libraries are indispensable, togetherwithwell-definedmeasurement rules and evaluation procedures.
On several occasions, this necessity was stressed, as at the first IFIPWorking Conference on Computerized ECGAnalysis
[] or in the editorial of Pipberger and Cornfield []. Detailed guidelines for program testing were presented at the 
Bethesda Conference on Optimal Electrocardiography [].

In , a concerted European action was started to develop “Common Standards for Quantitative Electrocardio-
graphy” (abbreviated: CSE). The CSE Working Party consisted of investigators from  institutes in Europe with the
participation of investigators from six North-American and one Japanese center.

The CSE project was divided into two -year periods, the first dealing with measurements, the second with diag-
nostic interpretation []. The main objectives of the first part of the CSE project were, firstly, to establish standards for
computer-derived ECGmeasurements, which implied agreement on definitions of waves and amplitude reference levels,
and, secondly, to compare the results of measurements from different programs.
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⊡ Figure .

Example of wave boundary determination by five cardiologists (from Willems et al. []). The short vertical lines depict the

individual, sometimes coinciding, referee estimates, the longones themedian results. The adjacent values denote the sample

point locations relative to the onset of the recording window. The figures at the bottom of the vertical lines indicate the final

reviewing round in which the estimates were obtained. Note that the onset of QRS in leads I and II is at a lower level than

the onset of P, due to the presence of the atrial repolarization wave. In lead III the projection of this wave is isoelectric. Also,

in lead III the T wave ends in an isoelectric segment. The observers disregarded this when they established T offset over the

three leads simultaneously.

Thanks to this first CSE study, two reference databases came into being [, ].They were composed of normal and a
variety of abnormal cases.The first database [] comprised  original and  so-called artificial ECGs.The recordings
contain four lead groups of three simultaneously recorded leads each, as was common for most electrocardiographs at the
time. From the original ECGs, companion artificial ECGs were constructed by concatenating one selected beat per lead
group into strings of identical complexes. This artifice makes it possible to compare programs with different approaches
for deriving a representative beat. To verify the effect of beat-to-beat variability, out of  original ECGs, two additional
beats were selected to form an extra  artificial records. A group of five cardiologists determined the points of onset and
offset of the various ECG waves (P, QRS, and T) on much enlarged tracings in an iterative, four-round, Delphi review
process (> Fig. .).

The second database [] comprised  original and  artificial ECGs in which all  leads – the  standard ECG
leads plus the Frank XYZ leads – were recorded simultaneously. In view of the work load involved, the visual analysis
strategy could not be repeated. Instead, the median wave-recognition results of  ECG and six VCG programs partici-
pating in the CSE study were taken as the reference.The cardiologists reviewed a random set of about % of the cases in
a two-round process, and it was shown that the median of the program results was almost identical to the median results
of the referees [].

Both for the three-lead and multilead database, the original and corresponding artificial ECGs were divided over two
sets. The waveform reference results of one set have been released [, ]; the results of the other set remain under lock
and key at the CSE coordinating center for independent testing.
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Differing mathematical algorithms may lead to similar solutions in pattern recognition []. For that reason, it was
not seen as fitting to propose any specific algorithm as the exclusive standard for ECGwave recognition. At the same time,
the CSE reference databases are strongly recommended as a bench mark for ECG measurement programs. Comparison
with the standard involves two quality measures: a program should approach the reference as closely as possible, and
the standard deviation of the differences of its results with respect to the reference should not exceed certain limits.
These limits have been described in detail in a paper with recommendations for measurement standards in quantitative
electrocardiography [].

The secondpart of theCSEproject aimed at the assessment of the diagnostic performance of ECGcomputer programs.
This study commenced in  and finished in . A database consisting of , multilead recordings was collected,
comprising seven diagnostic groups: normal (n = ); left (n = ), right (n = ), and biventricular (n = ) hypertro-
phy; and anterior (n = ), inferior (n = ), and combined (n = ) myocardial infarction. Also some cases with both
infarction and hypertrophy (n= ) were included, but ECGs showingmajor intraventricular conduction defects were not.
The clinical diagnosis was documented by ECG-independent evidence, such as cardiac catheterization, coronary arteri-
ography, echocardiography, cardiac enzymes, and patient history [].The ECGs andVCGswere analyzed by  computer
programs and by nine cardiologists, from seven European countries []. Evaluation results will be discussed later.

The CSE reference libraries have become an international standard for the evaluation and improvement of ECG and
VCG computer programs. A comprehensive overview of the CSE project appeared in  [].

. Data Acquisition

Before the ECG signals are transmitted to a computer system for analysis, the operator has to enter patient identification
data. The patient’s name, sex, and date of birth together with an identification code are essential for proper automatic
handling of the ECG data. Data like weight, height, blood pressure, and medication might be useful – if they are not
based on guess-work by a lackadaisical technician!The systemwill also store the time and date of the recording, as well as,
mostly, a technician and location code. For programs that perform serial ECG analysis, the unique patient identification
code is indispensable for record linking.

In order to achieve optimal performance of an ECG-processing system it is essential that the data used in the analysis
are of good quality. In practice, ECG records can be disturbed by power line interference, baseline wander caused by elec-
trode polarization, electromagnetic muscle artifacts, spikes, sudden baseline shifts due to electrode contact interruption,
and amplitude saturation. Although automated systems can achieve a great deal of signal conditioning (see the following
paragraphs), it devolves upon the operator to correctly apply the electrodes and to detect and remedy signal errors and
disturbances before entering them in the system, according to the maxim “garbage in, garbage out.” Power-line inter-
ference can be prevented or reduced by proper shielding and grounding, by appropriate skin preparation and electrode
application. Muscle tremor can be reduced or removed by having the patient comfortable and relaxed, while respiratory
baseline wander can be minimized by breath holding.

The front-end of an ECG processing system consists of analog amplifiers. Present-day technology even allows them
to be incorporated in the electrodes and to transmit the signals by a local wireless system to the processing unit. The
amplifiers must be of adequate bandwidth for a faithful rendering of the signals. For further technical details, the reader
is referred to > Chap. .

A digital computer can handle data only in numerical form, and therefore, the original continuous (or analog) voltage
variations of ECG signals need to be converted into a series of numbers, corresponding to the voltage levels of the leads at
any moment of time. General principles concerning analog-to-digital (A-D) conversion of the ECG have been reviewed
by Berson et al. [, ].The time and amplitude resolution of the A-D conversion is dependent on the sampling rate, the
word size of the converter and the dynamic range of the analog input.

Sampling rates for ECGdata in various programs originally varied from  to  samples per second.TheAmerican
Heart Association [] and the CSE Working Party [] have recommended for clinical application a high-frequency
cutoff of the analog amplifiers of Hz and a sampling rate of Hz for the A-D conversion. In the pediatric ECG,
the waves, especially the QRS, are of shorter duration at often elevated voltage which results in high rates of acceleration
and deceleration of the signal with corresponding high frequency content. This requires an extension of the minimal
high-frequency cutoff to Hz [].
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The more bits per word in an A-D converter, the greater the possible resolution. In addition, the dynamic range
of the amplifiers must be wide enough to accept the largest possible excursion of the signal amplitude. Modern
electrocardiographs have  or  bit converters, with quantization levels of . μV–. μV for the least significant bit.

Until the introduction of “stand-alone,” microprocessor-equipped systems for ECG analysis, ECG records needed to
be transmitted to a central computing facility. This was possible by transferring magnetic tapes on which ECGs were
recorded, or by sending the signals on-line over ordinary telephone lines. This involved frequency modulation and
demodulation which noticeably contributed to recorder noise. In the present digital era, the total analysis of the ECG can
be done on a stand-alone electrocardiograph. The central ECG management system is required for storage and retrieval,
a necessary utility for serial analysis; as well as for providing a means of editing interpretations. Interchange with the
central facility may occur through a local area network, possibly by wireless transmission, or the ECGs are conveyed on
some digital storage medium.

In the acquisition device, all  leads are acquired simultaneously so that time coherence between the signals is pre-
served. In practice, eight independent leads are recorded (I, II, VI-V) and the other four are reconstructed from leads
I and II using the classical relations such as lead III = II − I. In some systems, additional leads may be entered simulta-
neously for the VCG or for other purposes. The signals are stored in memory and can be displayed for a visual quality
check. The computer may interact with the operator and warn of excessive noise in a lead or indicate electrode reversal.
Reversal between right and left arm is detected by most programs. Other forms of electrode interchange require more
sophisticated approaches [, ]. After approval by the operator, the signals are processed.

While the electrodes may have been placed in the correct order, without interchange, they still may be ill-positioned,
for example, one interspace too high or too low on the chest.These errors are almost refractory to detection and correction
[, ].

Conventionally, -lead ECGs were presented on multichannel writers in four lead groups of . s, often with a
. s rhythm strip, on one page. Sometimes . s was taken per lead group, requiring two pages, or -channel writers
were used. With the entire ECG present in memory and the availability of a thermal writer or laser printer, a modern
device will allow considerable flexibility of output format. The signals, in addition, are preprocessed by digital tech-
niques in such a way that mains interference and baseline drift have been reduced to a minimum to produce a neat paper
output.

. Signal Preprocessing and Conditioning

ECG records may be disturbed by different types of artifacts as enumerated previously, namely, power-line interference,
baseline wander,muscle noise, spikes, and amplitude saturation.The aimof the preprocessing stage is to detect and correct
these artifacts as far as possible. In hopeless cases, rejection of a part or the whole of the recording may be inevitable.The
problems of signal improvementhave been a challenge tomany capable technical minds and have resulted in an abundant
literature on the subject. Some of the algorithms require that the locations of the QRS complexes are known, and thus
are not properly part of the preprocessing stage. This will be mentioned when the case occurs. The evaluation of the
performance of these algorithms applied to real ECGs is not straightforward since the undisturbed signals are unknown.
This may in particular be an issue in treating baseline wander and muscle noise. A common approach to studying the
problem is to add simulated noise to a clean, “noise free,” ECG signal. This approach can be carried one step further by
simulating both noise and signal. As with all simulations, the validity of the evaluation results will depend on how well
the simulated signals mimic those that occur in practice.

.. Power-Line Interference

Power-line interference is a common problem and is characterized by its periodicity of  or Hz (higher harmonics
may also be observed). Different digital filters have been proposed for the removal of power-line interference [, ].
They can be categorized in three types:
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. Notch filters, which attenuate frequencies in a narrow frequency band around the interference frequency [, ].
. Global filters, which make a single estimate of the interfering noise over the total duration of the signal and then

subtract this estimate from the signal. Cramer et al. [] describe two such global approaches. One is based on a
least-squares error fit of the interference. The other approach requires the sampling rate to be an integer multiple of
the power-line frequency, say n, and calculates an average amplitude for each of the n phase points in one period
of the interference. Both approaches only perform well if the line frequency is stable within .Hz of the nominal
frequency [], which in practice may often not be the case. Also, these methods, by definition, cannot adjust to
amplitude changes of the interference. Levkov et al. [] proposed estimating the interference from each isoelectric or
slowly changing part of the ECG signal, which allows tracking of interference amplitude changes. To ensure that the
sampling rate was an integermultiple of the power-line frequency, they used a hardware-synchronized A-D converter.
More recently, a software solution to adjust for interference frequency variation was proposed, involving estimation of
the interference period and resampling of the ECG signal []. An extensive review of the method is given by Levkov
et al. [].

. Adaptive filters, which use an auxiliary reference signal containing the interference alone [, –]. This reference
is adaptively filtered to match the interfering sinusoid as closely as possible, and is then subtracted from the primary
signal. An interesting variant of the classical adaptive filter approach is the “incremental estimation” filter proposed
by Mortara [] and further investigated by others [, –]. The filter generates a prediction of the power-line
interference v(n) contained in the signal x(n), based on the noise estimatew(n) at the previous two samples:

v(n) =  cos(πf /fs)w(n − ) − w(n − ),
with f the nominal frequency of the interference and fs the sampling rate. If v(n) is a good prediction, then the dif-
ference x(n) − v(n) should be zero apart from a possible constant offset. Assuming a slowly changing signal, the
difference x(n − ) −w(n − ) is taken as an estimate of this offset, and the error

e(n) = (x(n) − v(n)) − (x(n − ) − w(n − ))
indicates how well v(n) predicts the interference amplitude. A final estimate is then produced by incrementing or
decrementing the value of v(n) with a fixed amount δ, depending on the sign of e(n):

w(n) = v(n) + δsgn(e(n)).
Finally, the output y(n) of the filter is

y(n) = x(n) − w(n).
The value of the increment δ is chosen heuristically. A value which is too small may cause sluggish adaptation to the
interference amplitude and poor tracking of its changes. A value which is too large, on the other hand, may cause the
estimatew(n) to jitter around the power-line interference, introducing extra noise. Also, since the assumption of a slowly
changing signal does not hold true for the QRS complex, large increments will result in ringing artifacts. An incremental
value of . μV was proposed by Mortara []. Using a few simplifying assumptions, Talmon [] analyzed the rela-
tionship between the amplitude of the sinusoidal disturbance, the increment, and the bandwidth of the filter. Glover []
showed that the filter reduces to a standard notch filter if the nonlinear sign function in the update equation is replaced
by a linear increment function.

A number of different filters, representative of the above filter types, were compared by McManus et al. []. They
applied the filters both to artificial test signals simulating various forms of interference (including second and third har-
monics of the nominal frequency), and to a small subset of real ECGs from one of the CSE databases. Tested against a
list of  desiderata for an ideal interference filter, no single filter consistently performed better than the others for all
requirements. Remarkably, the incremental estimation filter and the global filter were the only ones that did not produce
a ringing effect at the end of the QRS as is the usual accompaniment of large-amplitude QRS complexes when filtered,
as illustrated by > Fig. .. In another study [], the incremental estimation filter was compared to a nonadaptive sec-
ond order notch filter. The better transient behavior of the adaptive filter produced less distortion in the ST segment and
removed the interference more effectively.
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⊡ Figure .

Effects of different interference removal filters on an ECG, which has no interference: (a) original ECG, and tenfold magnified

differences between filter-input and output of two notch filter methods (b and c), three adaptivemethods (d, e, and f; f is the

incremental estimation filter), and a global method (g). Several filters can be seen to generate sizable differences during the

QRS complex (From McManus et al. []. © Elsevier. Reproduced with permission).

.. BaselineWander

Baseline wander is another annoyance.The source of low-frequency fluctuations of the baseline may be sought in chang-
ing electrode impedances, such as caused by respiratory movement. More abrupt changes may result from the patient
being restless. The frequency content of baseline wander is typically less than .Hz. Baseline wander may severely dis-
turb ECG beat morphology. A variety of techniques for estimating and removing baseline wander has, therefore, been
developed.

In the  recommendations of the AmericanHeart Association (AHA) [], for baselinewander removal a standard
.Hz single pole high-pass filter was advised. While such a filter largely avoids the problem of phase nonlinearities, it
does very little to suppress the baseline wander that can typically be observed in ECGs. In their  recommendations,
the AHA stipulated that a baseline removal filter should have a flat amplitude response within . dB from  to Hz,
with a − dB cutoff frequency of less than .Hz, and should adhere to certain test criteria based on triangular and
rectangular wave impulse responses [, ].

A general problem in the evaluation of baseline correctionmethods is the difficulty in discriminating betweenbaseline
wander and the genuine ECG [, ]. Most studies only provide a qualitative assessment, showing ECGs before and after
application of a correction algorithm. In a few studies, artificially generated baseline wander is added to “clean” ECGs
constructed by concatenating identical beats [, ]. Since baseline correction may introduce new distortions, several
algorithms try to identify periods with minimal or no baseline wander and skip these periods in the filtering [, , ].

Two main remedial approaches have been followed:

. Interpolation.
Linear interpolation approximates the baseline by straight-line segments between isoelectric levels, usually estimated
from the intervals preceding QRS onset [, ]. The estimated baseline is subsequently subtracted from the ECG sig-
nal. Boucheham et al. [] proposed a piecewise linear correction based on “dominant” points as detected by a curve
simplification algorithm []. An interesting feature of their algorithm is its capability to correct for sudden baseline
shifts.

Amore elaborate interpolation method estimates the baseline by a third-order polynomial, or cubic spline []. Each
PR segment provides a “knot” through which the cubic spline must pass. Meyer [] described an elegant and fast state-
space approach for the computation of the cubic splines.
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Talmon [] compared the linear interpolation and cubic spline methods on a set of real ECGs, and concluded that
both approaches performed similarly. Linear baseline correction, however, is to be favored because cubic spline correction
is more difficult to apply in the presence of sudden baseline shifts.

Since all interpolation methods assume that reference points or knots can accurately be determined, they may break
down if this assumption is not met, for example, in the case of a premature beat merging with the preceding T wave
[–]. Performance may also degrade at lower heart rates as the knots become more separated.

. High-pass filtering.
Infinite impulse response (IIR) filters are generally unacceptable due to their nonlinear phase response, whichmay induce
distortions in particular in areas of the ECG where amplitudes change abruptly []. However, in off-line situations,
or if some time delay between acquisition and processing of the signal is accepted, forward-backward or bidirectional
filtering can be applied [, ], yielding overall linear-phase response []. Alternatively, De Pinto [] proposed
a linear-phase high-pass filter. He subtracted the output of a linear phase low-pass IIR filter from the original signal
with a delay equal to the pass-band group delay of the low-pass filter. The filter was shown to adhere to the  AHA
recommendations.

Linear phase filtering is easily accomplished with finite impulse response (FIR) filters. However, these filters typi-
cally have very long impulse responses, resulting in many multiplications and long time delay [, ], which may be
unacceptable for short-term resting ECG recordings. Van Alste et al. [] proposed an FIR filter that combines removal
of baseline wander with that of power line interference, and greatly saves on the number of computations. QRS com-
plexes may heavily influence the baseline estimate. This may cause a shift of the assumed baseline with respect to the
true one, resulting in measuring errors especially in diagnostically sensitive low-frequency segments such as the ST seg-
ment. Sörnmo et al. [] described an approach in which the QRS complexes are removed prior to filtering the signal
by one of a bank of linear low-pass filters with variable cut-off frequencies. The method was tested on ECGs with differ-
ent types of simulated baseline wander and showed superior performance as compared to standard high-pass filtering
or cubic spline interpolation (> Fig. .), especially when the baseline wander contained frequencies >.Hz. It must
be noted that the method requires that beat classification is performed prior to correction, to minimize the effects of
ectopic beats.

A two-step method combining interpolation and filtering techniques was proposed by Shusterman []. First, the
magnitude of baseline wander is determined and classified as small or large. If large baseline drift is present, the signals
are filtered with a bidirectional high-pass filter with a cut-off that depends on the estimated frequency content of the
baseline wander. In a second step, any residual, small baseline wander is removed by simple linear interpolation between
PQ and TP segments.

A two-stage cascade filter was described by Jane et al. []. First, a high-pass notch filter is applied with a cut-
off frequency at .Hz []. Any remaining baseline contamination at higher frequencies is then removed with an
adaptive impulse correlated filter. The reference input consists of a sequence of unit impulses correlated with the QRS
complexes. This filter was shown to be equivalent to an exponentially weighted average [] and requires a QRS detec-
tor. It also removes other disturbances not correlated with the QRS complex, such as muscle noise or line interference.
When tested on a few records of the MIT-BIH database [], the filter was shown to perform better than cubic spline
correction.

Park et al. [] described awavelet adaptive filter.The filter consists of two parts. Awavelet transformdecomposes the
ECG signal into seven frequency bands. The signal of the lowest frequency band (–.Hz) is then fed into an adaptive
filter. The wavelet adaptive filter was compared with a “commercial standard filter” with a cutoff of .Hz and with a
general adaptive filter. Using test data from the MIT-BIH and the European ST-T [] databases, the wavelet filter was
shown to perform better than the other two filters, especially with respect to distortion of the ST segment. When tested
on a triangular wave, as recommended by the AHA, the wavelet filter showed negligible distortion of the ST segment,
whereas the standard filter and the adaptive filter produced severe distortions.

Finally, nonlinear filtering methods for baseline correction have been proposed []. Sun et al. [], building on
earlier work of Chu and Delp [], described an approach using morphological filtering, a technique widely used in the
field of image processing []. Testing on simulatedECG signals, they compared their approachwith the wavelet adaptive
filter [] and found morphological filtering to produce better results.
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⊡ Figure .

Example of baseline wander removal. (a) Original ECG, and resulting signal after baseline wander removal using (b) time-

varying filter with beat subtraction, (c) time-varying filter without beat substraction, (d) time-invariant filter, and (e) cubic

spline interpolation (from Sörnmo []. © Springer).

.. Muscle Noise

Muscle noise, another signal deformity, is caused by the electrical discharges of skeletal muscles. Common causes are
patient restlessness, nervousness, cold shivers, and Parkinson tremor. Reduction of muscle noise is often effected by one
of the other tasks in ECG signal processing as, for example, when the ECG signal is band-pass filtered for the purpose of
QRS detection. Since most of the energy of the QRS complex is contained in the frequency band from  to Hz, noise
components outside the pass band can effectively be suppressed. For P-wave detection, even stronger noise reduction is
possible because the frequency content of the P wave is lower. In these applications it is unnecessary to keep the original
signal undistorted. For accurate amplitude and duration measurements, however, the requirement is to improve signal-
to-noise ratio (SNR) without loss of signal information.

A commonmethod to reduce muscle noise is coherent averaging. ECG complexes of one family are summed and the
sum is divided by their number, giving an averaged ECG complex while uncorrelated noise averages out and disappears.
Coherent averaging is one way of improving the SNR, as will be discussed later.

A number of other noise reduction techniques have been proposed. Adaptive filtering for muscle noise suppression
was described byThakor and Zhu []. To cancel the noise in a particular lead, they proposed employing, as a reference
signal, another lead perpendicular to the first, in order to ensure that the noise in the two leads is uncorrelated.

Talmon et al. [] describe an adaptive Gaussian filter, based on earlier work of Hodson []. The frequency charac-
teristics of the filter are dependent on the estimated curvature of the signal to be filtered. A curvature estimate is obtained
by fitting a polynomial function. The width of the filter is then adjusted according to the curvature, where low curvature
(e.g., in the PR interval) implies a low-frequency cutoff, and a high curvature (e.g., in the QRS complex) a cutoff at higher
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frequencies. A related approach is proposed by De Pinto [], who describes a low-pass filter with time-varying band-
width. The bandwidth is maximal during the QRS complex, and decreases in the interval between QRS complexes. The
bandwidth is varied in increments by selecting one of six sets of coefficients, controlled by an estimate of the slope of the
ECG signal.

Another approach, termed noise consistency filtering, was initially proposed by Mortara [] and later investigated
byWei et al. []. This filter method requires the availability of multiple, simultaneously recorded leads, and exploits the
redundancy in the ECG signals. Reconstruction coefficients are determined to synthesize each of the eight independent
ECG leads from the remaining seven leads. The filter output is the original lead signal multiplied by a time-varying
coherencemeasurewith a value between  and , dependent on the correspondence between the predicted and the original
signal. The lower the coherence, the stronger is the filtering, and vice versa. The filter was reported to reduce noise by a
factor of , provided the noise in the leads is uncorrelated [].

Wei et al. [] proposed twomodifications to the filter as it was described byMortara. Firstly, to avoid problems with
baselinewander, the signal is split into a low-frequency and a high-frequency part, and only the latter is filtered according
to the source consistency method. Secondly, a modified coherence measure is used, to reduce unwanted filtering effects
that were observed by the authors. The modified filter performance was verified on simulated and real ECG signals, and
compared with the original source consistency filter and conventional low-pass filters. Results show more effective noise
suppression and less distortion of the QRS complex with the modified filter.

More elaborate filtering methods, involving the discrete cosine transform and singular-value decomposition, have
been described by several investigators [–]. These approaches are computationally demanding and were mainly
developed for the suppression of excessive muscle noise during exercise testing.

Finally, several studies used morphological filtering for muscle noise suppression [–]. Morphological filtering
was also employed to detect muscle noise, without attempting to suppress it [].

.. Spikes

Spikes are sudden pulses of short duration and high amplitude.They may be due to an interfering electrical source in the
environment or to an implanted artificial pacemaker.

Accurate pacemaker spike detection has become increasingly important with the growing population of patients with
implanted pacemakers. Because of the small spike width, in the order of .–.ms, many electrocardiographs use high-
bandwidth front end amplifiers and analog circuitry to detect pacemaker spikes before A-D conversion. To reduce the
number of false detections that this approach may induce, it has been combined with software algorithms that must
confirm the presence of the spikes in the diagnostic bandwidth (.–Hz) signals. Alternatively, signals have been
sampled at very high frequency, of the order of several kHz, and then software is used to detect the spikes.

Only a few algorithms have been described that attempt to detect spikes in diagnostic bandwidth signals. As these
signals have been sampled at nomore than Hz; onemaywonder how it is possible to detect pulses that have a duration
well below the sampling interval.The reason is that the anti-aliasing low-pass filtering broadens the spikes. However, this
filter also greatly reduces the amplitude of the spikes, which makes detection more difficult.The presence of narrow QRS
complexes mimicking spikes, high-frequency noise and other artifacts further complicates the detection task.

The Louvain VCG analysis program [] used a simple spike detector: if the spatial velocity exceeds a fixed threshold,
a spike is assumed to be present []. In the AVA program [] a number of tests based on slope differences between
four consecutive points (ms) in a single leadwere performed to detect spikes or discontinuities in the input signals [].
No evaluation of these methods has been given.

Talmon [] described a spike detector that operates in two stages. First, signals are filtered with a parabolic filter and
the root-mean-square (RMS) of the residuals is computed. If the residual at a certain time instant exceeds three times the
RMS value in that signal, a potential spike is assumed to be present. In a second stage, an additional number of criteria,
structured in a decision tree, are tested to verify whether a spike has truly been detected.The algorithm was tested on an
independent test set of , ECGs and VCGs, showing a sensitivity of .% and a positive predictive value of .%.

Helfenbein et al. [] proposed another pacemaker spike detector. The algorithm detects a spike if a steep slope
exceeding a threshold is followed by an opposite polarity slope within a short time window.The threshold is adaptive and
computed as a function of the maximum slope in a window preceding the spike. When tested on a set of , adult ECGs
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containing a variety of pacemaker types and modes, excellent performance (sensitivity .%, positive predictive value
.%) was obtained. On another set of , non-paced pediatric ECGs, only four false-positive QRS complexes were
reported.

.. Amplitude Saturation and Sudden Baseline Shifts

No substantial literature is available dealing with the detection of amplitude saturation and sudden baseline shifts.
In descriptions of various ECG processing systems, a statement is made that these artifacts are searched for, but the
algorithms are not described.

. Detection of QRS Complexes

The detection of QRS complexes is probably the most extensively studied problem in ECG signal analysis [, –].
A host of different algorithms has been proposed,most of them originating from applications in the fields of coronary care
monitoring and Holter recording. Consequently, many of these QRS-detection algorithms were designed to operate on a
single lead. In computerized resting ECG and VCG interpretation, three simultaneously recorded leads were used from
early times. Now,multiple simultaneously recorded leads have also become increasingly common in the non-resting ECG.

Basically, a QRS detector consists of two stages []: a preprocessing stage, in which the signal is filtered and signal
features are determined, and an identification stage, in which a decision is made about the presence and location of a QRS
complex. Algorithms are commonly distinguished with respect to their preprocessing stages.

An extensive survey of single-lead QRS-detection algorithms is given by Kohler et al. []. The most common
approaches are based on high-pass and band-pass digital filters, but many other approaches have been proposed, based
on wavelet transforms [, ], artificial neural networks [, ], and genetic algorithms []. Some algorithms
[, ] employ techniques from syntactic pattern recognition, but it has been difficult to demonstrate the practical
utility of this approach [].

In the multiple-lead algorithms, the simultaneous leads are transformed to a detection function. The transformation
brings out the QRS complexes amongst the other parts of the signal, in order to increase the QRS detection rate. One of
the most commonly used transformations is the computation of the spatial velocity of the VCG or of a similar derived
function for the -lead ECG. The spatial velocity (SV) is defined as:

SV(n) = cdde ∑
k=

(dk(n))
where dk(n) denotes the first derivatives of the VCG leads X, Y, and Z. Various difference equations have been proposed
to approximate the derivatives []:

d(n) = x(n + ) − x(n − );
d(n) = x(n + ) − x(n + ) − x(n − ) − x(n − );
d(n) = x(n) − x(n − ).

In the case of the -lead ECG, the VCG leads can be reconstructed from the ECG leads by linear transformation, or
approximated by a quasi-orthogonal set of ECG leads []. Alternatively, a pseudo-SV has been computed by combining
the derivatives of all ECG leads.

The detection signal is then gauged against a threshold to detect the occurrence of a QRS complex. The threshold
may be fixed, but more commonly is adaptive, changing with varying signal characteristics [–]. Some algorithms
also require that the detected QRS complexes fulfill certain amplitude constraints. Other algorithms compute a second
derivative,

d(n) = x(n + ) − x(n) + x(n − ),
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and use a combination of first and second derivatives as the detection function. Balda et al. [] used the sum of
the absolute first and second derivatives over three simultaneous leads. This detection function was called the “wave-
form boundary indicator” as it also provided an estimate of the onset and the end of QRS complexes. A single-lead
implementation of the method was given by Ahlstrom and Tompkins [].

Once a potential QRS complex is detected, most of the algorithms apply further heuristic criteria to exclude false-
positive detections, for example, by requiring a minimum time lag between adjacent QRS locations []. Laguna et al.
[] apply a single-lead detection algorithm to each of a set of simultaneously recorded leads, and then enter into a
decision process comparing the detection positions over all leads to decide which detections are true or not.

An inventory of different methods used in seven VCG and eight ECG programs can be found in the second progress
report of the CSE project []. However, only few developers of these ECG computer programs have published detailed
evaluation results of their detection algorithms. On a set of , QRS complexes from the CSE multilead library, Kors
et al. [] found no false positive or false negative detections at all. Contrasting with the parsimonious communica-
tions on multilead QRS-detection algorithms, performance results for single-lead algorithms have been reported in fair
abundance (see [] for an overview). Many of these algorithms were evaluated on (part of) the MIT-BIH arrhythmia
database, and achieved excellent results (>% sensitivity and positive predictive value) []. A comparative study on
noise sensitivity of nine single-lead QRS-detection algorithms for five different types of noise also indicated very good
detection performance of most algorithms for all but the highest levels of noise []. In general, considering that the
multiple leads of the standard -lead ECG offer redundancy of information and that noise levels in the resting situation
are typically less troublesome than under monitoring conditions, it may be concluded that near-perfect QRS detection in
the resting ECG is feasible.

. Detection of PWaves

Detection of the P waves remains one of the most difficult tasks in automated ECG analysis. Failure of P-wave detection
will jeopardize the rhythm interpretation program. Problems may arise owing to low amplitude, variable morphology
and diverse timing of P waves. A P wave superimposed on a T wave, and even more so, a P wave that coincides with a
QRS complex, are difficult to distinguish in surface ECGs (> Fig. .). Their probable location can only be extricated by
considering the sequence of the preceding and following P waves and by recognizing small irregularities in the expected
contour of QRS or T.This requires long and continuous recordings. Even then, problems remain in deciphering morphol-
ogy and polarity. While P-wave detection on surface ECG leads may already pose problems to the eye of the cardiologist,
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⊡ Figure .

ECG showinganAVdissociation,withonePwave superimposed onaTwaveand another Pwavemerging into aQRS complex.
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more problems await the computer programmer working in this field []. The human ability to recognize even low-
voltage P waves hidden in other waves and amidst noise and artifacts is indeed still far superior to the performance of all
presently available ECG wave-recognition programs.

Different approacheswith respect to automatic detection of Pwaves have beendescribed in the literature. Stallman and
Pipberger [] applied a threshold approach to the smoothed spatial velocity curve.McManus [] has worked further on
thismethod. Bonner and Schwetman [] used a piecewise approximation of the ECG, followed by tests on level crossings
and slope changes. A two-stage detection method was introduced by Hengeveld and Van Bemmel [], and later on
refined by Talmon []. First, QRS-linked P waves are searched for, based on histograms of local signal extrema in the
intervals preceding the QRS complexes. If they are not found, non-QRS-linked P waves are sought by cross-correlation of
signal amplitudes with an empirical P-wave template. Schnyders and Jordan [] applied an energy correlation technique
on the -lead ECG with apparently good results. Martinez et al. [] proposed a wavelet-based P-wave detector. Once
the location of the QRS complex is found, local maxima in the wavelet transform of the higher scales (i.e., in the lower
frequency bands) are sought in an RR-dependent search interval. If at least two local extrema exceed a certain threshold,
a P wave is considered present. Gritzali et al. [] used as a detection function the length transformation of a signal,
which essentially is the length of the signal curve within a time window. The length transformation can be defined for
more than one lead by adding the curve lengths of the individual leads. Simple thresholding of the transformation is used
to detect the P waves, as well as their onsets and ends.

It can be very difficult to distinguish P waves from flutter waves. In the presence of : AV block it may be hard,
even for a human observer, to choose between flutter and sinus tachycardia. In various programs, separate routines are
applied to determine whether atrial flutter waves are present [, ]. Talmon et al. [] described a method that detects
the periodic components characteristic of flutter waves (> Fig. .). After appropriate filtering and removal of the QRS
complexes, the resulting signal is autocorrelated. Flutter waves are assumed to be present if the autocorrelation function
has a sufficiently large local maximum at a lag between  and ms (corresponding with flutter rates between 
and /min) and a second local maximum at twice the lag of the first maximum. A sensitivity of % and a specificity
of .% were reported. Taha et al. [] employed a QRST subtraction technique and spectral methods to distinguish
between atrial flutter, atrial fibrillation, and other rhythms. They obtained a sensitivity for flutter of %, at a specificity
of .%. Giraldo et al. [] tried to detect the boundaries of atrial flutter and fibrillation waves, and used the coefficient
of variation of the wave amplitudes to distinguish between flutter and fibrillation. They tested their approach on  short
signal segments with flutter or fibrillation from the MIT-BIH database, but did not include segments with other heart
rhythms in their analysis. Christov et al. [] propose an atrial flutter-fibrillation parameter that is the mean value of the
filtered and rectified signal, after subtraction of QRS-T complexes. On a test set, they obtained % sensitivity for flutter
and fibrillation combined, at .% specificity.

The detection rate of P waves varies according to the different algorithms that are applied. McManus [] reported
failures from –%. For the  ECGs in the multilead CSE library [], Kors et al. [] obtained a sensitivity of .%
and a positive predictive value of .%. Oversensitive methods cause difficulties in cases with atrial fibrillation. In the
AVA program [], as well as in several other programs, a P-wave search is only performed in an interval between the
end of the T wave and the onset of QRS. In addition, only one P wave can be detected per QRS complex, which practically
excludes the diagnosis of AV block or AV dissociation with an atrial rate higher than the ventricular rate. Programs that
do attempt to detect more than one P wave per cycle have not reported detailed results [, , ], but judging from
the results of arrhythmia detection (see section on rhythm interpretation), the success rate of these algorithms must be
rather unsatisfying. A confounding factor is that P waves may alter their appearance in one recording, suddenly, from
one beat to the other, or gradually, and that precisely this behavior is an element in rhythm diagnosis. To our knowledge,
no work has been done on P-wave typing, that is, the distinction between different P-wave morphologies in one and the
same recording.

. QRS Typing

QRS typing is essentially a clustering task followed by a classification task, as the case requires. The clustering attempts to
distinguish between different types, or families, of QRS complexes (if more than one). Within one family the complexes
are similar in QRSmorphology. If more than one type has been detected, the classification task is to determinewhich one
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Example of the processing steps in a flutter wave detection algorithm (From Talmon et al. []). From top to bottom: original

signal; signal after sampling rate reduction; signal after bandpass filtering; bandpass filtered signal after removal of QRS

complexes; ternary signal; autocorrelation function.

is the dominant type. The term “dominant” is not synonymous with “most numerous.” It may well be that in a recording
the “dominant” sinus complexes are outnumbered by ectopics, for example.We define the term dominant as the indication
for the family of complexes to be used for themorphological (or contour) diagnosis.The nondominant complexesmay be
further divided into several types, such as premature ventricular or supraventricular complexes (possibly from different
foci) and escape beats. This makes it clear that correct QRS typing is indispensable for a reliable rhythm interpretation.
Typing, however, is a less straightforward endeavor than one would wish. Commonly, the dominant complexes are sinus
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beats, but they might also be of atrial or nodal, or even ventricular origin. What if the pacemaker site changes during the
recording? And, quite annoyingly, complexes from the same origin may show sudden variation in QRS morphology, for
example, in intermittent right bundle branch block. Which one will be labeled as the dominant morphology? Differenti-
ating aberrantly conducted complexes from ectopic complexes is the next problem. Also, similar QRS complexes are not
always followed by similar ST-T segments, a complication that inspired only a few investigators to take a closer look at
ST-T typing [, ].

A variety of clustering methods and features for QRS typing has been proposed. All methods compute a similarity
measure between a newly presenting complex and one or more of the complexes in each of the already existing clusters.
The new complex is then assigned to the group with the complexes that aremost similar to it, unless the similarity is below
a certain threshold, in which case a new group is formed. Different similarity measures have been proposed, such as the
area between the normalized spatial velocity curves of the two complexes [], the difference in so-called arc lengths
of the complexes [], or the Mahalanobis distance using four morphological QRS features []. To determine whether
two complexes were of similar type, Talmon [] used a decision tree that involved two similarity measures, reflecting
similarity in shape and in power. Lagerholm et al. [] decomposed the QRS complexes into five orthogonal Hermite
functions and used the resulting coefficients, together with RR-interval parameters, as features to cluster the complexes
into  groups by means of a self-organizing map.

When more than one type of QRS complex has been found, it must be decided which is the dominant type. As
mentioned above, this may not be so self-evident since the most frequent type is not necessarily the dominant one. More
elaborate decision logic has been developed [, ], involving QRS duration, RR interval length preceding the complex,
and the number of beats of each type.

Few quantitative results on QRS typing in the resting ECG have been published. Using the ECGs from the CSE mul-
tilead library, Kors et al. [] found an error rate of .% for their multilead ECG program in classifying four types of
complexes. Lagerholm et al. [], using the MIT-BIH database with  different beat types, report a chance of .% that
a beat ends up in the wrong cluster.

Several investigators have approached QRS typing primarily as a beat classification task [, –], rather than as
a clustering task, possibly followed by a classification stage. They trained one or more classifiers based on a labeled set
of beats of different morphology. For example, Hu et al. [] applied artificial neural networks to distinguish between
normal and abnormal beats (involving  different beat morphologies), using raw QRS samples from the MIT-BIH
arrhythmia database as the input. They obtained a total accuracy of .%, which compared favorably with the .%
accuracy of a simple nearest neighbor classifier, but this level of accuracy would not seem high enough for clinical appli-
cation. This may not come as a surprise considering the large interindividual variability of QRS morphology. Only when
the classifier was trained on patient-specific ECG data, were more acceptable results obtained []. Christov et al. []
applied a nearest neighbor rule to  parameters derived from two ECG leads. Again, when tested on the MIT-BIH
arrhythmia database, a general classifier performed poorly, but patient-specific classifiers showed good performance.
However, the patient-specific approach to QRS typing requires initial human labeling of beats and, therefore, is of little
value for computer programs that should analyze the short-duration resting ECG fully automatically.

. Forming a Representative Complex

Most diagnostic ECG computer programs operate on a single “representative” P-QRS-T complex from the “dominant”
family [, , , , , ]. From this representative complex, themeasurementsneeded for the diagnostic interpre-
tation stage are derived. Mostly, the representative complex (sometimes called a “template” complex) is obtained by the
computation of an averaged beat or a median beat from as many complexes in the record as may qualify for the purpose.
Such a procedure presupposes complexes of similar morphology, and thus requires that QRS typing has been performed.
The following techniques are in use:

. Coherent or ensemble averaging is a simple technique in which the average of the time-aligned complexes is calculated
at each sample point. The technique has been shown to be equivalent to low-pass comb filtering and to yield optimal
noise reduction for Gaussian distributed noise [, ]. Under this condition, the SNR improvement is equal to the
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square root of the number of complexes being averaged. Since the average is vulnerable for outliers, it is imperative
that complexes affected by sudden baseline shifts or other major disturbances are excluded from averaging.

. Another approach is finding the median value for each sample point of the time-aligned complexes. The median beat
is less sensitive to baseline shifts, but low-frequency baseline wandermay introduce discontinuities in the median beat
and result in reduced noise suppression [, ].

. To reduce the effect of averaging widely differing amplitudes, Macfarlane et al. [] compute a so-called modal beat.
They assign weights to each sample of each QRS complex, with similar amplitudes across complexes having a high
weight, the others having lower weights. The approach performed well [], but was computationally expensive. In
later versions of the Glasgow program, the technique was, therefore, abandoned in favor of simple averaging or, if any
individual beat significantly deviated from the average, computation of a median cycle [].

. A hybrid approach, trying to combine the advantages of the averaging and median techniques, was proposed by
Mertens and Mortara []. They first split the QRS complexes in three equally-sized groups and determine the aver-
aged complex for each group. These three averaged complexes are then partitioned in their low- and high-frequency
components with a simple moving average filter, and for both signals the median complex is determined. Finally, the
two median complexes are added to form the representative complex.

For all thesemethods precise beat alignment is essential. In several programs [, , ], synchronization is performed
by a cross-correlation method. In the MEANS program [, ], alignment is based on a reference point within the QRS
complex, the position of an extremum in the band-pass filtered signal, whereas the Louvain program [] uses the onset
of individual QRS complexes. If complexes are not accurately aligned, beat-to-beat variations in the timing between peaks
in the complexes may reduce the peak amplitudes []. To avoid this problem, some programs select only one “typical”
complex for further analysis []. While this approach obviously does not need beat alignment, it does not help to
improve the SNR.

The single complex approach is being taken a step further when wave recognition and measurements are done on
each individual complex followed by computing an average or median of the measurements across the complexes [,
, , , ].

There has been some discussion on the merits of signal averaging versus measurement averaging. Talmon [] was
not able to show any significant difference in QRS duration if wave recognition were performed on single complexes
or on an averaged complex, after proper beat alignment []. The averaging method, however, offers the advantage of
increasing the SNR. Based on results of extensive noise tests performed in the CSE project, a measurement strategy that
uses selective averaging has been recommended for diagnostic ECG computer programs [, ].

. Waveform Recognition

The goal of waveform or boundary recognition is to determine the inflectional points P onset, P end, QRS onset, QRS
end, and T end, as much as possible in conformity with their visually determined counterparts (> Fig. .). No attempt
is made in any ECG computer program to determine the end of the U wave, the orphan wave of electrocardiology. The
CSE Working Party [] stated that the inclusion or exclusion of isoelectric segments in the initial or terminal parts of
a wave may lead to differences in wave duration of more than ms between leads, and, therefore, urges that “the true
onsets and offsets of P and QRS as well as the end of T should be determined using at least three simultaneously recorded
leads.” (cf.> Fig. .)The end of T deserves special attention in this respect. In , Campbell and his group introduced
the concept of QT dispersion (QTd) [], defined as the difference between the longest and the shortest QT in any of
the  surface ECG leads. QTd was supposed to reflect the dispersion of repolarization within the myocardium. The idea
caused a tidal wave of papers but in due course became severely criticized [–]. Differences in QT duration will
arise from differences in the projection of the spatial T vector onto the different leads, which in some leads may result
in terminal isoelectric segments of various lengths and hence in shortened QT []. Also in QTd measurements, the U
wave was regarded as a nuisance, obscuring the end of T. If it were too prominent, the lead was simply excluded from
QTd determination.The U wave, however, might deserve more attention than this. Viewed in simultaneous leads, it may
be seen in some as a separate wave, detached from the T; in other leads it may encroach on the T wave, and in still other
leads it may blend in with the T wave. In fact, searching for the common end of the T wave is not pertinent if T and



  Computer Analysis of the Electrocardiogram

J

P

PQ

Ta QRS ST-T

QT

U P

⊡ Figure .

In the waveform recognition, onset and offset of P, QRS, and T are determined, as indicated by the vertical bars. QRS offset

and J are identical points. A true -level cannot be identified: the onset of QRS is superimposed on the atrial repolarization

wave (Ta), at the J point ventricular repolarization is already underway, and the end of T coalesces with the Uwave, the end of

which is hidden in the next P. As the operational -level for QRS and T the horizontal line through QRS onset is recommended,

likewise for the P the horizontal through P onset. Amplitudes are measured with respect to these -levels.

U form a continuum as has been proposed [], in the same way as it is impossible to ask for the common end of a Q
wave in the QRS. Whatever the ultimate truth, it seems best for the time being and for practical purposes, for example,
for QT duration measurement in drug safety testing, to let the computer determine T offset over multiple simultaneous
leads.

As pointed out above, single lead, “one-dimensional” measurements systematically produce shortermeasurements of
wave duration than when, “multidimensionally,” the first onset and latest offset in any lead are taken. Most ECG computer
programs, therefore, use the spatial velocity or a similarmultidimensional function as the detection function forwaveform
recognition (see> Sect. .). For single-lead recordings, other detection functions, such as the envelope of the ECGsignal
[] or wavelet transforms [, ], have been applied. Basically, three different approaches of boundary recognition
can be distinguished []. Each has to be trained and tested by human observers.

. Thresholding
The most straightforward method is to apply a simple threshold to the detection function. For the onset, usually the
maximum of the detection function is localized from where it is traced backward until where it first becomes smaller
than an absolute or relative threshold. This point is considered to be the wave onset. The end of a wave is determined
similarly.

According to an inventory of waveform-recognition methods used in various ECG computer programs in the CSE
project [], most programs applied threshold detectors. A number of different thresholding algorithms to detect the
end of the T wave in single leads were described and compared byMcLaughlin et al. [, ]. Using a threshold detector,
Vila et al. [] attempted to determine not only the end of the T but also the end of the U wave. They mathematically
modeled the TU complex and used the modeled signal for detection. Laguna et al. [] applied a single-lead threshold
detector to each of the leads of multilead ECGs and then combined the wave boundaries in the individual leads to find
overall onsets and offsets of P, QRS, and T.

. Signal matching
A second approach is to search for the point where the weighted least-square difference between a reference waveform
and the detection function is minimal []. The reference waveform is obtained from a learning set of detection func-
tions with known wave boundaries, as indicated by one or more human observers. Rubel and Ayad [] compared the
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performance of a signal matching algorithm for different detection functions using the CSE database.They obtained the
best results for QRS onset and offset detection with an unfiltered spatial area detection function.

. Template matching
The template method takes into account information on the time-amplitude distribution of the detection function in a
window around the inflectional point []. A template is constructed from a series of detection functions in which the
wave boundaries have visually been assessed by a human observer. The boundary point in a new ECG is then located at
that point where the cross-correlation between the template and the new detection function is maximal. Details of this
approach and an efficient way of implementation have been described by Talmon [].

A somewhat different approach, obviating the need for thresholding or matching, was proposed by Zhang et al. [].
As a detection function, they took the output of a signal integrator in a window sliding over the T wave.With recourse to
some simple assumptions, the maximum of the detection function was shown to coincide with the end of the T wave. A
model-based approach to delineate single-leadQRS onset and offset was described by Sörnmo []. He statistically mod-
eled the low-frequency segments (containing P and T waves) and high-frequency segments (QRS complex), and applied
a maximum-likelihood procedure to estimate the points where a change occurred between low- and high-frequency
segments.

Using the multilead CSE database,Willems et al. [] evaluated the measurement performance of  ECG and  VCG
computer programs (> Fig. .), incorporating a variety of wave boundary detection algorithms []. Onset of QRS
showed overall the smallest deviations from the reference, with the narrowest confidence intervals. End of T showed the
largest scatter.The median of the waveform recognition results of all programs coincided best with the median results of
referee cardiologists, corroborating findings of the former -lead CSE study []. However, individual program results
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Comparison of individual program results (numbered –) and median referee results (RF MED) with the median of all pro-

grams in the CSE multilead library. Mean differences and % confidence intervals are indicated by small vertical lines and

horizontal bars, respectively (FromWillems et al. []. © American College of Cardiology. Reproduced with permission).
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werewidely divergent. As a consequence, P, PR,QRS, andQT intervalmeasurements also variedwidely among the various
programs.

Willems et al. [] assessed the influence of noise on wave boundary recognition of eight ECG and six VCG pro-
grams. Seven different types of high- and low-frequency noise were added to each of ten recordings. Mains interference
and baseline wander had no significant effect on boundary detection for the majority of programs, but increasing levels
of high-frequency noise shifted the onsets and offsets of most programs outward. Programs which apply beat averag-
ing techniques had more stable results than programs analyzing single beats, but it was noted that these results mainly
occurred at high noise levels that reflect poor operational conditions and can be avoided by proper quality control [].
In a second related study [], the effect of noise on amplitude measurements was examined. Programs that showed the
least variability in waveform onsets and offsets also exhibited the highest stability in waveform detection and amplitude
measurements.

Laguna et al. [] compared the waveform boundary results and interval measurements obtained by their own algo-
rithm with the median program estimates and median referee estimates of the multilead CSE database. The standard
deviations of the differences were shown to be within acceptable tolerance limits [] for most of the measurements.
Martinez et al. [] used the same data set to evaluate their wavelet transform-based approach, but they obtained less
favorable results for QRS end and T end.

An interesting method to assess and compare the results of various waveform recognition algorithms was proposed
by Morlet et al. []. They use scatter graphs that picture the standard deviation of the differences between program
results and reference when the largest differences are progressively removed. This information allows us to distinguish
between the reliability of an algorithm, that is, its capacity to provide wave boundary estimates without flagrant errors,
and its precision, that is, the standard deviation of the differences between its estimates and the references.

. Parameter Computation

Once the onsets and offsets of the various ECG waveforms have been identified, parameter or feature extraction is the
next step. Time intervals and wave durations follow directly from the established time points. The ambiguities around
the QT interval have been pointed out in the previous section. For the amplitudes of the various deflections, a -line, or
baseline, must be defined. It should be understood that there is no true -level anywhere in the ECG (> Fig. .). The
T-P interval which has been recommended as such contains the U wave. The CSE Working Party defined baseline as “a
horizontal reference line computed from a single base level” [] and declared itself against the use of non-horizontal
lines. For QRS and T combined, it recommended strongly the uniform use of a baseline through the onset of QRS in
combination with a limited number of preceding sample points. For the P wave, the base level may be chosen at the onset
of P. Voltage amplitudes are then simply determinedwith respect to the chosen baselines. Awave is defined as a discernible
deviation from the baseline where at least two opposite slopes can be identified and where discernible means that both
the amplitude and the duration of the deviation exceed certain minimum values []. Various amplitude ratios, such as
Q/R and R/S, and also integrals and angles can be derived from these measurements. When simultaneously recorded
orthogonal leads are available or are reconstructed from the -lead ECG [, ], spatial or planar vector magnitudes
and directions, gradients and polar vectors can be obtained. The relative areas of the spatial QRS loop in each octant of
the three-dimensional space are also measured in some systems [].

Pipberger et al. [, ] applied the technique of time normalization of the QRS complex and the ST-T segment. Each
was divided into eight equal time segments, regardless of their duration. In this way, measurements from QRS complexes
with different durations can be compared one with another.

Advanced mathematical techniques, like Fourier analysis, polynomial fitting, or Karhunen–Loeve expansion, have
been applied by some early investigators [, ]. It has been pointed out by Van Bemmel [] that parameters derived
from these techniques may allow an accurate reconstruction of the overall shape of the ECG, but are not necessarily the
best discriminating features in ECG classification.

Computer processing systems frequently make – measurements per ECG. Ultimately, only a limited subset is
used in the diagnostic classification stage and a still smaller number is printed out in the final computer report, which
is submitted to the requesting physician. Most ECG processing systems will optionally display the averaged or median
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beat, if desired with markings for wave onsets and offsets as determined by the program. The ECG reader, therewith, has
a check on the correctness of the measurements underlying the computer diagnosis.

. Diagnostic ECG Interpretation

.. Strategies for Diagnostic Classification

After the initial waveform-detection, pattern-recognition, and measurement algorithms have been applied, the diagnos-
tic stage is entered in which the ECG is classified into one or more of the various possible diagnostic categories. Two
basically different approaches to diagnostic classification have been developed since the early days of computer assisted
electrocardiography []. In the first, the deterministic or heuristic approach, the cardiologist’s method of interpreting
ECGs is simulated.The majority of existing ECG computer programs follows this approach. In the second, a statistical or
probabilistic approach is adopted whereby an attempt is made by mathematical means to establish the probability that a
given ECG belongs to a particular diagnostic category.

More recently, other approaches to diagnostic ECG classification have been tried. Some investigators have applied
fuzzy set theory [, , ], others the “expert system” approach [, ] and, finally, neural-network techniques
have been used [–]. However, clinical application of the latter techniques on a larger scale is lacking.

.. Deterministic ECG Computer Programs

The analysis follows a logical path of questions regarding the presence or absence of certain predetermined criteria for
every diagnostic category, to be answered with yes or no.The questions and answers can be arranged in a decision table or
in a decision tree resulting in diagnostic statements []. Such decision schemes, often quite elaborate, are implemented
in all programs using the deterministic approach. The likelihood of the resulting diagnostic statementsmay be indicated
by modifiers like “definite,” “probable,” and “possible.”

Deterministic programs have the advantage that the diagnostic criteria used are familiar to the cardiologist, and that
the logic is easy to follow and comprehend []. Much experience with conventional ECG interpretation present in
the brain of the developer or published in the literature can, theoretically at least, be incorporated in these programs.
Decision-tree programs are organic and flexible in structure and remain open for modification. With advancing insight
and experience diagnostic pathways can be improved. Criteria selection can be guided by deductive reasoning based on
knowledge of electrophysiological processes, a design that is inherently excluded in the statistical diagnostic approach.
Also, new diagnostic categories can be added quite easily without the need for recruiting new statistical data.

Emulation of the human reader brings advantages but has also its limitations. The criteria selection might tend to
be arbitrary and based on impressions rather than founded on solid quantitative information. In some systems, criteria
selection was the work of a single expert, in others the effort of a group []. The appreciation of ECG criteria may vary
considerably between cardiologists, as demonstrated by many studies on intra- and inter-observer variability of ECG
interpretation [–]. The set of criteria proposed by one cardiologist may be met with another cardiologist’s disap-
proval. This lack of agreement on criteria and the dearth of reliable quantitative data on their sensitivity and specificity
have resulted in a diversity of commercial systems, even in one where each user could incorporate his own preferences,
if so desired [].

Many studies on ECG criteria have demonstrated a considerable overlap between normal and abnormal populations
with respect to almost all ECGparameters, notably of Q-wave durations and voltagemeasurements.This necessarily gives
rise to a proportion of false-positive and false-negative statements. The addition of a new, independent criterion to an
existing decision tree increases sensitivity, but is almost invariably accompanied by a loss in specificity.This practice led to
intolerably high false-positive rates in some of the early programs that, as a result, were dismissed as unsuitable for clinical
use [, ]. A weighty argument of the adherents of the probabilistic approach was that conventional ECG programs
can never surpass an accuracy level of –%, the level reached by eminent experts in Simonson’s study [], who read
the ECGs and VCGs of patients whose diagnoses were known and documented by ECG-independentmeans. In the CSE
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study, later to be discussed, the level of accuracy against the clinical “truth” was much higher, ranging between % and
% [].

Nowadays, however, decision-logic programs may also employ statistical tools. Computer programs are available
that automatically generate decision-tree logic based on a given choice of features [, ]. Sensitivity and specificity of
thresholds used in different criteria can be statistically optimized on population samples withwell-defined disease entities.
In a way, conventional ECG programs thereby move toward the statistical programs and, as we will see, vice versa.

.. Statistical ECG Computer Programs

The availability of the computer to perform voluminous mathematical computations for statistical purposes would seem
to make the statistical approach the easy solution for diagnostic classification, but it will be shown that there are no
easy solutions. For each diagnostic category, a population of ECGs has to be collected. The presence of normality or
of the various types of abnormality (infarction, LVH, etc.) has preferably been established from clinical data, although
ECG information does not have to be excluded. Next, the probabilities of occurrence of the various ECG measurements
are determined for each diagnostic category. Having done this in a learning stage, any new ECG can be assigned to its
presumed appropriate population in a test stage to evaluate the validity of the classification method. The measurements
going into the statistical procedure are in principle just the amplitude values of samples in each lead of an ECG, in addition
to certain duration measurements, not the values of the customary diagnostic ECG criteria, although, again in principle,
there could be nothing against using them.

The main claim to preeminence of statistical over conventional programs is that diagnostic performance should be
better and thatmathematical objectivity takes the place of the personal idiosyncrasies of conventional programdevelopers
[, ]. Also, in the neighborhood of critical thresholds, minute changes in measurementsmay alter the interpretation
in heuristic programs, but less so in statistical programs and certainly not when the probabilities for the diagnoses are
above % [, ].

There are, however, distinct disadvantages []. First of all, large databases are needed for developing and testing.
For each diagnostic category, a separate population of clinically documented records has to be collected. Case collection
carries with it the problem of selection. The AVA program [] has been developed almost exclusively on a database
collected in a male and war veteran population. Statistical parameters may differ significantly in other populations that
are more heterogeneous with respect to sex or to age and more homogeneous, on the other hand, with respect to race
(see the Appendix on normal limits).

Furthermore, the diagnostic categories are mutually exclusive. A case may have a probability of % of belonging
to the single category of, say, left ventricular hypertrophy (LVH), % of belonging to anterior myocardial infarction
(AMI), and % of being normal. The individual probabilities add up to %. With this approach, it is not possible to
have % probability of LVH and at the same time % probability of AMI. For this to be possible a separate collection
of cases with LVH + AMI would have to be created and every other combination of diagnoses would again necessitate a
different data base. In this way, the required number of cases soon increases out of control. Also, when one ECG presents
an abnormality which does not belong to any of the existing categories, the probabilities will be spread over the existing
categories []. To handle this problem, some diagnostic-tree type decisions were added in the AVA program in order to
deal with some abnormalities not listed by the main AVA classification [].

The common denominator of all the proposed statistical techniques is multivariate analysis. The first program using
suchmethods dates back to  andwas described by Cady et al. [].They separated  normal tracings from  records
with a typical pattern of LVH. Bayes’ theorem was first applied to ECG diagnosis by Kimura et al. []. There were more
early attempts to use multivariate analysis for ECG classification [–], but particularly Pipberger and coworkers
have for many years persistently promoted the statistical method at numerous conferences and in many articles [, , ,
, –]. Following this lead, other investigators have applied statistical techniques for computer processing mainly
to the VCG [, ]. Multivariate analysis has less frequently been applied to the standard -lead electrocardiogram
[, , ].

The Bayes’ formula is given by

P(i∣x) = f (x∣i) ⋅ P(i)∑m
j= f (x∣j) ⋅ P(j)



Computer Analysis of the Electrocardiogram  

where P(i∣x) is the posterior or conditional probability that an ECG belongs to diagnostic category i (out of m possible
categories) given the measurement vector x; f (x∣i) represents the conditional probability that the measurement vector x
is produced in the cases belonging to category i; and P(i) is the unconditional or prior probability for an ECG to belong
to category i [].

An essential feature of the classification strategy in the AVA program developed by Pipberger et al. [, ], as well as
by some other investigators [, ], is the application of prior probabilities as expressed in the Bayes’ formula. For
this purpose, the relative frequencies of occurrence of various clinical diagnostic categories in the environment in ques-
tion must be estimated.Thus, in Pipberger’s approach, different prior probabilities were assigned to patients of different
provenance (cardiological out-patient, general medicine, pulmonary disease) even to the extent of introducing “individ-
ual prior codes” []. This concept was argued to emulate the thought process of a physician who, when interpreting an
ECG, weighs his diagnosis in the light of age, sex, and clinical condition of the patient, and the likelihood of occurrence
of the disease in the specific population to which he happens to belong.The “proper prior code” for an individual is indi-
cated on the ECG request form as one of several broad clinical categories, according to the tentative clinical diagnosis
[]. When entered with the patient’s vital statistics, the prior probabilities are automatically set for computation of the
posterior probabilities. The sensitivity and specificity for certain diagnostic categories of the AVA program can easily be
adapted through manipulation of prior probabilities [].

By including the prior probabilities of the various diagnostic categories, non-electrocardiographic information is
introduced in a formalized way. In an extreme example, when a prior probability is set to zero or to one for a certain
group, no case or every case will respectively be diagnosed in this disease category, no matter what the ECG appearance
may be.These are the mathematical facts of this classification procedure []. Proponents of the use of prior probabilities
argue that in a non-formalized way, prior knowledge and bias are applied by the clinician as well in routine ECG reading,
in a justifiable and natural way. The opponents state that, by using clinical information, the role of the ECG is reduced to
futility. They claim that evaluation of the ECG, in the larger framework of a final clinical diagnosis, should independently
contribute to the diagnosis. In all these considerations, the element of “cost” cannot be neglected.The cost of missing the
diagnosis of a single case of bubonic plague in a population hitherto thought to be free of the disease may be huge, as is
the cost of overdiagnosing cervical cancer in a population where the disease is not uncommon. Prior probabilities should
not be applied without discernment!

.. Methodology of ECG Computer Program Evaluation

The following paragraphs mainly address the topics of diagnostic accuracy and reliability of ECG computer programs.
For other aspects such as utility, efficacy, and cost-benefit analysis, the reader is referred to some specific publications
[, –].

It was pointed out earlier that comparison between computer and truth is a more cumbersome and problematic task
than one would anticipate. To list the main complications:

. There are ECG statements for which there is no clinical confirmation.Three types of statements can bemadeby human
readers or computer programs [], as follows:
(a) Type A statements refer to an anatomic lesion or pathophysiologic state, such as myocardial infarction or hyper-

trophy, the presence of which can be confirmed by non-electrocardiographic evidence like cardiac catheterization,
serum enzyme levels, ventriculograms, echocardiograms, scintigrams, and autopsy findings.

(b) Type B statements apply to conditions which belong intrinsically to the realm of electrocardiography itself. They
refer to electrophysiological processes such as arrhythmias and atrioventricular and intraventricular conduction
disturbances. Sometimes these type B statements can be corroborated by the results of other diagnostic meth-
ods, such as scintigraphy in the case of a statement of ischemia based on a typical ST-T change. Most often, the
physician’s interpretation is the reference.

(c) Type C statements refer to purely descriptive ECG features for which no substrate can be demonstrated by other
means. Under this category, statements are subsumed like “nonspecific ST-T changes” or “axis deviation.”
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At the tenth Bethesda conference, Task force III [] strongly recommended evaluation of type A statements
by means of independent, clinical evidence. For type B and C statements, the human observer is the reference. A
distinction wasmade between a constrained and a free observer, the constraint being a given set of measurements
or criteria agreed upon before the evaluation. In fact, this again boils down to a test on the waveform recognition
proficiency of the program.The free observer applies his own individual rules, or the majority opinion of a group
of free observers may be obtained, but if these rules are formalized they can be put into computer logic and the
observer is again constrained.

. Collecting a type A database is a laborious and tedious task. In the early years, investigators were quite satisfied when
they could single out one disease condition, say D, from a population composed of only D and normals. A simple  × 
contingency table suffices to describe the diagnostic results, with sensitivity, specificity, positive predictive value, etc.,
as the indices of performance. This simple situation is already spoilt when non-D can be anything, not just normal.
Non-normal conditions other than D may resemble D in some features and lead to false positive diagnoses of D and
so degrade performance. In the real-life situation, the population contains all types of abnormality and the program
is expected to classify each one correctly. This results in as many sensitivities and specificities as there are diagnostic
conditions, and total performance cannot be expressed in a single, representative figure. The same “total accuracy”
could be attained by one program scoring low on infarct recognition but high on LVH and a second one doing the
reverse.Whatever the problems of assessing the agreement between computer and reference, it is mandatory that the
database includes a spectrum of disease states, with different grades of severity and a representative number in each
category, as well as combinations of different diseases. A database without any bias, however, is an illusion. Mostly,
noisy recordings are excluded from the collection although noise is a fact of life (for testing purposes noise could be
added afterward). Also, arrhythmias and conduction defects are sometimes excluded. Finally, databases differ in the
populations they were drawn from, with respect to race, age, sex, social status, etc.

. Output statements are not standardized and their meanings must be established first. What is to be understood by
septalmyocardial infarction?Does itmean the same thing as antero-septalmyocardial infarction?What are the clinical
grounds for diagnosing right ventricular hypertrophy (RVH)? Is RVH caused by pulmonary valve stenosis the same
as RVH caused by an atrial septal defect? Such questions were addressed in the CSE study []. These considerations
not only apply to type A statements, but to B and C as well. What is a nonspecific ST-T change? How will RBBB or
LBBB be defined? Regarding the latter, a set of criteria for conduction disturbances and pre-excitation have previously
been recommended [].

. Probability statements constitute another problem. A human observer may make a diagnosis of “probable inferior
infarct.” Does this mean “% probability of IMI,” but still a chance of % normal? Do the probabilities add up to
%? In the case of “probable anterior infarct, possible LVH” does this mean % probability of AMI, % of LVH,
and % normal, or must we understand that the case is probably abnormal (%) with a preference for AMI (%),
a residual chance of % for LVH and leaving a % likelihood of normality? The problem is compounded by the
tendency of ECG readers to cover all contingencies by statements like “posterior wall infarct not entirely excluded.” It
is, therefore, necessary that the reporting follows strictly prescribed rules. As an example, in the CSE study the number
of categories was limited to seven. For each category, four certainty qualifiers were allowed: definite, probable, possible,
and absent with numerical values of , , , and , respectively. The computer statements had to be transcribed into
the same format by the program developers. As per diagnostic category, the scores were averaged over all readers or
programs, and rounded.The category with highest score was taken to be the diagnosis of the “combined cardiologist”
or “combined program.” Additional rules were defined to handle some more complex situations [].

. Instability of interpretation is not restricted to man. Intra-observer variability is recognized to be sometimes con-
siderable, but computer programs are generally viewed as robust against the diagnostically insignificant short-term
variations thatmayoccur between two successive ECGs of the same person.This is not entirely the case [–]. Even
one and the same ECGmay give rise to two different outcomes, as demonstrated by Bailey et al. [, , , ].They
processed two sets of digital samples, ms apart, from the same recording, and, surprisingly, the separate results were
by no means identical.The reproducibility of some of the older programs tested in this way proved to be unacceptably
low. Spodick and Bishop [] assessed the variability in the interpretations by an unspecified computer program of
 unselected pairs of ECGs recorded min apart. In  (%) pairs, they found “grossly” different interpretations.
The clinical significance of part of the differences, however, is debatable.
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.. Comparison of Computer Interpretationswith Physician’s Interpretations

The , ECGs and VCGs from the CSE diagnostic library were read by nine cardiologists of whom four read ECGs and
VCGs, four read only the ECGs and one read only the VCGs. For each recording, a combined result was derived in the
above described manner. The results of nine ECG and six VCG computer programs were then compared with the “com-
bined cardiologist.” Different misclassification matrices, as well as sensitivity, specificity, predictive values of positive and
negative test results, total accuracy, information content, and other measures of performance, were calculated [, ,
]. The specificity of the ECG programs (median .%, range .–.%) was higher than that of the VCG program
(median .%, range .–.%). Median sensitivities for LVH, RVH, AMI, and inferior myocardial infarction (IMI)
were .%, .%, .%, and .%, respectively, but among the programs, sensitivities varied widely (> Table .).
Total agreement between an individual program and the combined cardiologist varied between .% and .% for the
ECG programs and between .% and .% for the VCG programs. The combined program agreed with the combined
cardiologist in .% of the cases, which was significantly higher than for any individual program.The figuremay be com-
pared with the intra-observer variability of the cardiologists, who interpreted  randomly selected cases a second time
without their knowing. Reproducibility was then seen to vary between a low of .% and .% (median .%) [].

It should be noted that the cardiologists in the CSE study were experienced, highly-motivated electrocardiographers.
In a study by Jakobsson et al. [], the interpretations of  physicians (only four of them being cardiologists) were com-
pared with those of a computer-based ECG recorder in routine clinical practice. The authors took their own judgment
as the reference. The study population consisted of  routine ECGs taken in a general practice, a medical emergency
department, and an out-patient department. No single physician interpretedmore than % of the ECGs. A written physi-
cian’s interpretation was lacking in % of the ECGs. The diagnostic sensitivity for myocardial infarction of the doctors
was significantly lower than that of the program. The overall quality of the computer interpretations was judged as being
satisfactory in % of the ECGs, whereas this was only % for the physicians’ written interpretations. Most computer
misinterpretations could be attributed to poor signal quality, and it was suggested that the nonexpert physician should
team up with the computer to approach the performance of an experienced ECG reader.

TheCSE study only dealt with type A diagnostic statements.Computer–physician comparison is the usualmethod for
assessing type B and type C interpretative statements, for which the ECG itself is the reference. Although this may seem
to be less essential than diagnostic type A accuracy, such comparison is important since agreement between computer
and physician is a convincing argument for the clinical acceptability of an ECG computer program [, , ]. Further,
physician review is mandatory for legal and other reasons [].

.. Comparison of Computer Results with Clinical “Truth”

The results of the nine ECG and six VCG computer programs obtained in the same , clinically validated ECGs and
VCGs in the CSE diagnostic library, as well as those from the nine readers, were now compared with the “clinical truth”
[, ]. The classification accuracies of the different programs (> Table .), and to a lesser extent of the cardiologists

⊡ Table .

Percentage agreement of nine ECG and six VCG computer programs and the combined program results with the combined

cardiologists’ interpretations on the , cases of the CSE diagnostic library (Adapted fromWillems [], p. )

Program Normal LVH RVH Anterior MI Inferior MI Total accuracy

ECG . (.–.)a . (.–.) . (.–.) . (.–.) . (.–.) . (.–.)

VCG . (.–.) . (.–.) . (.–.) . (.–.) . (.–.) . (.–.)

Combined program results

ECG . . . . . .

VCG . . . . . .

ECG+VCG . . . . . .

aMedian (range).
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⊡ Table .

Percentage correct classifications of nine ECG and six VCG computer programs and the combined program results against the

clinical “truth”on the , cases of the CSE diagnostic library (Adapted fromWillems [], p. )

Program Normal LVH RVH Anterior MI Inferior MI Total accuracy

ECG . (.–.)a . (.–.) . (.–.) . (.–.) . (.–.) . (.–.)

VCG . (.–.) . (.–.) . (.–.) . (.–.) . (.–.) . (.–.)

Combined program results

ECG . . . . . .

VCG . . . . . .

ECG+VCG . . . . . .

aMedian (range).

⊡ Table .

Percentage correct classifications of eight ECG readers and five VCG readers and the combined cardiologist results against the

clinical “truth”on the , cases of the CSE diagnostic library (Adapted fromWillems [], p. )

Cardiologist Normal LVH RVH Anterior MI Inferior MI Total accuracy

ECG . (.–.)a . (.–.) . (.–.) . (.–.) . (.–.) . (.–.)

VCG . (.–.) . (.–.) . (.–.) . (.–.) . (.–.) . (.–.)

Combined cardiologist results

ECG . . . . . .

VCG . . . . . .

ECG+VCG . . . . . .

aMedian (range).

(> Table .), vary widely. The median specificity of the ECG programs was .% (range .–.%) against .%
(range .–.%) for the VCG programs. Corresponding values for the cardiologists were .% (range .–.%) for
the ECG and .% (range .–.%) for the VCG.The median sensitivities for LVH, RVH, AMI, and IMI were .%,
.%, .%, and .%, respectively, for ECG and VCG computer programs together, versus .%, .%, .%, and
.%, respectively, for all cardiologists. Total accuracy varied between .% and .% (median .%) for the ECG
programs, and between .% and .% (median .%) for the VCG programs. Total accuracy of the cardiologists
varied between .% and .% (median .%) for the ECG, and between .% and .% (median .%) for the
VCG. However, the programs with the best performance reached almost equal levels as the best cardiologists.

The cardiologists obtained more accurate results for the ECG than for the VCG. The VCG readers had a lower
specificity and, somewhat surprisingly, a lower sensitivity for anterior infarction, while sensitivities for RVH, inferior
infarction, and combined infarction were slightly higher. These results largely corroborate those of other investigators
demonstrating that the VCG is superior for most diagnostic categories as far as sensitivity is concerned, at the expense
of specificity []. In another study [], using , cases and the same statistical classification technique, the ECG and
VCG were shown to have identical diagnostic information. One reason for the lower performance of the VCG readers in
the CSE studymay be, for some readers, an unusual display of the vector loops. It should be noted that the total accuracies
of the combined ECG program (.%) and combined VCG program (.%) were almost identical.

Total accuracy of the four statistical programswas significantly higher (median .%) than for the heuristic programs
(median .%). This may, at least in part, be explained by the fact that % of the database consisted of single-disease
cases. The statistical programs were designed to classify a case into one of seven or eight disease categories, which is
not the case for the open-ended heuristic programs. Thus, the composition of the database may have resulted in a bias
favoring the statistical programs. Moreover, results of the AVA program may have been inflated thanks to its being fed
with clinical information to adjust the prior probabilities on a case-by-case basis.
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Combined results of programs and cardiologists were in almost all cases more accurate than those of the individual
programs and cardiologists. This confirms previous findings on a subset of the CSE library [].

The advantageous effect of combining programs was used in a study byKors et al. [] to improve the performance of
their MEANS program. MEANS comprises two different classification programs, one for the ECG and one for the VCG.
The interpretations of both programs in analyzing the ECGs and VCGs of the CSE diagnostic library were combined.The
total accuracy of the combined program against clinical evidence was .% (> Fig. .), significantly better than the
total accuracy of each program separately (.% for the ECG, .% for the VCG). Interestingly, to avoid the necessity
of recording a VCG, in addition to the ECG, the VCGs were also reconstructed from the ECGs and then interpreted by
the VCG classification program. The combined ECG and reconstructed VCG results (.%) were almost the same as
those of the combined ECG and original VCG. Thus, the performance of an ECG computer program was improved by
incorporating both ECG and VCG classificatory knowledge, drawing only on the ECG itself.

Another strategy, which takes into account possible beat-to-beat variations in the ECG was proposed by the same
group []. In the first step, all individual complexes of the dominant type are analyzed and a classification is derived
for each. In a second round, the individual classifications are combined in one final interpretation. When tested on the
CSE diagnostic library, the total accuracy of MEANS against the clinical evidence significantly increased from .% for
the interpretations of the averaged complexes to .% for the combined interpretations of the individual complexes.

Rather than combining the diagnostic outputs of an ECG and a VCG program, Andresen et al. [, ] integrated
ECG and VCG criteria for acute and prior MI in one algorithm. VCG leads were synthesized using the “inverse Dower”
transformation []. Using a database containing normals and patients with infarctions validated by ECG-independent
means, the algorithm achieved sensitivity equal to that of three cardiologists and three primary care physicians, but had
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⊡ Figure .

Total accuracies for the MEANS interpretation of the ECG, VCG, reconstructed VCG, and the combined interpretations. Also,

the total accuracies of the other programs and of the cardiologists participating in the CSE study are shown (From Kors et al.

[]. © Elsevier. Reproduced with permission).
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much higher specificity than the primary care physicians []. An improved version of the algorithm even outper-
formed the human readers [], but these results might tend to be enhanced because the test database did not contain
abnormalities other than infarctions.

The results of the CSE study showed that some ECG computer programs perform almost as well as the best cardiolo-
gists in classifying seven main diagnostic entities. However, it also became clear that some other programs were in need
of considerable overhaul to meet reasonable standards.

.. Computer-Aided Physician’s Interpretation of the ECG

Several studies evaluated the effect of computerized ECG interpretation on physicians’ readings of ECGs. Milliken et al.
[] collected  ECGs from patients with various cardiac disorders known from ECG-independent data. Nine readers
first read the ECG twice at an interval of several months without computer printouts. Months later, they reread the same
ECGs, this time with the computer printout being available. The interpretations with several months intervening, but
without computer output, resulted in an average change of .% of the statements with .% becoming correct and .%
becoming incorrect. When they reread the ECGs together with a computer output, the changes from incorrect to correct
averaged % and from correct to incorrect %. From this study, it is apparent that the effect of priming the reader with
computer results was in the direction of greater accuracy.

Hillson et al. [] performed a randomized controlled trial to examine the effects of computer-assisted ECG inter-
pretation on ECG reading time and agreement with the clinical diagnosis. Forty family physicians and general internists
evaluated ten clinical vignettes accompanied by ECGs. Half of the physicians received the ECGswith computer-generated
reports, the other half without.Those receiving the reports spent, on average, % less time in reading the ECGs.The first-
listed diagnosis of those physicians who did not receive computer support agreed with the clinical diagnosis in only .%
of the cases, while the score rose to .% in those who received support (p = .).This effect could mainly be attributed
to two cases with somewhat uncommondiagnoses (Wolff–Parkinson–White syndrome and pericarditis), whichwere cor-
rectly identified by the computer. However, in one of three cases that had erroneous computer reports, physicians who
received the misleading reports were likely to adopt the diagnostic error. Another study [] involved  cardiologists
who each interpreted  ECGs, half of themwith a computer report. Computer-assisted ECG interpretation gave an aver-
age reduction in reading time of % and significantly improved concordance of the cardiologists’ interpretations with a
gold standard established by a panel of five expert electrocardiographers.

In still another study, ten senior house officers were recruited in an emergency department [].They interpreted 
ECGs and five of these junior doctors had access to the computer report. Their interpretations and the computer reports
were compared with the consensus interpretation of two experienced clinicians. The computer made only two major
errors. Access to the computer report improved the physicians’ error rate (.% without report versus .% with), but
not significantly.

Tsai et al. [] examined the effects of correct and incorrect computer advice. They performed a randomized con-
trolled trial inwhich  internalmedicine residents each interpreted  ECGswith a total of  findings.The gold standard
was established by two cardiologists. Computer interpretations were correct in almost % of the findings. Overall,
without computer report, the physicians’ interpretations were correct in .% of the findings. With the reports, they
interpreted .% correctly (p < .). For the subset in which the computer findings agreed with the gold standard,
physicians without the computer report interpreted .% correctly; when the computer report was included, accuracy
increased to .% (p < .). When computer advice that did not agree with the gold standard was not given to the
physicians, accuracy was .%. Accuracy dropped to .% when the incorrect computer report was provided (p =
.). In the subset of findings in which the computer interpretation was incorrect, physicians agreed with the incorrect
interpretation twice as often when they were prompted by the computer than when they were not (.% versus .%,
p < .).

Most studies have shown a clear improvement in ECG reading of physicians when they are provided with a computer-
generated report. “Computerized electrocardiography – an adjunct to the physician” is the title of an editorial by Laks and
Selvester [] hailing the CSE report. Indeed, but there is a danger that nonexpert physicians let themselves be persuaded
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by an incorrect computer interpretation.This underlines the need for well-validatedECG computer programs that should
perform at the level of expert electrocardiographers.

. Rhythm Analysis Programs

Automatic identification of various arrhythmias poses major problems in the routine resting ECG.The rhythm interpre-
tation logic in all clinically used programs follows a deterministic approach, using measurements (RR intervals and PR
intervals, results of QRS wave typing, morphology of P waves, etc.) derived by the measurement program. The quality
of the rhythm section rests largely on the quality of the measurement algorithms. While QRS complexes can be detected
quite reliably, serious problems persist in P-wave recognition, especially in noisy recordings. For this reason, in many
programs the logic has been constructed so as to allow for a degree of wave-recognition failure and measurement error
[, ]. The record length poses another major problem. With the current multichannel recorders, usually  s of
data are analyzed. This is too short for reliable detection of parasystole, for example, or other complicated arrhythmias.
Providentially, the shortcomings of routine rhythm analysis programs are generally not too apparent, thanks to the low
incidence of complex arrhythmias in the general hospital environment [, ].

The first extensive program for rhythm analysis was developed by Bonner and Schwetman in  []. In a second
program [], five sets of three simultaneously recorded leads were used as input. The basic rhythm was derived from
each  s record and a “combining” programmade a decision as to the final rhythm statement.The total number of rhythm
statements was forty.

These statements were also implemented in the AVA program [].The arrhythmia logic was divided into four main
sections dealing, respectively, with regular and irregular rhythms and single and multiple aberrant beats. In the regular
rhythm section, three major branchings were made depending on the ratio of P waves to the number of QRS complexes
found (P:QRS). If P:QRS ≤ ., entry into the AV-junctional section was made. If P:QRS ≥ ., sinus rhythm was
considered, as was AV-junctional rhythm depending on the polarity of the P wave. If . < P:QRS < ., further tests
were made and in the case of inconclusive results, the statement “regular rhythm” was printed. In the irregular-rhythm
section, P:QRS was also used as a major branching point.

The same ratio (P:QRS) was also used in the more elaborate rhythm program developed by Plokker []. He consid-
ered  different types of arrhythmias, each represented by and programmed according to a detailed flowchart. Instead
of decision trees, Wartak et al. [] used decision tables. The whole arrhythmia logic is subdivided into a set of tables,
which are linked to each other.

A comparison of results published by different investigators is difficult and sometimes delusive. For rhythm program
evaluation, there are no approved databases comparable to that of CSE.The ideal case collection would contain sufficient
numbers of records in every rhythm category and evaluation should provide figures for sensitivity and specificity for each
category. However, arrhythmia cases tend to be in short supply. Evaluation is then often restricted to the sensitivity and
specificity of sinus rhythm diagnosis, in which specificity is calculated with respect to all non-sinus cases.The results are
thus heavily influenced by the diagnostic difficulty of the cases in the non-sinus category.

The results of a number of programs were evaluated by several authors. Bailey et al. [] analyzed results of the IBM-
Bonner program, and reported a sensitivity for arrhythmias of .% while specificity was .%. Of the  false-negative
arrhythmias, the statement “undetermined rhythm” was made in  cases, all found to be atrial fibrillation. Sensitivity
for atrial fibrillation was .%. Of eight cases with second-degree AV block, the program correctly identified two. The
prevalence of complex arrhythmias was too low to derive any meaningful conclusions.

Similar detection rates of cardiac arrhythmias have been reported for other processing systems [, , , ]. For
example, Bernard et al. [] reported anoverall correct detection rate of % in  arrhythmias by theTelemedprogram.
They did not specify whether the missed arrhythmias were incorrectly called sinus rhythm or any other arrhythmia.

A comparative study of five computer programs in the diagnosis of various types of AV block was undertaken by
Shirataka et al. [], using an ECG signal generator. Although all systems correctly detected normal sinus rhythm and
first-degree AV block, only one system recognized second-degree AV block with classic Wenckebach periodicity, and no
systemwas able to classify atypicalWenckebach periods.Most systems performed reasonably well for Mobitz II AV block,
third-degree AV block, and ventricular bigeminy and trigeminy.
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Plokker [] tested the rhythm analysis of an early version of the MEANS program. On a set of , ECGs,
he found a sensitivity for sinus rhythm of .% and a specificity of .%. Using the HP program, Thomson et al. []
reported a sensitivity for sinus rhythm of .% and a specificity of .% on a set of , ECGs.

Several reports [, , ] were devoted to the rhythm analysis program of GE Health Technologies (formerly
Marquette). Farrell et al. [] used , physician-confirmed ECGs from four teaching hospitals. Patients with pace-
makers were excluded. Primary rhythm statements of a new and a previous program version were compared with the
confirmed interpretations. Overall disagreement decreased from .% for the older version to .% for the new version.
Increased sensitivities were observed for sinus rhythm (.%), atrial fibrillation (.%), and AV-junctional rhythms
(.%), while specificity and positive predictive value improved for all arrhythmias. However, specificity for sinus rhythm
was .%, which means that as much as .% of abnormal rhythms were called sinus. This would disqualify such a
program for arrhythmia case-finding purposes.

Using a nearly identical software version as in Farrell’s study, Poon et al. [] assessed the performance of the GE
program in , consecutive ECGs recorded in a university teaching hospital. Over-reading was performed by either
one of two cardiologists. Overall, .% of the ECGs required revision of the computer’s rhythm interpretation, but about
half of these ECGs involved patients with pacemakers. In the unpaced population, sensitivity for sinus rhythmwas .%,
but specificity was again rather low at .%. For atrial fibrillation, sensitivity was .% and specificity .%. Sensitivity
for atrial flutter was .%, whereas sensitivity for atrial tachycardia was only .%. It was concluded that physician over-
reading remainsmandatory, in particular to confirm a computer statementof normal sinus rhythm, or rhythm statements
in patients with pacemakers.

In another study involving the GE SL program, , ECGs collected in a tertiary care hospital were processed by
the computer and then over-read by two cardiologists []. In .% of the ECGs there were significant disagreements
between the computer and the cardiologists; % of these related to arrhythmias, conduction disorders, and electronic
pacemakers. Sensitivities for atrial fibrillation and atrial flutter were .% and .%, respectively, at specificities of more
than .%.

Sinus rhythm appears uniformly well recognized, but other results depend quite heavily on the material analyzed, not
only with respect to the mix of various arrhythmias, but also to the noise content of the database.

. Serial Comparison Programs

Comparison with previous records is a part of normal routine in ECG reading. It must, therefore, also be seen as a nec-
essary adjunct to computerized ECG analysis. A prerequisite is an efficient database management system for storage and
retrieval of results. In the past, restricted storage capacity limited the number of records and the type of data that could
be kept on line. Pryor et al. [] developed the first serial ECG comparison program but the comparison was essentially
limited to the final diagnostic statements. Others compared measurements as well []. In some systems, raw data from
one representative cycle for up to three records were stored [], or the entire record could potentially be regenerated
in case of arrhythmias [, ].

Nowadays, with vastly expanded storage capacity and transmission and processing speed boosted to previously
unimagined heights, technical limitations hardly seem to be a consideration. Nevertheless, an operational difficulty
remains. The modern stand-alone microprocessor-based electrocardiograph is able to perform a complete ECG analysis
but does not contain the information of the central management system. If onewants serial analysis, a way of communica-
tion with the management systemmust be chosen from several options, the most advanced being instantaneous wireless
transmission of data [, ].

Themore fundamental problem of serial comparison is that of semantics: whichmeaningmust be attached to a differ-
ence in measurements or in diagnostic statements between successive interpretations? As is well known, there is a certain
variability in recordings from  day to the next or from  year to the next [, ]. This variability is caused by differ-
ences in electrode placement, variations in depth of respiration, alterations in posture, changes in body fat, and by other
factors []. Measurement changes from one tracing to the next should be given attention only if they exceed the natural
variability. As mentioned earlier, in deterministic programs, it is quite possible that small, insubstantial measurement
fluctuations around a threshold value cause a material difference in diagnostic statements []. But which of the state-
ments in this borderline situation is the correct one? Each serial analysis program deals with this problem in its own way.
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Different checks are made to ascertain whether or not changes are the result of a borderline crossover of decision criteria.
As an option, a graphic display of trends in measurements and diagnostic statements has been implemented in some
processing systems [–]. Also, serial comparison summary statements, such as “no significant change” or “descrip-
tive differences only,” have been proposed as a means of taking into account normal ECG fluctuations []. Alternative
methods for improving the consistency of serial ECG analysis are the use of smooth decision functions rather than binary
thresholds [, ], or VCG loop alignment (if not available as such, the VCGs may be derived from the two ECGs to
be compared by mathematical transformation) [, ].

On the other hand, as long as the measurements are essentially identical, a good program will produce the same
diagnostic result which may mean persisting in making the same error. Meanwhile, the initial statement may have been
corrected by a reviewer []. Only if the corresponding changes are made in the central ECG management systemmay
a serial analysis program take them into account in the comparison with a subsequent ECG from the same patient [].

Most programs for serial ECGanalysis use decision rules to arrive at their diagnostic interpretation [, , , ].
Two studies investigated the use of artificial neural networks. Sunemark et al. [] described a neural network to classify
serial changes indicative of newly developed infarcts, taking the consensus opinion of three interpreters as the reference.
The input data consisted of measurements from the ECG and the reconstructed VCG. At % specificity, the use of only
ECG or VCG measurements gave a sensitivity of % and %, respectively, and increased to % when measurements
were combined. Ohlsson et al. [] also used neural networks to detect acute MI based on either the current ECG only,
or on the combination of the previous and the current ECGs. Acute MI was diagnosed according to characteristic chest
pain, elevated enzyme levels, or characteristic ECG changes.There was a small but significant improvement in the neural
network performance when a previous ECGwas used as an additional input. On the same set of ECGs, the neural network
appeared to perform better than two physicians, an experienced cardiologist and an intern.

No independent evaluation studies of different systems for serial ECG analysis have been published.

. Computer Analysis of Pediatric Electrocardiograms

TheECG in children differs considerably in signal characteristics from that of the adult. Small children usually have high
heart rates, and the recordings are often much noisier and show more baseline wander than in adults. There is a fast
and profound evolution of electrocardiographic patterns especially in the first days and weeks after birth, but changes
continue up to adolescence [, ]. Consequently, normal limits of ECG and VCG parameters are heavily dependent
on age, and for diagnostic criteria, especially in young children, it is necessary to rely on extensive tables of values for
amplitudes, durations, and angles [–]. Here, obviously, the computer can be of assistance. Also, congenital heart
diseases can be quite complex and can produce a variety of electrocardiographic patterns. In addition, qualified readers
of pediatric ECGs are rare and mostly located in university centers []. Inter- and intra-observer variability in reading
pediatric ECGs was shown to be substantial []. These were the main incentives for the development of pediatric ECG
programs.

In the past, the Mayo computer system routinely processed pediatric VCGs for some time [], and in the VA
Research Center for Cardiovascular Data, a large cooperative study has been undertaken in this field []. Other pro-
grams have been developed for pediatric VCG [, ] and -lead ECG [–]. The combination of ECG and
synthesized VCG measurements to discriminate between mild RVH with terminal conduction delay and partial RBBB
in children was described by Zhou et al. [].

Relatively few evaluation studies of pediatric ECG programs have been performed. In a study of  pediatric ECGs
that were diagnosed by ECG-independentmeans, the HP pediatric program had a % sensitivity and % specificity for
RVH and a % sensitivity and % specificity for LVH [].

Based on a test set of  ECGs diagnosed by two pediatric cardiologists, Rijnbeek et al. [] assessed the perfor-
mance of the pediatric version of the MEANS program (> Table .). Sensitivities for RVH, LVH, RBBB, and LBBB
were %, %, %, and %, respectively, at specificities of at least %. The program employs continuous age-
dependent normal limits that in a separate study were shown to be considerably different from those commonly used
in children [].

In a study by Hamilton et al. [], the diagnoses of RVH and LVH by the Glasgow program was compared with
those of two pediatric cardiologists. When the cardiologists were not provided with clinical information, sensitivity of
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⊡ Table .

Performance of the computer program PEDMEANS on a training set (n = ,) and test

set (n = ) of pediatric ECGs (from Rijnbeek et al. [])

Training set Test set

Abnormality Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)

LVH . . . .

RVH . . . .

LBBB . . . .

RBBB . . . .

the program for RVH was % at a specificity of %, but sensitivity for LVH was only % at % specificity though the
sensitivity for LVH increased to % at the same specificity when the clinical information was provided. Interestingly, if
the cardiologists had disagreed initially with each other, their consensus opinion was twice as likely to be in agreement
with the program.

Finally, pediatric ECG interpretations by the Marquette  SL program were compared with those of emergency
department physicians in a -month prospective study, taking the interpretation by a pediatric electrophysiologist as
the reference []. The computer proved to be more accurate than the physicians for interpretations considered to be of
minimal or indeterminate clinical significance, but both performed poorly in interpreting the few cases of definite clinical
significance (prolonged QTc, acute MI, supraventricular tachycardia, and atrial fibrillation).

. Conclusion

In , the late Jos Willems, the author of this chapter on computerized electrocardiography in the first edition of
this handbook, wrote: “Nowadays computerized ECG analysis is being utilized widely in many medical institutions”
and “Microprocessor-equipped electrocardiographs are proliferating and are on the verge of widespread application in
smaller hospitals, general practitioners’ offices and the health-screening environment.” Now, in , it will be hard to
find a non-microprocessor-based electrocardiograph outside a museum for medical instruments, where it may stand
next to an Einthoven string-galvanometer-based electrocardiograph invented in . Willems also wrote: “Since ,
definite progress has beenmade in the development of reference standards aimed at the evaluation of ECGmeasurement
programs. This has largely been the result of the cooperative study “Common Standards for Quantitative Electrocardio-
graphy” (CSE project). Much work still needs to be done in the objective assessment of the diagnostic performance of
ECG-analysis computer programs. Many challenges are still ahead . . ..”

In almost  years since the closure of the CSE project, certainly much work has been done, but many challenges
remain. The volume per annum of publications on computerized ECG analysis has steadily decreased. It looks as if a
certain amount of saturation has set in. The providers of “intelligent” ECG equipment seem to be less keen on improving
their diagnostic programs: has not the CSE study shown that programs rival the cardiologists’ intelligence in diagnosis?
But the time has not arrived to sit back complacently. It must be remembered that the CSE study applies to an idealized
breed of ECGs. In real life, ECGs are not selected for good appearance and straightforward character. They may be of
unshapely physiognomy due to combinations of abnormalities and be disfigured by noise, arrhythmias, and conduction
defects. Here, the computer’s painstakingly taught tricks for detecting waves and inflectional points are eclipsed by man’s
innate talents for pattern recognition. Especially P-wave detection and, connected with it, rhythm analysis need improve-
ment and it would help if electrocardiographs would routinely acquire records of at least  s for this purpose. On the
other hand,man is unreliable and, except wherewaveform recognition is suddenly led astray – aweakness that still should
be amended – computer measurements are much more consistent. Presently, computer measurement of the QT interval
is widely used for drug safety testing. In general, computer diagnosis is very specific, that is, a statement of “normal” can
be relied on almost blindly and computerized ECG analysis is, therefore, an adequate screening instrument. Also, pop-
ulation screening by Minnesota coding through computer is much more reliable, faster, and cheaper than by hand. For
clinical purposes, an abnormal computer classification still requires over-reading by an expert. The confrontation of the
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reader with the computer report was shown to improve quality and consistency of diagnosis.The huge advantages offered
by a computerized system for automatic reporting, filing, and retrieval do not have to be emphasized. Finally, on the list-
to-do in computerized electrocardiography, we should put the further development of serial analysis and perfection of
the diagnosis of acute coronary syndromes. For this latter purpose, well-validated data bases are necessary.

The electrocardiograph with diagnostic facilities is often called “intelligent.” Shannon once exclaimed: “Man is a
machine, man can think, therefore some machines can think.” The reader may speculate whether the third term of this
syllogism will at some point apply to the computerized ECG machine.
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. Introduction

Whenartificial cardiac stimulationwas introduced in  as a permanent treatment for bradycardia, the interpretation of
pacemaker ECGs posed little difficulty. The indication for pacemaker implantation at that time was total atrioventricular
block, and the available pacemaker systems provided fixed-rate ventricular stimulation (> Fig. .). Today multipro-
grammable pacemaker devices are available with many different pacing modes, sophisticated functions, and diagnostic
tools. Pacing during various arrhythmias creates ECG recordings which are sometimes rather difficult to analyze, and
nowadays there are many methods for performing an evaluation of the pacemaker function other than looking at a
standard surface ECG. To perform a comprehensive examination, an appropriate pacemaker programmer is sometimes
necessary where the initial interrogation will allow retrieval of programmed settings and diagnostic data.The ECG (usu-
ally both surface ECG and intracardiac electrograms) monitoring capability simultaneously with telemetry eventmarkers
on the display facilitates the interpretation.

In this chapter, the basic principles of the interpretation of pacemaker ECGswill be presented, first concerning normal
pacemaker function and thereafter concerning malfunction and pseudomalfunction. Most of the ECG recordings have
been selected from the daily clinical work at the Skåne University Hospital, Lund, Sweden, and the intention is to provide
a survey of the field of pacemaker ECG. Questions concerning the choice of the stimulationmode and clinical application
have to be referred to text books dealing with pacemaker treatment.

The different pacing modes used are identified according to the recommendations of the  NASPE and
NASPE/BPEG codes. The original three-position letter code (since ) was revised to a five-position code in , and
has subsequently been expanded further in  (> Table .). Usually, the first three letters are used, for example, VVI,
DDD, AAI, VDD, etc., but today most pulse generators have a built-in sensor for rate modulation. When this function
is activated, the code will be VVIR, DDDR, AAIR, and so on. The use of the letter code facilitates rapid acquisition of
information about the programmed basic mode of the pacemaker and how it is pacing and sensing the heart.

. Registration of Pacemaker Impulses

Pacemaker impulses should be clearly visible in the ECG tracings and are commonly called “spikes.” An ECG recording of
good quality facilitates correct interpretation of pacemaker performance.The typical standard pacemaker ECGs recorded
when the lead tip is in the apex area of the right ventricle show broad QRS complexes with an LBBB pattern. Newmodes
with different pacing sites have in some cases changed the QRS morphology. The print-out with data and ECG -markers
from a programmer are very useful when difficult and problematic ECG’s occur (> Figs. . and > .).

The reproduction of the pacemaker spikes is influenced by many factors. One of the most important is the use of
the interference filter of the ECG recorder (> Fig. .). While the amplitude of the spikes is huge in unipolar systems,
much less stimulus artifact can be seen on the recording when a bipolar lead is used with anode and cathode only about a
centimeter apart (> Fig. .). Furthermore, the spike amplitude is related to the actual pulse generator output as demon-
strated by the example in > Fig. ., where the energy content of the pacemaker impulse is temporarily reduced to %
for test purposes. The spike amplitude and vector orientation when dealing with unipolar systems are dependent on the
choice of ECG lead and the position of the pulse generator (> Fig. .).

Digital ECG recorders are responsible for additional variation of the spike amplitude. If the sampling interval is ms,
ordinary pacemaker impulses of .–.ms duration may not be registered consistently, resulting in the changes of their
reproduction (> Fig. .). The variation of the spike amplitude may easily be misinterpreted as a lead or stimulation
problem. This can partly be circumvented by sampling the signal at a much higher rate; for example, every .ms.

. Relationship Between the Stimulation Impulse and Cardiac Activity

In most transvenous ventricular pacing systems with only one electrode, the lead tip is usually positioned in the right
ventricle, and during stimulation the ECG will show a left bundle branch block pattern. If the lead tip is located close
to the ventricular septum or is positioned on the left ventricle with an epicardial technique, a right bundle branch block
pattern will be produced (> Fig. .).
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II 1mV 0.4 s

⊡ Figure .

Continual asynchronous ventricular pacing at a rate of bpm in the presence of complete AV block. A left bundle block

pattern with wide QRS complexes appears due to stimulation first of the right ventricle and then the left.

⊡ Table .

The revised NASPBE/BPEG generic code for antibradycardia, adaptive rate, and multisite pacing. Pace, (), –,

February 

I II III IV V

What is stimulated? What is sensed? Reaction to sensing Ratemodulation Multisite pacing

 = None  = None  = None  = None  = None
A = Atrium A = Atrium T = Triggered R = Rate A = Atrium
V = Ventricle V = Ventricle I = Inhibited Modulation V = Ventricle
D = Dual (A + V) D = Dual (A + V) D = Dual (T + I) D = Dual (A + V)
S = Single S = Single
(A or V) (A or V)

The simultaneous occurrence of spontaneous cardiac activity and pacemaker impulses is not uncommon. When
the endocardium close to the lead tip is already depolarized spontaneously, the pacemaker impulse will not affect the
myocardium. However, the ECG will be distorted by the spike, a phenomenon referred to as a pseudofusion beat. If parts
of the myocardium are depolarized by intrinsic activity while others are activated by the pacemaker impulse, fusion beats
will occur. When the spontaneous heart rate and the basic stimulation rate are almost the same, fusion and pseudofusion
beats are commonly seen (> Fig. .).

In atrial pacing, intermittent ventricular extrasystolesmay result in a confusing ECGwhen the atrial spike is followed
by a QRS complex, referred to as a pseudopseudofusion beat (> Fig. .). Tachycardia-terminating pacemakers provide
additional variation to the relationship between spikes and the PQRS complexes; for example, during the termination of
reentry tachycardias with rapid overdrive pacing with short sequences (bursts) of stimuli. In> Sect. ., there aremore
examples of tachycardia treatment (> Fig. .).

. The ECG Appearance of Different Pacing Modes

One of the most commonly used modes is VVI pacing, which comprises ventricular stimulation and inhibition. A VVI
pacemaker operates with two timing circuitries; the basic rate counter and the technical refractory period, both of which
are initiated either by stimulation or sensing events. Possible ECG combinations are demonstrated in the timing diagram
shown in > Fig. .. The basic rate interval in a VVI pulse generator is programmable. When the pulse generator
detects ventricular depolarization within the basic interval, stimulation will be inhibited and a new basic interval will
start (> Fig. .).

In the VVTmode, instead of inhibition, the pulse generator delivers an impulse triggered by the QRS complex during
the refractory period, thereby leaving the spontaneous depolarization unaffected (> Fig. .).This pacing mode is very
seldom used but can be useful when sensing problems occur (inhibition is avoided).

A sensing event followed by either inhibition (VVI) or triggering (VVT) occurs when the intracardiac signal reaches a
certain amplitude at the site of the electrode. Sometimes the intrinsic deflection of this signal coincides with the beginning
of the QRS complex in the surface ECG. Whether or not ectopic ventricular activity causes inhibition of a VVI pulse
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0.4 sI

⊡ Figure .

Dual-chamber pacing and sensing (DDD) during second-degree AV block. The basic rate and intrinsic atrial rate are almost

the same, which explains the additional variations of the QRS-Tmorphology.

⊡ Figure .

To interpret this ECG from a patient with a DDD pacemaker, a pacemaker programmer is very useful. Parameters such as rate,

AV interval, and modes can be changed, diagnostic marker tools are available.

I

II

III

1 mV

0.4 s

Filter on

⊡ Figure .

DDD pacing recorded without and with an interference filter. As the spike recording is more clearly seen with the low-pass

filter switched on, it is recommended for routine use.

generator depends on the duration of the refractory period (> Fig. .). Multiprogrammable pulse generators offer a
selection of different refractory periods.

Variation in the rate, because of different timing intervals, is provided in pulse generators where the hysteresis func-
tion has been activated. Without hysteresis, the automatic basic interval is equal to the escape interval. With hysteresis,
the basic rate interval is constant during stimulation, but after an inhibition the escape interval is prolonged. Thus, a
pulse generator with a fixed or programmable hysteresis function operates with an inhibition rate lower than the basic
stimulation rate (> Fig. .).

Atrial pacing (AAIR) is achieved in amanner quite similar to ventricular pacing. Reliable AV conduction is, however,
essential for the use of atrial pacing (> Fig. .). As the amplitude of the atrial signal is considerably lower than the
corresponding QRS signal in ventricular sensing, the sensitivity of an AAI device must be high enough to allow correct
sensing.
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⊡ Figure .

Unipolar pacing to the left (a) compared with bipolar (b) ventricular pacing through the same electrode system, which was

achieved by means of a pulse generator with programmable polarity.

0.5 ms
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III
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0.05 ms

⊡ Figure .

Unipolar ventricular pacing, during an automatic stimulation threshold test with reduction of impulse duration from . to

.ms. Note the change of spike configuration. The output pulse corresponds to the spike on the ECG.

. Dual-Chamber Pacing

The expression dual-chamber pacing is used to describe a pacing modality capable of delivering pacing stimuli to two
chambers, usually the atrium and the ventricle (DOO, DDD,DDI, andDVI). During the last few years, the term biventric-
ular pacing has been used to indicate cardiac resynchronization of the ventricles in heart failure. It is easy to be confused
by the terms; resynchronization will be described later in this chapter. In the DVI mode, the stimulation of the atria is
followed by ventricular pacing after a technical AV delay. As there is no sensing in the atria, a DVI pulse generator may
only be inhibited by intrinsic ventricular activity. Atrial stimulation occurs at the programmed basic rate as long as the
pulse generator is not inhibited by spontaneous ventricular beats (> Fig. .).

In the VDD mode, atrial sensing is followed by synchronous ventricular stimulation, but without the possibility of
stimulating the atria during sinus bradycardia (> Fig. .). Ventricular inhibition is accomplished when spontaneous
QRS complexes are sensed during theAVdelay (> Fig. .). Ectopic beats sensed after the end of the technical refractory
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⊡ Figure .

Thevectororientationandamplitudeof thespikesaredependedonplacementof thepulsegenerator and theECGelectrodes.

The illustration is an example of unipolar right ventricular pacing with the pacemaker pocket located in the left pectoral

region.

1 mV
0.4 s

V1

⊡ Figure .

A digital ECG recording of unipolar ventricular pacing. The variation in the spike amplitude is caused by the digital sampling

technique of this particular ECG recorder.

periodmay also cause inhibition and resetting of the basic rate interval.The disadvantages of only ventricular stimulation
in the absence of spontaneous atrial activity make the VDD mode less attractive from a clinical point of view. The VDD
mode is still available as a programmable mode in DDD pulse generators.

In the DDD mode, the pulse generator operates with sensing and stimulation of both the atrial and the ventricular
chambers depending on the presence or absence of spontaneous cardiac activity and the programmed time intervals.
Thus, it presents a functional combination of AAI, VAT, and VVI principles. The coincidence between dual-chamber



Pacemaker Electrocardiography  

I

II

1 mV
0.4 s

III

a b

I

II

1 mV
0.4 s

III

⊡ Figure .

(a) Unipolar pacing through a transvenous right ventricular lead resembles a left bundle branch block (LBBB) pattern. (b) Left

ventricular stimulation through amyocardial screw-in electrode produces a right bundle branch block (RBBB) pattern.

1 mV
II

0.4 s

⊡ Figure .

Unipolar ventricular-inhibited pacing demonstrating the difference between pacemaker-induced QRS complexes (QRS com-

plexes # and #) and different degrees of fusion beats (QRS complexes # and #) caused by simultaneous depolarization

via stimulation and normal AV conduction. The T-wave configuration in complex # indicates a spontaneously induced

depolarization together with an ineffective pacemaker spike – a pseudofusion beat.

1 mV
0.4 s

I

⊡ Figure .

Atrial pacing at a rate of min−. A ventricular ectopic beat (complex #) coincides with an atrial spike producing a

pseudopseudofusion beat.
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I
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0.4 s

⊡ Figure .

Atrial bipolar burst stimulation (min−) terminating a supraventricular tachycardia. The spikes in the burst sequence are

clearly visible.

Absolute refractory period
Relative refractory period

Refractory period

Basic interval timer

⊡ Figure .

Schematic ECG illustration demonstrating the operation of the basic interval timer and the refractory period. In this example

the refractory period is programmed to ms. The absolute refractory period is ms and the relative refractory period is

thus ms. A conducted ventricular complexwhichoccursduring the relative refractoryperiod (noise-samplingperiod) does

not accomplish inhibition, that is, does not reset the basic interval timer, but restarts a new refractory period, as in the case

of complex #.

II
1 mV 0.4 s

⊡ Figure .

Ventricular-inhibited pacing (VVI mode) at a programmed rate of min−. Inhibition will occur as soon as a spontaneous

QRS complex at a higher rate occurs, as in this case.

pacing and the occurrence of spontaneous atrial and/or ventricular activity can causemany different ECGmorphologies,
including atrial and ventricular fusion or pseudofusion beats.

The resulting ECG appearance is even more confusing when spontaneous AV conduction varies intermittently
(> Fig. .). Furthermore, the ECG appearance may be altered by different AV delay settings in the presence of AV
conduction (> Fig. .). It is of clinical interest to have a long AV delay to support possible AV conduction and a
normal activation of the ventricles. There are functions in pacemakers that automatically test the AV delay looking for
intrinsic conduction and prolong the technical AV delay if the AV conduction is acceptable. During the last few years, the
negative effects in some patients have been documented by long-term stimulation through the apex lead with an LBBB
pattern. This electrical asynchrony can result in heart failure and in some cases a biventricular (> Sect. .) pacemaker
system will be implanted.
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⊡ Figure .

The ventricular-triggered pacing (VVT mode) at a basic rate of min− followed by sinus rhythm at a higher rate (min−),

and triggered ventricular spikes (pseudofusion beats).
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⊡ Figure .

Ventricular pacing in the VVI mode at a rate of min−. Ventricular ectopic beats accomplish inhibition as in (a) only if they

occur after the end of the technical refractory period, denoted here by a horizontal bar. Early ectopic beats in (b) are ignored

because the technical refractory period is ms in this case.
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857 +343 857

0.4 s

⊡ Figure .

VVI pacing with a programmed basic rate of min− and an activated hysteresis function. After an inhibition, a hysteresis

delay of ms is added to the basic rate interval of ms thus permitting a slower intrinsic rhythm by consistent inhibition

of the pulse generator. Lack of spontaneous rhythm is followed by stimulation at the programmed basic rate until a new

inhibition occurs.
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⊡ Figure .

Atrial pacing at a programmed rate increased to min− for test purposes. While consistent atrial capture can be seen, a

blocked P wave indicates unreliable AV conduction.

1 mV
0.4 s

Esophageal lead

⊡ Figure .

Dual-chamber stimulation (DVI mode) at a rate of min− in the presence of AV block, and an intrinsic atrial rate of approxi-

mately  bpm. The esophageal ECG clearly indicates the asynchronous atrial stimulation owing to the lack of atrial sensing

in a DVI pulse generator. Esophageal recordings are not used so often nowadays, due to availability of atrial electrograms.

1080 ms

⊡ Figure .

The basic function of a VDD pulse generator. In the absence of triggering P waves during sinus arrest or bradycardia,

compensation by basic rate stimulation is achieved (The time interval is ms).

1 mV

I

0.4 s

⊡ Figure .

Atrial-triggered ventricular stimulation combined with ventricular inhibition (VDD mode). Every P wave is followed by ven-

tricular pacing unless an ectopic beat inhibits the system. Hence, a spontaneous or retrograde P wave within the ectopic

ventricular beat cannot initiate a new triggering.
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⊡ Figure .

Dual-chamber pacing in the DDDmode at a basic rate of min− alternatingwith sinus rhythm at a somewhat faster rate. As

long as theAV conduction is normal, inhibition of the ventricular output is accomplished (complexes –), but atrial activation

is followed by ventricular pacing during impaired AV conduction (complexes –).
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⊡ Figure .

Atrial-triggered ventricular stimulation in the same patient as in> Fig. ., but with different technical AVdelay settings. In

the ECG shown in (a), the AV delay is ms followed by typical pacemaker-induced ventricular complexes, while in the ECG

in (b), a delay of ms permits AV conduction resulting in pseudofusion beats.

Pathological atrial tachycardia or sensing interference may trigger DDD pulse generators to high rates. In order
to avoid unacceptable fast-triggered ventricular pacing, different solutions for rate limitations have been introduced,
for example, the technical Wenckebach behavior shown in > Fig. .. In atrial fibrillation, the amplitude and the
configuration of the intrinsic fibrillation waves may intermittently be too low to be sensed by the atrial amplifier.

If too many high-frequency signals are detected, the pulse generator converts to basic rate stimulation (interference
rate stimulation) as a protective countermeasure (> Fig. .).

It is therefore impossible to provide a complete survey of all conceivable ECG appearances regarding all different
technical solutions, program settings, and changes in the intrinsic cardiac activity (> Fig. .).

. Diagnostic Tools

Earlier, standard ECG registration remained the main tool for the evaluation of the pacemaker function. However,
complete information about a particular pacemaker system and its function today requires the use of a pacemaker
programmer.

Measures have to be taken for assessment of possible stimulation response. Most pulse generators can be converted
to fixed-rate stimulation by the application of a magnet. Different manufacturers have chosen different features of the
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⊡ Figure .

Atrial-triggered ventricular stimulation (DDD mode) at the highest synchronous rate. Esophageal registration discloses

an atrial tachycardia, which runs at a rate of  bpm, while ventricular stimulation is running at min− (the highest

synchronous rate) resulting in repetitive Wenckebach block.

III
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⊡ Figure .

Atrial-triggered ventricular stimulation (DDDmode) running at different rates alternating with basic rate stimulation. This is

a typical example of the impact of atrial fibrillation on a DDD pacemaker system without automaticmode switch when atrial

fibrillation occurs.

⊡ Figure .

Print out from a pacemaker programmer with markers and intracardiac recordings. The intracardiac atrial ECG at the bottom

reveals atrial fibrillation during DDDR pacing, but the rate of the ventricles is normal. The adequate sensing of the fibrillation

waves results in an automatic mode shift (AMS) to DDIR pacing.
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⊡ Figure .

Two examples of DDD pacing in the presence of inhibiting atrial rates followed by normal AV conduction, which causes

either inhibition of the ventricular output or pseudofusion beats. In (a), magnet application reverts the pulse generator to

asynchronous stimulation (DOO) at the programmed basic rate. The interference between intrinsic activity and pacemaker

stimulation produces pseudofusion beats without diagnostic information. In (b), themagnet test rate of min− overdrives

both spontaneous atrial activity and conducted ventricular beats thus providing information about atrial and ventricular

capture.

magnet test response. The magnet test rate can be the same as the programmed basic rate (> Fig. .a). As long as
interference between the intrinsic rhythm and pacemaker stimulation is followed by pseudofusion beats, no conclusion
can be drawn about capture. Magnet tests running at higher rates facilitate the clinical investigation when overdrive
suppression is accomplished (> Fig. .b).

Besides the assessment of stimulation response, the magnet test rate also reflects information about the battery
condition. Today, telemetric data about the condition of the battery is a more reliable method of controlling the
expected lifetime of the battery. Once more, it is necessary to emphasise the individual nature of the technical behav-
ior of different pacemaker models and the need to obtain specific, relevant information before conclusions can be
drawn.

The interpretation of a pacemaker ECG is easier when pulse generatorswith telemetric function are used. Bymeans of
corresponding programmers, marker pulses can be recorded indicating which chamber has been involved and whether
sensing or stimulation is occurring (> Fig. .). In the newmodels, even the duration of the different refractory periods
is displayed, together with the ongoing intracardiac ECG registration.

Besides marker pulses, intracardiac ECG recording can also be obtained via telemetry (> Fig. .).
The evaluation of atrial stimulation response in dual-chamber pacing is often difficult because of the distortion of

the ECG registration by atrial impulses. It is not uncommon that standard ECG leads fail to permit any conclusion.
Earlier, esophageal registration was therefore necessary to analyze atrial activity both concerning stimulation response
and spontaneous ectopic beats if intracardiac atrial recording from the programmer is not available.

Nowadays, each patient should be equipped with a pacemaker “passport,” including relevant data on the latest pro-
gram setting. Pacemaker–ECG interpretation can be further facilitated when programmed parameters and information
are printed out simultaneously on the ECG strip together with marker pulses.

. PacemakerMalfunction and Pseudomalfunction

When analyzing a “pathological” pacemaker ECG, it is necessary to differentiate between malfunction owing to lead or
pulse generator disorders and pseudomalfunction caused by inappropriate program settings with regard to the underlying
arrhythmia.
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⊡ Figure .

An early pacemaker example of the first markers of intracardiac ECG complexes. Dual-chamber pacing and simultaneous dis-

play ofmarker pulses indicating alternation between atrial pacing (AP), atrial sensing (AS), ventricular pacing (VP), ventricular

sensing (VS), and abolished atrial sensing (AAS) after ventricular sensing of an ectopic beat.

DDD 70 min–1

V3
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⊡ Figure .

Esophageal-lead registrationpermitsatrial activity tobevisualizedveryclearlyanddisclosesalternationbetweenatrial fusion

beats (arrows), normal atrial capture, and a supraventricular ectopic beat localized within the T wave of the preceding QRS

complex. Today, intracardiac recordings andmarkers from the atriummake esophageal ECG recordings unnecessary.

Technical disorders of pacemaker systems are mainly related to lead problems, but other factors may also disturb
the pacemaker operation. A collection of possible causes is given in > Fig. .. Some complications are accompanied
by typical ECG patterns, and their diagnosis and assessment can be undertaken through the interpretation of standard
ECG recordings. However, severalmalfunctions may cause the same ECG pattern, thereby creating difficulties in making
a correct diagnosis and in deciding adequate countermeasures. The disclosure of intermittent and sporadic disorders
sometimes requires a closer look at the diagnostic memory of the pacemaker or Holter monitoring.

The most important question regarding pacemaker function is whether there is adequate response (capture) to all
pacemaker stimuli. A lack of capture is called exit block, a descriptive ECG term, which does not provide any information
about the underlying cause.Hence, it is not possible to discriminate between lead dislodgment and pathological threshold
rise with an unchanged lead-tip position (> Fig. .).

The presence of ventricular exit block is obvious in dual-chamber systems when there is AV block (> Fig. .).
Sometimes, it is difficult to see if the exit block is from the atrial or the ventricular lead.However, it can be overlookedwhen
spontaneousAVconduction occurs and initiates ventricular depolarization resulting in pseudofusion beats (> Fig. .).
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Pathological threshold rise
Myocardial perforation

⊡ Figure .

Different pacemaker malfunctions detailed concerning cause and location.

1 mV

I

0.4 s

⊡ Figure .

VVI pacing at a rate of min− and intermittent exit block, but without any information about the cause of loss of capture.

II
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0.4 s

⊡ Figure .

DDDmode. Atrial-triggered ventricular stimulation is followed by intermittent ventricular exit block.

1 mV

I

0.4 s

⊡ Figure .

Dual-chamber pacing at a rate of min−. Two of the ventricular complexes differ in configuration and occur approxi-

mately ms after the ventricular stimulus is delivered. This indicates the presence of an intermittent ventricular exit block

“somewhat concealed”by the spontaneously conducted QRS complexes.
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⊡ Figure .

Dual-chamber pacing at a rate of min−. Atrial depolarizations are clearly visible in this recording. The loss of atrial capture

in complex # is followedby triggered ventricular stimulation, probably becauseof a spontaneous Pwavehidden somewhere

in the T wave of the preceding QRS complex.
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⊡ Figure .

VVI pacing at a rate of min−. The first premature ectopic ventricular beat accomplishes inhibition indicated by the reset of

the basic rate interval, while the second one differs in configuration and remains unsensed.

II 1 mV
0.4 s

⊡ Figure .

Dual-chamber pacing. Intermittent P wave undersensing is followed by atrial stimulation at a basic rate of min− . Atrial

capture can be obtained when the biological refractory period of the unsensed spontaneous P wave has passed.

As mentioned earlier, the assessment of atrial capture demands visualization of atrial activity (> Fig. .). If stan-
dard ECG leads do not provide sufficient information, intracardiac recording or reprogramming procedures may help to
disclose possible atrial exit block.

The sensing function also has to be assessed in an ECG analysis. Ventricular ectopic activity may be sensed with
different amplitudes and slew rates. The actual program setting may cover normal ventricular complexes, but not all
ectopic beats (> Fig. .).

In dual-chamber pacing, one of the major concerns is consistent P-wave sensing. In the presence of AV block, P-wave
undersensing is easily detected (> Fig. .). However, during normal AV conduction, P-wave undersensing may be
overlooked when the pacemaker is correctly inhibited via the ventricular amplifier owing to sensing of spontaneous QRS
complexes (> Fig. .).

Unfortunately, other signals may affect the pacemaker function; for example, myopotentials. In unipolar pacemaker
systems, myopotentials near the pulse generator pocket may be sensed causing inhibition or interference rate pacing,
the signals being perceived as cardiac activity. Inhibition by myopotentials is supposed to be a pseudomalfunction,
as the pulse generator operates correctly according to the technical specifications (> Fig. .). Another example of
pseudomalfunction is given in> Fig. ., which demonstrates far-field R wave oversensing in AAI pacing. In unipolar
AAI pacing, sometimes rather large intra-atrial R waves can be seen resulting in sensing problems.
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⊡ Figure .

Dual-chamber pacing. One Pwave (number ) is not detected by the atrial amplifier. The following spontaneously conducted

QRS complex is sensed by the ventricular amplifier as is clearly indicated by the simultaneous marker-pulse recording.
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⊡ Figure .

VVI pacingat a rateof min− . Theoccurrenceofmyopotentials clearly seen in standard lead I causes intermittent inhibition.

The lack of interference in the lower-lead recording is a result of the temporary placement of the ECG lead on the patient’s

forehead.

I
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⊡ Figure .

AAI pacing at a rate of min− with an intermittent pause. Marker-pulse registration indicates a reset of the technical refrac-

toryperiod and the basic interval timer. The reset canbe related to theQRS complex and thediagnosis is intermittent far-field

R-wave oversensing; that is, the actual sensing program detects the “distant”ventricular activity.
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⊡ Figure .

VVI pacing system with a programmed basic rate of min−. A premature ventricular ectopic beat is not followed by inhi-

bition. Intermittent and irregular variation of pacing intervals indicates inhibition owing to oversensing. Because there are

neither signs of external electrical interference nor myopotentials, signals occurring within the lead system can be assumed

to cause the intermittent inhibition or conversion to interference rate stimulation thus mimicking undersensing. In this par-

ticular patient, an insulation defect of the transvenous lead at the site of the tricuspid valve was found to be the reason for

the pathological ECG.
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⊡ Figure .

Intracardiac ECG recording (ICR) (paper speed mm s−) obtained from the same patient as in > Fig. . during lead

replacement. Simultaneous registration discloses pathological signals with maximum amplitude of mV from the old lead,

but not from the newly implanted second ventricular lead.
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III 0.4 s

⊡ Figure .

DDD pacing system operating with irregular triggered ventricular stimulation, alternating with basic rate stimulation and

occasionally P-wave undersensing. The reason for this confusion ECG turned out to be an insulation defect of the epicardial

atrial lead a few centimeters from the lead tip.
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⊡ Figure .

DDD-mode tachycardias. Recordings from five different patients, each with a different diagnosis. The recording taken from

the patient shown in (a) illustrates sinus tachycardia at a rate slightly ahead of the programmed upper rate limit of min−

resulting in prolonged AV delay and a Wenckebach block type of behavior; (b) shows a patient with atrial fibrillation with

irregular ventricular triggering limitedbyaprogrammedupper rateof  min−; (c) illustratespacemaker-mediated reentrant

tachycardia owing to sensing of retrograde P waves following ventricular stimulation; (d) shows repetitive far-field R-wave

oversensing owing to inappropriate program setting with respect to the duration of the atrial refractory period and high

atrial sensitivity; and (e) illustrates irregular triggered ventricular stimulation owing to “oversensing”of potentials generated

by an insulation defect of the atrial lead.
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⊡ Figure .

DDD pacing with good recording of atrial activity. After three unsensed P waves, ventricular stimulation is followed by a

retrogradePwave,which is obviously sensed, subsequently triggering thenext ventricular stimulation. Repetitiveoccurrence

and consistent sensing of retrograde P waves maintain the running of an endless-loop reentrant tachycardia.
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Rather confusing ECGpatterns are obtainedwhen a lead insulation defect appears (> Fig. .). Pathological inhibi-
tion alternating with interference rate stimulation resulting in pseudoundersensing may occur as intracardiac insulation
defects giving rise to pathological potentials (> Fig. .). Another puzzling ECG is given in > Fig. ., where an
insulation defect in an atrial lead is responsible for pathological triggering of ventricular stimulation.

Tachyarrhythmias in dual-chamber pacing pose challenging diagnostic problems as they may look alike despite dif-
ferent underlying mechanisms (> Fig. .). As mentioned earlier, a good ECG recording is necessary for the detection
of P waves, which may help to disclose the cause of the arrhythmia (> Fig. .).

. Functional Tests

The days when only a magnet was available as a test instrument have more or less disappeared. In multiprogrammable
pacemakers, output can be reduced either by shortening the impulse duration or decreasing the amplitude with the
programmer. Some manufacturers have chosen to provide an automatic stepwise decrease or a one-step change of the
pacing thresholdmeasurement (> Fig. .).This is a temporary programming, which necessitates access to the specific
programmer and knowledge of how to handle this device. Episodes of asystole may occur during the stimulation tests
(> Figs. . and > .).

In dual-chamber pacing, the evaluation of the atrial stimulation threshold by the temporary reduction of voltage or
impulse duration is facilitated when the atrial depolarization is clearly visible (> Fig. .). In some cases, it is difficult
to see the P waves, but if the test is done with the programmer, markers and intracardiac ECG recordings are useful tools.

The clinical information obtained from only reading standard pacemaker ECG registration is limited. Even if the
adequate pacemaker function can be assessed, it is advisable to evaluate safetymargins for stimulation and sensing, as well
as the battery condition during follow-up. Almost all programmers measure sensing automatically or semi-automatically
(> Fig. .).

The assessment of atrial sensing threshold always requires a reprogramming procedure. P-wave sensing is subjected
to changes in the postoperative course without correlation with the variation of stimulation thresholds. Additional
provocation tests with ECG recordings in different postures and during maximal inspiration can expose intermittent
undersensing (> Fig. .).

During the follow up of the AAI/R mode, special attention should be paid to the AV conduction. This can be done by
reevaluation of the Wenckebach block by temporary incremental rate increase. Valsalva maneuvers and carotid massage
can also provide useful information about the AV conduction properties (> Fig. .).

When normal AV conduction is present in the DDD mode, it is possible that – in the presence of long technical AV
delay – the ventricular spikes will coincide with spontaneous QRS complexes or be inhibited depending on the critical
timing. Hence, no information can be obtained about ventricular stimulation response unless the technical AV delay
is reprogrammed to a very short value (> Fig. .). A possible exit block may thus be disclosed which is otherwise
well-concealed by pseudofusion beats or inhibition.

II

1 mV
0.4 s

⊡ Figure .

VVI pacingduringa threshold testwhere the output of four stimuli is automatically reducedby adecrease in impulse duration

from . to .ms. Intermittent loss of capture occurs.
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Surface ECG
ECG Controls V. Capture Test Results
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⊡ Figure .

An automatic ventricular pacing threshold test with a printout from the programmer is done with reduction of the voltage

of the pacing amplitude. The surface ECG has somemuscle potential disturbances but loss of capture is clearly seen at . V.

The markers line in the middle has a V sign indicating a ventricular output from the pacemaker. The bottom ECG is an intrin-

sic recording of the sensed amplitude, which, of course, disappears when capture is lost. No ventricular escape rhythm is

detected.

1 mV

II

0.4 s

⊡ Figure .

Automatic atrial stimulation threshold test of aDDDpacemaker. As thePwaves are clearly visible it is simple to estimatewhen

loss of capture occurs.

In unipolar pacing, sensing of myopotentials from muscles close to the pulse generator constitutes a well-known
problem. To determine the extent to which an individual patient may experience myopotential inhibition, routine testing
is recommended before a final decision on program setting is made. In the DDD pulse generators, both the atrial and the
ventricular amplifier may be influenced by myopotentials depending on their amplitude and slew rate in relation to the
sensitivity setting (> Fig. .).
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⊡ Figure .

Here is an example of an automatic atrial-sensing test in aDDD system. Sensing of the Pwaves is lost at .mV,which the two

arrows indicate. To simplify the test, the base rate is programmed to bpm temporary.

P spontaneous P wave, A paced atrium, V paced ventricle, R spontaneous ventricular beat.

1 mV Maximal inspiration

0.4 s
I

⊡ Figure .

DDD pacing with obviously reliable atrial sensing. However, a test during deep inspiration discloses intermittent atrial

undersensing.

1 mV

0.4 s

III

⊡ Figure .

AV conduction test in an AAI system.When carotid sinus pressure is applied, intermittent second-degree AV block is exposed.
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I

1 mV
0.4 s

1 mV
0.4 s

a b

⊡ Figure .

A DDD pacemaker with a technical AV delay programmed to ms is shown in (a). Atrial triggered ventricular stimulation

coincides with spontaneous conducted beats and the ECG could be interpreted as normal pacemaker function. However,

reprogramming to a shorter AV delay of ms discloses an underlying ventricular exit block, which is shown in (b).

⊡ Figure .

Myopotential provocation test. In DDD pacing, myopotentials sensed by the atrial amplifier will cause triggered ventricular

stimulation,while sensing by the ventricular amplifier is followed by inhibition or conversion to interference rate stimulation.

The type of reaction depends on the program setting and the amplitude of the myopotentials obtained.

. Biventricular Pacing, Cardiac Resynchronization

During the last few years, there has been an enormous interest in treating patients with heart failure with pacing both
ventricles at the same time or almost simultaneously by implanting an extra pacing lead on the left ventricle. This is
possible by using branches of the coronary sinus vein and specially designed pacemaker leads for this purpose. It is
not necessary that the patient has bradycardia; a major intraventricular electromechanical asynchrony with heart failure
is the indication for CRT (cardiac resynchronization therapy). Instead of pacing only the right ventricle with bundle
branch block as a result, stimulation of both ventricles at the same time is a more optimized treatment for each patient.
If chronic atrial fibrillation does not exist, the patient will have three leads implanted: one in the right atrium, another in
the right ventricle, and the third one in the coronary sinus (> Fig. .). In chronic atrial fibrillation, the atrial lead is
skipped.

The ECGs from biventricular pacing can be very similar to the ordinary DDD ECGs, but during different tests it is
easier to see how the system works. The pacing ventricular threshold tests can be done with a short AV delay or in the
VVI modes for each ventricle (> Fig. .).

In the early stages of biventricular pacing, many different systems were available. For example, the ventricular ports
were connected together to provide simultaneous pacing of both ventricles. The pacemaker senses RV and LV activ-
ity simultaneously. Today, the modern biventricular pulse generator usually has two independent ventricular ports
and it is possible to program a short time delay between the LV and RV stimuli and optimize the therapy for each
patient.



  Pacemaker Electrocardiography

⊡ Figure .

In the upper ECG lead, the three first QRS complexes are narrow due tobiventricular stimulation. During an automatic thresh-

old test, capture is lost at .V on one pacemaker channel resulting in a bundle branch block pattern visible both on the

surface ECG and the intracardiac electrogram (EGM) in the lower part [].

⊡ Figure .

Another example of biventricular pacing. The first complexes are similar to ordinary DDD pacing. During the threshold test,

bundle branch block occurs on one channel and at . V the spontaneous intrinsic QRS complex is seen.



Pacemaker Electrocardiography  

. Tachycardia and ICD

Many patients with a life-threatening tachycardia will receive an ICD. The ICD (implantable cardioverter defibrillator)
has a built-in pacemaker, and depending on the lead configuration, the pulse generator can pace and sense in single
or double chamber mode or even in biventricular configuration. Many patients need pacing just after termination of a
tachycardia, when a short asystole can appear. During implantation, ventricular fibrillation is initiated in order to check
that the shock therapy terminates the life-threatening tachycardia (> Fig. .).

Most implantable defibrillators have the opportunity to terminate a ventricular tachycardia by using a function called
ATP (antitachycardia pacing). Instead of a painful shock therapy, a preprogrammed rapid overdrive (bursts) stimuli is
automatically delivered with a low-pacing amplitude when the tachycardia starts (> Fig. .). If VF is initiated, shocks
will be delivered.

09: 38 25 NOV05 PADDLES X0.7 HR=145

MEDTRONIC  PHYSIO-CONTROL

MEDTRONIC PHYSIO-CONTROL

P/N 804700

⊡ Figure .

Initiation and automatic termination of VF in a test during an implantation of an ICD. The first six beats are overdrive pacing

with a shock on the vulnerable phase of the T wave to start the VF. The bottomECG has a pacemaker beat after the shock has

been delivered and then sinus rhythm is established.

T T T T T T ATP ATP ATP ATP ATP
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D

1047 623 623
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P P P P P P
R R R R R R

594
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617
621

629 613
613625

RS 90

R R R R R

⊡ Figure .

Print out from an ICD programmer with a stored ECG, EGM, and markers from an ICD device. The print out demonstrates a

ventricular tachycardia and a burst of pacing stimuli is given (ATP) and the VT terminates to sinus rhythm (S). Markers of the

P and Rwaves are also seen.
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The pacemaker in the ICD device has a sensor which is very useful when antiarrhythmic drug therapy sometimes
results in bradycardia.

The interpretation of stored ECGs in the ICD devices focuses a lot on the correct sensing of VT andVF. Unfortunately,
many shocks are delivered due to false sensing (rapid atrial fibrillation, lead insulation defects, etc.). The pacing/sensing
ventricular lead is tested in the same way as an ordinary pacing lead regarding thresholds.
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. Introduction

The signal averaging technique is applied to electrocardiographic recordings to reduce extraneous noise, which masks
low-amplitude bioelectric signals from the heart. Although modern amplifier design and good recording techniques can
minimize certain types of noise, other sources of noise, such as muscle activity, obscure low amplitude potentials. With
signal averaging, the noise level can be reduced so that repetitive waveforms at the microvolt level can be reliably detected
and analyzed. The noise level after averaging is, in most studies, below  μV, the equivalent of / of a millimeter at a
standard ECG display scale.

This chapter discusses the methodology of signal averaging and its use in studying high-frequency components of
the QRST complex, manifested either as ventricular late potentials (> Sects. . through > .) or within the QRS
complex (> Sects. . and> .). Signal averaging is useful also in other ECG applications such as exercise testing (see
> Chap. ), although the dynamic changes of the ST segment call for recursive signal averaging with a forgetting factor.

. Methods of Signal Averaging

Signal averaging reduces the level of noise that contaminates a repetitive signal such as the ECG[–].Themost commonly
used form is ensemble averaging in which multiple samples of a repetitive waveform are averaged with equal weights;
random noise, which is not synchronized with the waveform of interest, is reduced. The process of averaging begins by
measuring the voltage of an ECG fed through a high-gain (×,) amplifier with bandwidth ranging from .Hz to
several Hz. The analog signal is converted into digital form at a sampling rate of ,Hz or more and stored. Once
all beats of the ECG have been identified and aligned in time, the ensemble average is computed by first summing the
samples at a particular instant within the beat and then dividing the sum by the total number of beats. This procedure is
repeated for all the samples of the beat.

Several requirements must be met so that the signal averaging technique can reduce noise effectively [, ]. First, the
waveform of interest must be repetitive so that multiple samples can be obtained to form an average waveform. Second,
theremust exist a unique feature in the ECG, which can be used as a reference time so that appropriate points of the repet-
itive signal can be averaged.The time of the maximum amplitude or maximum slope of the QRS complex may be used as
reference time; however, such simplistic definitions are useful only when the noise level of the ECG is known to be low.
A more robust approach is to cross-correlate each new waveform with a template waveform, determining the reference
time as that point in time which corresponds to the highest cross-correlation value [, ]. If the algorithm for determin-
ing the reference time is inaccurate, that is, causing “trigger jitter,” the averaged waveform becomes smoothed and the
high-frequency components of the waveform are reduced. For example, it can be shown that a normally distributed jitter
with a standard deviation of ms causes the averaging operation to act as a linear, time-invariant low-pass filter with
cut-off frequency at about Hz []. Similarly, if the QRS complex is used as reference time, then the high-frequency
components of an averaged P wave is smoothed because the PR interval varies slightly from beat to beat.

Third, the signal of interest must be uncorrelated with the contaminating noise. If so, the reduction of noise by signal
averaging is proportional to the square root of the number of beats contained in the ensemble. For example, averaging
of  beats will reduce the noise by a factor of  []. However, the noise must have certain properties to be reduced
effectively by signal averaging: it should be random, uncorrelated with the beats, and characterized by an unchanging
statistical distribution.

The noise that masks low-level electrical events of the heart has three primary origins:

. Skeletal muscle noise, typically – μV even with a relaxed patient
. Power line interference ( or Hz and related harmonics) and
. Electronic and thermal noise from amplifiers and electrodes

Myoelectrical and electrode noise are the most troublesome ones in practice; modern isolation amplifiers have greatly
reduced interference originating from power lines. Another noise source is the presence of ectopic beats.These complexes
can be eliminated by their premature timing and through matching of a new beat against a template of the desired beat
before averaging is performed [–].
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. Late Potentials and Time Domain Analysis

.. Introduction

One of the most frequent applications of signal averaging in electrocardiology has been the detection of ventricular late
potentials, most often in patients with ventricular tachyarrhythmias. Late potentials are micro-volt level, high-frequency
waveforms that are contiguous with the QRS complex and last a variable time into the ST segment. Such potentials are
postulated to originate from small areas of delayed and fragmented ventricular depolarization, resulting primarily from
myocardial infarction (MI).

.. Filtering and Time Domain Parameters

Characterization of late potentials is facilitated by linear, time-invariant high-pass filtering of the signal averaged ECG so
as to reduce the influence of large-amplitude low-frequency content. Such filtering permits high-frequency components,
that is, the late potentials, to pass without loss of amplitude, while low-frequency components are attenuated. High-
pass filtering is used because depolarization of cells generates rapid changes in membrane voltage, fast movement of
wave fronts of activation, and high frequencies on the body-surface ECG. The plateau or repolarization phases of the
action potential generate more slowly changing membrane voltages and lower-frequency signals on the body surface
[]. Microvolt-level waveforms, arising from the late depolarization of small areas of myocardium, would be difficult to
perceive if displayed at high gain without filtering. High-pass filters with a cut-off frequency ranging from  to Hz
have been employed in most studies.

The use of conventional linear, time-invariant high-pass filtering is, however, complicated by the fact that a tran-
sient event in the input signal, that is, the QRS complex, produces ringing in the output signal that is subsequent to the
event (> Fig. .a) []. This property is most unfortunate because it impedes the detection of low-amplitude potentials
occurring immediately after the QRS complex. While the ringing problem is inherent to linear, time-invariant high-pass
filtering, its harm can be largely reduced by employing “bidirectional” filtering–a techniquewhich is implemented inmost
systems for late potential analysis.Themain idea behind this technique is to delay ringing by filtering the signal in different
directions so that ringing occurs within the mid-QRS. Forward filtering starts at the P wave and continues until the mid-
QRS is reached, whereas backward filtering starts at the T wave and ends at the mid-QRS (> Fig. .b) []. Evidently,
bidirectional filtering suffers from the disadvantage of an undefined output at mid-QRS, and thus no measurements
should be done from the bidirectionally filtered signal that involves the entire QRS complex.

> Figures . and > . show examples of recordings made with signal-averaging technique in patients with and
without late potentials. The tracings at the top of each figure are signal-averaged bipolar X, Y, and Z leads (as used in
most studies of late potentials) from about  beats. Each lead is then high-pass filtered with a bidirectional filter (cut-off
frequency at Hz) and combined into a vector magnitude (

√
(X +Y +Z)), a signal that combines the high-frequency

information contained in all three leads.This signal, shown on the bottom of each figure, is here termed the “filtered QRS
complex.” In patients without late potentials, the filtered QRS complex exhibits an abrupt onset, a peak of high-frequency
voltage –ms afterQRS onset, and an abrupt decline to noise level at the end of the QRS complex (> Fig. .).There
is no high-frequency signal above the noise level in the ST segment. The peak of the T wave is associated with a small
amount of high-frequency content. In patients with late potentials (> Fig. .), the initial portion of the filtered QRS
complex is similar to that in patients without late potentials, except that the voltage tends to be lower []. At the end of the
filtered QRS complex, however, there is a “tail” of low-amplitude signal which is not present in recordings from patients
without late potentials. The low-level signal, a late potential, is contiguous with the QRS complex and corresponds to
low-amplitude activity which can be seen at the end of the QRS complex in the unfiltered leads when displayed at high
gain. The amplitude of the late potential varies from  to  μV when Hz filtering is used.

The accuracy of the endpoint of the filtered QRS complex is a crucial parameter in time domain analysis as all other
parameters are computed with reference to this point. Poor accuracy of the endpoint definition obviously limits the
overall accuracy of the analysis. Clearly, the presence of late potentials causes the transition from signal to noise to be
much less clear-cut than when late potentials are absent. The endpoint may be found by a backward search in the vector
magnitude for the first samples which exceed a certain threshold; the threshold value is related to the residual noise level



  The Signal-Averaged Electrocardiogram

500

a b

–500

m
V 0

100

0
0 100 200

Time (ms) Time (ms)
0 100 200

m
V 50

100

0

m
V 50

500

–500

Filter direction Filter direction

m
V 0

⊡ Figure .

In (a), a test ECG signal is shown on top, while below the effect of a unidirectional filter with highpass (>Hz) characteristics
is shown. Filtering starts at QRS onset and progresses, but it canbe clearly seen that undesired signals (ringing, arrowed) have

been introduced after the end of the QRS complex. In (b), however, the same filter is applied from QRS onset for ms only

and then applied from QRS end in the opposite direction, that is, toward QRS onset, again for ms. This time no ringing

outside the test ECG is apparent from the use of bidirectional filtering. (After Simson []. American Heart Association, Dallas,

Texas. Reproduced with permission.)

of the averaged beat []; see also [] for description of a more robust approach in individual leads. Several studies have
required that the noise level of the averaged beat is reduced to a rootmean square (RMS) level nomore than μV.However,
it has been shown that the accuracy of the late potential endpoint, as well as the sensitivity and specificity of late potential
analysis as such, can be further improved by extending the averaging period so that additional beats are included [].

Time domain parameters are usually computed from the vector magnitude and include the RMS amplitude of the
last ms and the duration of the terminal filtered QRS amplitude < μV. These parameters are generally measured in
commercially available equipment, as is the filtered QRS duration. The following, commonly used, diagnostic criteria for
ventricular late potentials are based on filtering of the QRS complex with pass band –Hz:

. RMS amplitude of last ms of filtered QRS complex < μV (RMS)
. Duration of terminal low amplitude of filtered QRS complex below  μV < ms (LAS)
. In the absence of a conduction defect, a filtered QRS duration >ms (FQRSd)

Using instead filtering with passband –Hz, the following criteria are commonly used: RMS <μV, LAS>ms, and fQRSd >ms. At least two criteria should be met for late potentials to be considered present. A
signal-averaged ECG with the three measurements (RMS, LAS, and FQRSd) is displayed in > Fig. ..
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Recordings in patients without late potentials. These patients had anterior (left) and inferior (right) MI respectively. Bipolar

signal-averaged leads are shown in high gain (top). On the bottom is the filtered signal-averaged QRS complex which is less

than ms in duration in both patients. There is a large RMS amplitude of signal in the last ms of the filtered QRS complex

( and  μV, respectively). The dashed vertical lines denote QRS onset and offset.
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Signal processing in patients with VT and late potentials. The patient on the left had an anterior MI and the patient on the

right had an inferior MI. The filtered QRS complex shows a longer duration in both patients and late potentials (arrows). The
RMS voltages in the last ms of the filtered QRS complex measured . and . μV, respectively. The dashed vertical lines

denote QRS onset and offset.
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An example of the display of the signal-averaged ECG. The ECG is recorded from a -year old female with documented VT.

The RMS voltage in the last  ms (RMS) is abnormally low at . μV, the filtered QRS duration (fQRSd) is abnormally long

at  ms, and the duration of late activity under  μV (LAS) is also abnormally long at ms.

.. Physiological Background

Late potentials are considered to originate from small areas of delayed ventricular depolarization. Disorganized and late
ventricular activation has been recorded directly from infarcted and ischemic myocardium in animals and in humans
[–]. Studies in animals with experimental infarcts have shown that the delayed ventricular activation can span diastole
and that it relates to the occurrence of ventricular arrhythmias [, , ]. Josephson et al. demonstratedwith endocardial
recordings in man that fragmented electrical activity can outlast the surface QRS complex, and that the onset and main-
tenance of ventricular tachycardia (VT) depends on continuous diastolic activity []. When VT ceased, the continuous
diastolic activity was no longer present.These studies provide evidence thatVT after infarction has a reentrantmechanism
and involves areas of abnormally slow and protected ventricular activation.

Several groups have reported examples of delayed epicardial ventricular activation in patients with late potentials
[–]. To establish the time relationship between the body surface late potential and delayed ventricular activation,
Simson et al. studied eight patients with signal-averaged ECGs and ventricular mapping []. The patients had medically
intractable and inducible VT after infarction and underwent surgery for control of the arrhythmia. Twelve to  left ven-
tricular endocardial sites were mapped with a catheter and – epicardial sites were directly recorded in the operating
room at normal body temperature. Studies were performed during sinus rhythm. All patients showed evidence of frag-
mented and low-level electrograms which were prolonged (>ms) in duration.These electrograms were recorded from
. ± . sites per patient; % of the fragmented electrograms began during the QRS complex and the latest fragmented
electrogram for each patient ended a mean of ms after QRS onset. Six patients with VT had late potentials and the
late potentials on the body surface corresponded in time to fragmented and delayed electrogram activity. During the
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last ms of the filtered QRS complex, when the late potentials were recorded, % of the electrograms active showed
fragmented activity. In contrast, in earlier segments of the QRS complex only % of the active electrograms showed
fragmented activity. The mapping studies demonstrated that the late potentials correlated in time with fragmented elec-
trogram activity, which begins during the normal QRS complex but which outlasts normal ventricular activation. The
studies are in agreement with those performed in animals with experimental infarcts and late potentials [, ].

The mapping studies suggest that fragmented electrogram activity could be detected on the body surface as a low-
level waveform only when it outlasted normal ventricular activation. Late potentials were not detected in a patient with
left bundle branch block because the late epicardial activation occurred simultaneously with delayed and fragmented
endocardial electrograms. When the fragmented electrograms were of brief duration and ended less than ms after
QRS onset, then no late potentials could be detected []. Because the duration of fragmented ventricular activation is
prolonged with premature beats or at rapid heart rates, pacing the heart or inducing a premature beat may enhance the
detection of late potentials [, ]. The frequency content of late potentials is similar to that of the entire QRS com-
plex and it is unlikely that frequency analysis could detect small areas of fragmented ventricular activation occurring
simultaneously with activation of a larger mass of normal myocardium.

. Late Potentials and Time Domain Analysis in Clinical Applications

.. Recent Myocardial Infarction

Hundreds of articles have been published on clinical applications of analysis of late potentials. Most of these focus on
patients after MI. It has been found that the prevalence of late potentials in patients with old MI varies between % and
% in patients with sustained ventricular arrhythmias, compared to –% in patients without ventricular arrhythmias
[–]. The presence of late potentials after an MI has been associated with increased risk for VT in prospective studies
[, ]. Breithardt et al. [] studied  patients a mean of  days after acute MI. The prevalence of sustained VT on a
mean follow-up of months was .% in patients with, and only .% in patients without late potentials.The prevalence
of VT increased with the duration of late potentials; VT occurred in % of those with late potential duration <ms,
compared to % in whom the late potential lasted >ms.

Between % and % of the patients with late potentials have been shown to have sustained VT within the first year
afterMI, compared to only .–.% of patients without late potentials []. The prevalence of late potentials is higher in
patients with inferior MI (%) compared to patients with anterior infarction (%) [], which is not surprising when
considering the normal activation sequence of the ventricles, but the prognostic value for ventricular tachycardia is higher
for anterior infarctions. Analysis of late potentials has higher prognostic value for ventricular tachycardia than offered by
long-term ECG and left ventricular ejection fraction [].

There is a correlation between the prevalence of late potentials and the degree of ventricular dysfunction. Breithardt
et al. [] found that in patients without a history of ventricular arrhythmia, late potentials were detected in only three
of  patients (%) with normal ventricular function, but were present in  of  patients (%) who had ventricular
akinesia or aneurysm. Hombach et al. [] found a similar relation between the incidence of late potentials and increas-
ing degrees of ventricular dysfunction. Regardless of the degree of ventricular dysfunction, however, late potentials were
found more frequently and had a longer duration in patients with ventricular tachycardia or fibrillation []. A retro-
spective study compared the findings on a signal-averaged ECG, prolonged ECGmonitoring and cardiac catheterization
to determine which combination of findings best characterized patients with VT after MI []. A multivariate statistical
analysis showed that the abnormalities on the signal-averaged ECG, including the late potentials, provided indepen-
dent information useful in identifying patients with VT after MI. An abnormal signal-averaged ECG (presence of late
potentials or a long-filtered QRS duration), a peak premature ventricular contraction rate > h− and the presence of
a left ventricular aneurysm were the only three variables identified which provided significant information to character-
ize patients with VT. The study suggested that the abnormal signal-averaged ECG may be combined with other clinical
information to provide a more specific identification of patients with VT.

The ACC expert consensus document from  [] concludes that a normal signal-averaged ECG indicates a low
risk for developing life-threatening ventricular arrhythmias. The positive predictive accuracy of only –%, however,
is not high enough to justify interventions in individual patients with abnormal results.
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.. Myocardial Reperfusion

Successful treatment of acute MI with thrombolytic agents has been shown to reduce the incidence of late potentials
(range –% in patients treated with thrombolytic agents compared to –% in patients not treated) [–]. Maki
et al. [] investigated the relationship between the time required for reperfusion by percutaneous transluminal coronary
angioplasty and the incidence of late potentials in  patients with acute MI. They found that the incidence of late poten-
tials in patients undergoing primary angioplasty at ≤, –, –, –, and > h after infarction was %, %, %, %,
and %, respectively. In the control group, consisting of  patients whowere treated conventionally, the incidence of late
potentials was %.The presence of late potentials has been shown to have a low positive predictive value in patients who
undergo reperfusion after acute MI [, ].The presence of late potentials has also been shown to be a poor predictor of
sudden death after surgical revascularization []. Thus, signal-averaged ECG has limited value for risk stratification in
an unselected postinfarction population, and is currently not recommended as a risk marker for increasedmortality [].

.. Sudden Death

The incidence of sudden death has been too infrequent in the studies to date to form a firm conclusion on the value
of late potentials as a prognostic indicator for that event. Nevertheless, some prospective studies have been undertaken
[, ] to evaluate whether the presence of late potentials is an independent risk factor for sudden death or serious
ventricular arrhythmias after MI, and to establish the role of the signal-averaged ECG along with other noninvasive tests
in identifying patients at high risk.

The combination of late potentials with a low left ventricular ejection fraction, as determined by radionuclide tech-
niques, togetherwith complex ventricular ectopy onHoltermonitoring have beenused to identify those patients at highest
risk of sudden death or developing sustained VT from  months to  years following MI. Kuchar et al. [] found that
an abnormal signal-averaged ECG together with an ejection fraction <% predicted arrhythmic events with % prob-
ability. On the other hand, if the patient had abnormal left ventricular function but a normal signal-averaged ECG, there
was only % risk of the occurrence of an arrhythmia. The signal-averaged ECG, Holter monitoring, and ejection fraction
were independently related to outcome, but a left ventricular ejection fraction <% was the most powerful indicator.

In a similar study, Gomes et al. [] also found that the presence of late potentials, an abnormal ejection fraction,
and high-grade ectopic activity on Holter monitoring were the variables most significantly related to a future arrhythmic
event.Their overall conclusion was that the combination of these abnormalities identified the group of patients at highest
risk of VT, sudden death or both in the first year after MI.

.. Unexplained Syncope

The presence of late potentials in patients with unexplained syncope has been associated with high sensitivity and speci-
ficity for inducement of VT during electrophysiological studies. Kuchar et al. [] evaluated  patients with syncope.
Late potentials were detected in  patients, of whom were found to have VT. In the patients with syncope due to other
causes than VT, none of the patients had late potentials on signal-averagedECG. In this study, the sensitivity was %, the
specificity %, the positive predictive value %, and the negative predictive value %. Another study by Lacroix et al.
[] found that the positive predictive value of late potentials was % for predicting the inducibility of sustained VT.
The clinical value of analysis of late potentials in patients with unexplained syncope is mainly in its negative predictive
accuracy.

.. Success of Arrhythmia Surgery

Several investigators have reported that late potentials may disappear after a successful operation for VT [, , –].
The operation generally includes an aneurysmectomy and an additional procedure, such as endocardial excision,
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The filtered QRS complexes from a patient with VT who underwent aneurysmectomy and endocardial excision for control of

the arrhythmia. In (a), before the operation, a . μV level of LP is present (arrow). In (b), after the operation, VT could not be

induced and the LPs were no longer present.

to remove or isolate the apparent site of origin of VT. In one study,  patients in whom VT could not be induced after
operation, the FQRSd decreased (from a mean of  to ms) and the incidence of late potentials decreased (–%)
[] (> Fig. .). Eight patients continued to have late potentials, despite surgical control of the arrhythmias. The inci-
dence of late potentials in the filtered QRS complex was not changed in  patients in whom VT could be induced after
operation.

Experience indicates that a successful operation for control of VTmay cause the late potentials to vanish, but theymay
persist despite successful control of the arrhythmia. This finding suggests that the operation need not remove all areas
of delayed activation in order to control VT. In patients with persistent late potentials, despite surgical control of the
arrhythmias, it is hypothesized that either the delayed activation does not outlast the refractoriness of the myocardium or
that the interface between the slowly conducting tissue and normal myocardium is sufficiently disrupted so that reentry
cannot occur.

.. Efficacy of Anti-ArrhythmicDrugs

Analysis of late potentials has not yet been established as a method for accurately assessing anti-arrhythmic drug efficacy.
Class IA, IC, and II [–] anti-arrhythmic drugs have been shown to elicit changes in the late potentials, where especially
class IC drugs are associated with a marked increase in FQRSd []. Only a few studies have examined the effects of class
III drugs [, ]. In general, time domain analysis of the signal-averaged ECG has not shown a correlation between
the changes induced during drug therapy and anti-arrhythmic drug efficacy [, , ]. A few studies have shown a
correlation between the prolongation of the total FQRSd induced by class I drugs and prolongation of the cycle length of
ventricular tachycardia [–].

Simson et al. [] investigated the effect of anti-arrhythmic drug therapy on the signal-averaged ECG in  patients
with VT after MI. Twenty-nine patients, or %, had late potentials on medications. The drugs evaluated, alone and in
combination, were procainamide, quinidine, disopyramide, amiodarone, phenytoin, andmexiletine. Electrophysiological
stimulation was used to evaluate the control of VT. The duration of the filtered QRS complex was increased by a mean
of –ms by procainamide, quinidine, and amiodarone. Procainamide decreased the voltage in the last ms of the
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The effects of procainamide on the LPs in a patient with VT afterMI. In (a), during the period without medication, the patient

had a FQRSd of ms and a . μV level LPs present at the end of the filtered QRS complex. In (b), when receiving the pro-

cainamide at a serum level of  μg/ml, the patient had a longer FQRSd (ms) but the LPs persisted. The VT remained

inducible. (After Simson, (c) Saunders, Philadelphia, Pennsylvania. Reproduced with permission.)

filtered QRS complex by  μV; however, the incidence of late potentials with anti-arrhythmic drug therapy did not change
(> Fig. .). Ventricular tachycardia was no longer inducible after anti-arrhythmic drug therapy in ten patients; nor was
the late potentials abolished by any agent in these patients. There was no pattern of change in the filtered QRS complex
that would indicate a successful response to anti-arrhythmic agents.

.. Cardiac Transplant

Several studies have investigated possible noninvasivemethods for detection of cardiac transplant rejection. A few of them
have examined the extent to which late potentials are a measure of heart transplant rejection [–]. One report showed
a sensitivity of %, positive predictive accuracy of %, and negative predictive accuracy of % for acute rejection [].
RMS values have also been shown to provide high sensitivity and specificity for rejection []. Thus, the potential of
signal-averaged ECG analysis to detect acute rejection is promising, but more studies need to be done before the method
can be used clinically.
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.. Nonischemic Cardiomyopathy

The occurrence of late potentials in patients with nonischemic congestive cardiomyopathy has been investigated in a
group of  patients and the findings compared with  normal controls []. It was found that the FQRSd was longer
in patients with sustained ventricular arrhythmia than in those without (. ± .ms as opposed to  ± .ms); a
highly significant difference. The mean control value was .ms. The RMS voltage in the last ms of the filtered QRS
was lower in the group with arrhythmia than in those without (. ± . as opposed to . ± . μV), again a highly
significant difference.The corresponding normal group values were . ± . μV. Overall, % of patients in the group
with sustained ventricular arrhythmia had both an abnormally long FQRSd and abnormally low late-potential amplitude;
% of patients without an arrhythmia and % of controls had similar findings. Findings from other [, ], but not all
[–] studies of patients with dilated nonischemic cardiomyopathy have shown similar results.

Arrhythmogenic right ventricular cardiomyopathy was one of the first pathologic entities in which late potentials
were identified. Analysis of late potentials can be useful for screening purposes or detection of arrhythmogenic right
ventricular cardiomyopathy in family members [, ]. Nava et al. [] evaluated signal-averaged ECGs in  patients
with arrhythmogenic right ventricular cardiomyopathy and compared the results with those of  healthy controls. Late
potentials were found in % of the patients, and in % of the controls. They also found that there is a closer correlation
between late potentials and the extent of the disease than with the presence of ventricular arrhythmias. Late potentials
have also been found in a significant proportion of patients with the Brugada syndrome. Research suggests that late
potentials might be helpful to identify patients at a higher risk of life-threatening arrhythmic events in this population,
both in a retrospective [] and a prospective [] study, but the results need to be confirmed in larger studies.

. Late Potentials and Frequency Analysis

As described above, late potentials are composed of frequencies which are higher than those of the ST segment, that is,
higher than about Hz. However, no specific information is available beforehand on their particular frequency content.
By employing frequency analysis based on the discrete-time Fourier transform (and typically implemented by the fast
Fourier transform, FFT), it would be possible to pinpoint the range of frequencies which is characteristic of late potentials.
The main advantage of the frequency domain approach is that no prior knowledge is required on signal characteristics,
whereas the time domain approach requires that the cut-off frequency of the high-pass filter is predetermined. However,
this advantage comes at the sacrifice of temporal information as it is not possible to pinpoint the occurrence of late
potentials as being late in the QRS complex or early in the ST segment. In practice, frequency analysis is also hampered
by certain undesirable properties of the Fourier power spectrum related to frequency leakage and large variance [, ].
While these properties can be mitigated to a certain extent by various techniques, care should still be exercised when
interpreting the outcome of frequency analysis.

In time domain analysis, a crucial signal processing step is to determine the endpoint of the high-pass filtered QRS
complex in order to assure that the diagnostic measurements, that is, RMS amplitude, duration of low-amplitude signals,
and filtered QRS duration are accurate. In frequency analysis, the corresponding crucial step is to determine the location
and length of the signal segment to be processed. Since the segment begins in the terminal part of the QRS – a part of
the heartbeat with drastic changes in amplitude – a displacement of its onset by just a fewmilliseconds can produce quite
different spectra. The segment location should preferably be determined by an algorithmic procedure so as to avoid the
subjectivity of manual delineation; one approach is to choose the segment onset as the point when the vector magnitude
drops below  μV [].

Different lengths of the segment are associatedwith different spectral resolution, implying that it is important to keep
the length fixed from one patient to another in order to facilitate comparison of results. In the literature, lengths have
ranged from ms, thus only including the terminal part of the QRS, to about ms so that a large part of the ST
segment is included.

Prior to frequency analysis, it should be standard procedure to subtract the mean value of the ECG samples contained
in the segment, that is, the DC component. Windowing is another common time domain operation with which samples
at the boundaries of the segment are multiplied with weights smaller than those applied to samples in the middle of
the segment, thus reducing the influence of abrupt changes which may occur at the segment boundaries. On the other
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hand, windowing may have the undesirable effect of reducing the contribution of late potentials when these happen to
be located at any of the segment boundaries.

Once the power spectrum has been computed, one or several parameters must be derived which condense its main
features.The absolute power can be computed in frequency bands whose limits are determined by some prior knowledge.
Alternatively, it may bemore appropriate to compute relative power, defined as the ratio of the power in a single frequency
band to either the total power or the power contained in certain bands. Relative power measurements are often preferred
since the absolute power may be influenced by various nonphysiological factors.

It is sometimes convenient to display and analyze the power spectrum with a logarithmic magnitude scale since it
allows detail to be displayed over a wider dynamic range. The scale is defined in units of  ⋅ log, referred to as decibel
(dB). With this scale,  dB corresponds to a magnitude equal to , − dB corresponds to a ten times smaller magnitude,− dB corresponds to a  times smaller magnitude, and so on. The magnitude function is normalized with respect
to its maximum value, thus corresponding to  dB. It should be noted that although the power spectrum is commonly
employed in the literature, that is, the squared magnitude of the FFT, the (unsquared) magnitude of the FFT is also
sometimes employed.

As described earlier, the conventional time domain approach to handlemultiple-lead recordings is to simply combine
the filtered leads into a vector magnitude from which a set of descriptive parameters is derived. However, the vector
magnitude does not lend itself to frequency analysis as this function may obscure the frequency content of the ECG.
Instead, the power spectra of individual leads may be averaged into one spectrum from which a set of parameters is
derived. Alternatively, parameters can be derived from each spectrum and combined with some suitable technique, for
example, averaging of the resulting parameter values.

. Late Potentials and Frequency Analysis in Clinical Applications

The first clinical study exploiting frequency analysis was presented by Cain et al. in  for the purpose of distinguish-
ing patients prone to sustained VT []. The analysis method was assessed in three groups of subjects, consisting of 
patients with previous MI and sustained VT,  patients with previous MI but no sustained VT, and ten normal subjects,
respectively. The ECG was recorded from the X, Y, and Z Frank leads, digitized, and subjected to signal averaging of 
beats such that a noise level of . μV was reached.

In each lead, Fourier-based frequency analysis was performed on a manually delineated ms segment at the ter-
minal part of the QRS, windowed using the Blackman–Harris window. The power spectrum was characterized by two
parameters derived from the logarithmic magnitude scale, the spectral value in decibels at Hz and the area enclosed
between the  and −dB level (> Fig. .). It should be noted that these two parameters are correlated since a large
spectral value, in most cases, implies a large area.

The results for the three groups of subjects suggested that the area was considerably higher in patients with VT than in
the other two groups, that is, the amplitude of the high-frequency components of the ECG in patients with VT was much
greater than in those without. As one may expect, the spectral value in decibels at Hz was larger in patients with VT
than in the other two groups. Besides the terminal part of the QRS, frequency analysis was also performed on segments
defined by the QRS complex, the ST segment, and the Twave; the ST segmentwas associatedwith results similar to those
of the terminal part of the QRS, whereas the other two segments did not offer any discrimination between the VT group
and non-VT groups.

In a subsequent study, Cain et al. modified their original way of deriving parameters from the spectrum by instead
computing a ratio between the spectral areas defined by the intervals –Hz and –Hz []. Based on the findings
of their previous study, the processed ECG segment was extended from the ms at the terminal part of the QRS to also
include the remaining part of the ST segment (though the segment was still manually delineated).The spectral area ratio
was tested in  patients with a previous MI and sustained VT,  patients with a previous MI but without sustained VT,
and  normal subjects. The results presented in > Fig. . show that the VT patients have considerably larger ratios
than the other two groups. However, the groups could not be discriminated when the –Hz interval was replaced
by –Hz, a result which is somewhat surprising since the higher frequencies are important to the outcome of time
domain analysis.
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The logarithmic power spectrum characterized by the value in dBs at Hz and the area enclosed between the  and −dB
level. (Reprinted from Lindsay et al. [] with permission.)

It should be noted that the spectral area ratio may account for signal properties unrelated to the presence of late
potentials. Since the spectral area ratio involves frequencies in the interval –Hz, it is obvious that low-frequency
components originating from, for example, baseline wander or a slowly changing ST segment will also influence the area
ratio. In a later study, however, the lower limit was increased to Hz so as to avoid this problem [].

The studies by Cain and coworkers were followed by several studies from other groups who also employed frequency
analysis to find out if late potentials present during sinus rhythm can be used as amarker for ventricular arrhythmias.The
results presented in the literature have been most variable, ranging from “inability of frequency domain parameters to
distinguish VT from non-VT patients” to “improved identification with frequency domain parameters.” In the remaining
part of this section, a number of studies are briefly summarized with variable outcomes. It should be noted that each of
these studies has a slightly different approach to the implementation of frequency analysis, for example, the definitions
of analyzed signal segment and frequency interval of interest.

In a study by Kelen et al., involving ten patients with spontaneous or inducible VT and ten normal subjects, it was
shown that the spectral area ratio was markedly dependent on the length of the analyzed signal segment []. In fact, a
change of as little as ms in segment length changed the results across proposed boundaries of normalcy in normal sub-
jects and in patients with VT. In contrast, the use of time domain analysis established that the patients had late potentials,
whereas the normal subjects did not, using the standard diagnostic criteria.

Similar results were also obtained in a study by Machac et al. where the purpose was to determine whether time
domain or frequency domain parameters were better in distinguishing patients with and without sustained VT [, ].
The two methods were tested in  patients with sustained VT,  control patients with organic heart disease but without
sustained VT, and  normal volunteers. Frequency domain analysis was performed on three different segment lengths
(the terminal ms of the QRS complex, either alone or with  or ms of the ST segment), and both power and
power ratios were calculated in different frequency bands. At a fixed specificity of %, the best time domain sensitivity
was %, whereas the best frequency domain sensitivity was %. It was thus concluded that frequency domain analysis
did not offer any improvement over time domain analysis in distinguishing patients with VT from those without.

The study performed byWorley et al. was also designed to compare the value of time domain and frequency domain
parameters []. However, they investigated the spectral area ratio, defined in the same way as in [], not only for
segments related to QRS end but also to QRS onset. Six different ms segments started at , , , and ms after
QRS onset, two segments started at  and ms before QRS end, and a variable-length segment started ms before
QRS end and extended to the T wave.The study included  patients with remoteMI and sustained VT,  asymptomatic
patients with remote MI, and  normal subjects. The results showed that the spectral area ratios from segments starting
at , , and ms after QRS onset were significantly different between infarct patients with and without VT; however,
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Comparison of the spectral area ratio for patients with sustained VT, without sustained VT, and normal subjects. The terminal

QRS and the ST segment are analyzed. (Reprinted from Cain et al. [] with permission.)

this finding did not apply to any of the segments related to QRS end.Thus, the results showed that the spectral content of
the QRS complex is a marker to discriminate between the two patient groups. The time domain parameters studied were
all found to be significantly different between the groups.

The idea to investigate the influence of the analyzed segment location was also pursued in a study by Buckingham
et al. []. They used a data set consisting of  patients with VT and  patients without VT, all patients having had
prior MI. All analyzed segments had a length of ms and were located , , , , and ms after QRS onset and ,
, , and ms before QRS end. In each segment the spectral area ratio was computed using the same definition as the
one given in []. Significant differences between the patient groups were only observed for ratios computed in segments
 and ms after QRS onset and ms before QRS end.

The importance of higher-frequency components was investigated by Pierce et al. on a data set consisting of  patients
with coronary artery disease and recurrent VT,  control patients with coronary artery disease, and  normal subjects
[]. The analyzed segment had its onset at the QRS end and a length of ms. Unlike the studies by Cain et al., the
frequency domain parameters involved considerably higher frequencies as contained in the interval –Hz; nor-
malization was done with the entire interval –Hz. Quantifying performance in terms of the area under the receiver
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operating characteristic, the frequency domain parameters were associatedwith larger areas than the time domain param-
eters. It was therefore concluded that the higher frequencies in late potentials better identified patients with coronary
artery disease being prone to VT than did the time domain parameters.

. Late Potentials and Time–Frequency Analysis

.. SpectrotemporalMapping

Frequency analysis for identification of late potentials is, as indicated above, flawed by difficulties to accurately delimit the
signal segment to be processed; small changes in segment position may lead to substantial changes in frequency domain
parameters.The introduction of a sliding segment, whose initial position is locatedwell before the end of theQRS complex
and final position well into the T wave, has been suggested as a means to mitigate such difficulties; “sliding” means that
the analysis segment is shifted by one or a fewmilliseconds at a time. For each segment, the power spectrum is computed
so that, when the segment has reached its endpoint, a series of successive power spectra has been produced. Similar
to frequency analysis, each segment is windowed and the DC level subtracted. This time-frequency approach is widely
known as the short-term Fourier transform (STFT) and represents a standard signal processing tool for characterizing
the time-varying spectral properties of a nonstationary signal. In the context of ventricular LPs, the STFT is commonly
referred to as spectrotemporal mapping [–].

> Figure .a illustrates spectrotemporalmappingwhen implementedusing an ms segmentwhose position slides
around the end of the QRS complex so that the presence of late potentials may be identified through spectral changes. In
this particular case, the signal-averaged ECG contains low-amplitude activity at the end of the QRS complex, that is, late
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⊡ Figure .

(a) Spectrotemporal mapping is created by computing successive Fourier transforms within a sliding window which, in this

example, has -ms duration. (b) The spectrotemporal mapof a patient with late potentials. (Reprinted fromHaberl et al. []

with permission.)
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Spectrotemporal map for (a) a patient without late potentials, and (b) a patient with late potentials, manifested by a “land-

scape with ridges.” The curve of cross-correlation coefficients is displayed to the right of each map. (Reprinted from Haberl

et al. [] with permission.)

potentials are considered to be present.The corresponding series of successive power spectra is displayed in > Fig. .b
as a three-dimensional plot where the three axes of the diagramdescribe frequency, time, and spectral power, respectively.
The plot shows that high-frequency components above Hz, contained in segments at the QRS end, gradually vanish as
the segment slides toward the T wave, that is, from top to bottom of the plot. The last few spectra are similar in that they
do not contain any high-frequency components. In this case, the transition from late potentials to noise is clearly visible
using spectrotemporal mapping since the signal-to-noise ratio of the signal-averaged ECG is high.

Although the parameters of frequency analysis can be applied to each individual power spectrum, parameters that
exploit the time-dependent properties of spectrotemporal mapping can be expected to add information for identification
of late potentials. An early approach to such characterization was the so-called normality factor which determines the
similarity of successive spectra through the computation of a series of cross-correlation coefficients []; these coeffi-
cients have the property of being normalized to the interval [−,]. Each individual spectrum is correlated to a template
spectrum being determined by averaging the last few spectra positioned at the end of the analysis interval. The curve of
cross-correlation coefficients is illustrated for ECGs with and without late potentials in > Fig. .a and b, respectively.
It is obvious from > Fig. .a that the correlation curve increases from almost  in segments where high-frequency
components are present to a value well outside the QRS complex. On the other hand, > Fig. .b displays a correlation
curve which remains close to one throughout all spectra, suggesting that late potentials are absent.

In the original work byHaberl et al. [] an ms segmentwas analyzed sliding in steps of ms from a start time ms
before the QRS end until ms after; the resulting  segments were indexed backward in time so that the last segment
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had index . The normality factor was obtained as the ratio between the mean of the cross-correlation coefficients of
segments –, where late potentials were expected to occur, and the mean of the cross-correlation coefficients of the
segments –. The factor was then multiplied by  and interpreted as a percentage. Late potentials were considered to
be present when the normality factor dropped below %.

The initial results obtained with spectrotemporal mapping surpassed those obtained by conventional time domain
analysis when identifying patients prone to sustained VT in the presence of coronary artery disease []. Furthermore,
most patients with bundle branch block were correctly classified with spectrotemporal mapping, while these patients
had to be excluded in time domain analysis. Despite these promising initial results, this technique is not in widespread
use, probably due to its poor reproducibility. In a study comparing spectrotemporal mapping to both time domain and
frequency domain analysis, the reproducibility of spectrotemporal mapping was substantially lower than that of the other
two types of analysis [].

.. Spectral Turbulence Analysis

Spectral turbulence analysis defines another approach to time-frequency characterization of the signal-averaged
ECG, originally developed to detect abnormal variations in frequency content during depolarization of the diseased
myocardium []. The word “turbulence” signifies the transient spectral changes that were hypothesized to occur in the
ECG as depolarization propagates throughout the ventricles around areas of abnormal conduction, thus resulting in a
high degree of spectral turbulence. While spectral turbulence analysis has the short-term Fourier transform in common
with spectrotemporal mapping, the analysis embraces the entire QRS complex and the ST segment and is not limited
to an interval at the QRS end. Usually, the first segment starts ms before QRS onset and ends ms after QRS end,
incremented in ms steps. The resulting power spectra from all available leads are then normalized with respect to the
spectrum with the highest magnitude; this magnitude is designated as % while the other magnitudes are smaller. A
number of parameters are derived from the normalized spectra which describe the similarity between adjacent spectra
expressed in terms of the above-mentioned cross-correlation coefficient. It was claimed that spectral turbulence analysis
is applicable to patients irrespective of the QRS duration and the presence or absence of bundle branch block.

In the original study by Kelen et al. [] both spectral turbulence analysis and conventional time domain late potential
analysis (–Hz) were employed for identifying patients with inducible sustained monomorphic VT. The signal-
averaged ECG was obtained from  subjects using a recording configuration of three orthogonal bipolar leads. The
data set contained  normal control subjects,  with both late potentials by time domain analysis and inducible sus-
tained monomorphic VT,  with time domain late potentials but no evidence of spontaneous or inducible sustained
monomorphic VT, and ten with inducible sustained monomorphic VT but absence of time domain late potentials. The
total predictive accuracy for all groups was % with spectral turbulence analysis, whereas only % could be achieved
with time domain analysis.

Spectral turbulence analysis has been employed in several subsequent studies with results that sometimes improve
upon those obtained by conventional time domain analysis. In a study by Malik et al. [], both techniques were con-
sidered for risk prediction after acute MI, using a material of  survivors of acute MI (bundle branch blocks and
other conduction abnormalities were excluded); the patients were followed for at least  year. Spectral turbulence analy-
sis provided significantly lower positive predictive accuracy than the time domain analysis for prediction of ventricular
tachycardia/fibrillation during  year after infarction. On the other hand, it provided significantly higher positive predic-
tive accuracy for the prediction of -year all-cause mortality. The study by Copie et al. [] also made use of both time
domain and spectral turbulence analysis for the prediction of cardiac death and arrhythmic events after acute MI in 
patients (patients with bundle branch block and other conduction abnormalities were excluded).The results showed that
spectral turbulence analysis was essentially equivalent to time domain analysis for the prediction of arrhythmic events
after MI, but performed significantly better than time domain analysis for the prediction of cardiac death.

Although it was initially claimed that spectral turbulence analysis is equally suitable for patients with bundle branch
block, the study by Englund et al. [] came to the opposite conclusion, that is, spectral turbulence analysis is applicable
only to patients without bundle branch block. Their results were based on a material of  patients of whom  had a
QRS duration ≤ms;  patients had inducible sustainedmonomorphic VT andwere compared to  control patients.
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The total predictive accuracy for predicting inducible VT was as low as % when the whole material was analyzed,
however, it increased to % when only patients with QRS duration <ms were included.

.. Combined Time Domain and Spectral Turbulence Analysis

The idea to combine time domain and spectral turbulence analysis has been investigated in a number of studies for the
purpose of increasing the power of predicting serious arrhythmic events in post-infarction patients [–]. The results
of these studies indicated that the combined approachmay lead to a higher total predictive accuracy than can be achieved
using each of the analysis techniques independently. Based on a material of  patients with acute MI, Ahuja et al. []
obtained a total predictive accuracy of % when combined analysis was employed for predicting arrhythmic events.
The corresponding performance figures for time domain analysis and spectral turbulence analysis were % and %,
respectively.

Improved risk stratification was also found in a study by Mäkijärvi et al. [] though the levels of predictive accu-
racy were considerably lower than those reported in []. The study comprised a prospective material of  males who
survived the acute phase of MI. The most powerful prediction of arrhythmic events was achieved by combining time
domain and spectral turbulence analysis, reaching a total predictive accuracy of % when one of the two techniques
showed abnormality and a total predictive accuracy of % when both showed abnormality. Spectral turbulence analysis
was clearly inferior to time domain analysis in predicting arrhythmic events when used separately.

In yet another study, Vazquez et al. [] investigated the value of combined analysis on a material of  patients after
acute MI (of which  patients had a major arrhythmic event during the -year follow-up period). The total predictive
accuracy of combined analysis was .%, significantly higher than achieved separately by time domain analysis (%)
and spectral turbulence analysis (%).

. High-Frequency QRS Components

.. Introduction

Frequency analysis of an ECG signal shows that the signal also includes frequencies above the standard frequency range
[]. These high-frequency components are mainly found within the QRS complex, having a low amplitude compared
to the components of the standard ECG (μV compared to mV) (> Fig. .). Early attempts to visualize high-frequency
ECG components employed signal amplification in combination with high paper speed. With this technique, “notches”
and “slurs” could be observed within the QRS complex [, ]. Studies in the s showed that patients with heart
disease had an increased number of notches and slurs compared to healthy individuals. Later analysis of the ECG signal
showed that the notches and slurs contained frequencies between  and Hz [].

Thedevelopment of high-resolution recording techniques combinedwith digital filtering and signal averaging enabled
better analysis of high-frequency components in the ECG signal. Several studies, both on humans and animals, have
investigated whether high-frequency QRS components (HF-QRS) contain diagnostic information. Several heart diseases
have been studied, such as acute myocardial ischemia [–], old MI [–] and left ventricular hypertrophy [,
]. It is still unknown, however, if the method is useful as a complement to standard ECG for the clinical diagnosis of
different heart diseases.

The physiological mechanisms underlying HF-QRS are still not fully understood. One theory is that HF-QRS are
related to the conduction velocity and the fragmentation of the depolarization wave in the myocardium. In a three-
dimensionalmodel of the ventricles with a fractal conduction system it was shown that high numbers of splitting branches
are associated with HF-QRS. In this experiment, it was also shown that the changes seen in HF-QRS in patients with
myocardial ischemia might be due to the slowing of the conduction velocity in the region of ischemia []. Further
electrophysiological studies are needed, however, to better understand the underlying mechanisms of HF-QRS.

There is no standardized method for the recording and quantification of HF-QRS. Both orthogonal leads and all or
some of the  standard leads have been used in different studies. Several frequency ranges (most commonly –Hz)
and filters have been used as well. Differentmethods for quantification have also been used.The twomost commonly used
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A signal-averaged ECG in the standard frequency range (upper panel) and the same ECG within the –Hz frequency

range (lower panel). Dashed lines indicate the QRS duration determined from the standard frequency range. (Reprinted from

Pettersson et al. [] with permission.)

methods for quantification are RMS values during the entire QRS duration and “reduced amplitude zones” (RAZ), a way
of describing zones in the filtered QRS complex with reduced amplitudes. Due to the low amplitude of the HF-QRS, noise
reduction is necessary before analysis. In order to achieve this in a clinical environment, signal averaging is necessary.

.. Signal Recording and Analysis

To be able to extract HF-QRS it is important to use recording equipment with high resolution acquisition, both in time
and amplitude. The sampling rate should be ,Hz or higher [], and the amplitude resolution at least  μV. Since the
amplitudes of HF-QRS are in the microvolt range, a low noise level is required. For example, the influence of noise due
to skeletal muscle can be reduced by moving the electrodes on the legs and arms to a more proximal position according
to Mason and Likar []. More importantly, signal averaging must be performed in order to attain an acceptable noise
level, sometimes requiring a recording time of severalminutes. If the ECGmorphology is subject to dynamic changes, for
example, observed during percutaneous transluminal coronary angioplasty, recursive averaging with a forgetting factor
must be used instead as conventional ensemble averaging is unsuitable.

TheHF-QRS is extracted from the signal averaged beats through band pass filtering, often by employing a Butterworth
filter []. This filter type has a nonlinear phase response which may distort temporal relationships of the various signal
components. Linear phase filtering can be obtained, however, by first filtering the entire signal in a forward direction and
then filtered signal once more but backward. Different studies have used different bandwidths when extracting HF-QRS,
although the frequency range –Hz is the most common choice.

Several methods have been used for quantification of HF-QRS of which calculation of RMS values during the entire
QRS duration is the most common one. For a correct RMS value it is necessary to correctly identify the onset and end of
the QRS complex. It has been shown that the most correct delineation of the QRS complex is obtained when determining
the QRS duration in the standard frequency range.
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⊡ Figure .

HF-QRS (– Hz) from two individuals, with (a) and without (b) RAZ.

Another method for quantification of HF-QRS is calculation of reduced amplitude zones (RAZ). The RAZmeasure is
a morphological measure and is defined as an interval between two adjacent local maxima or two adjacent local minima
in the HF-QRS, where a local maximum or minimum must have an absolute value higher than the three preceding and
three following envelope points (> Fig. .). The method was first introduced by Abboud in the s []. It was
discovered that areas with lower amplitude were present in the high-frequency signal in dogs with myocardial ischemia
but not in normal dogs. The method has been developed further, and a scoring system has been proposed [, ].
Other methods for quantification of HF-QRS include peak-to-peak amplitude and the integral of the signal.

A recent approach to HF-QRS quantification is to compute the upward and downward slopes of the QRS complex
[]. This technique was designed with the aim to reduce the leakage and smearing caused by linear band pass filtering
of the QRS complex. It was shown that both slope coefficients are more sensitive to ischemic changes than is the RMS
value obtained from the band pass filtered QRS complex.

The amplitude of HF-QRS differs among the  standard leads (> Fig. .).The largest amplitudes are usually found
in the anterior-posterior-oriented leads V–V and in the inferior-superior-oriented leads II, aVF, and III. The lowest
amplitudes are found in the left-right-oriented leads aVL, I, -aVR, V, V, and V []. In the transverse plane, the leads
V andV are located furthest away from the left ventricle, which is a possible explanation for the low amplitudes recorded
in these leads. In the frontal plane, however, no leads are located close to the heart, but there is still a large difference in
amplitude of HF-QRS between these leads.

The correlation betweenHF-QRS and the QRS amplitudes in standard ECG is generally low.Thus, factors other than
the QRS amplitude in standard ECG seem to influence the size of HF-QRS. There is also a large variation in HF-QRS
between individuals. During consecutive registrations on the same individual, however, only small variations in HF-QRS
are registered []. When studying healthy individuals, no significant differences in HF-QRS regarding sex and age have
been found [].

. HF-QRS in Heart Disease

.. Ischemic Heart Disease

Several studies have compared HF-QRS in patients with oldMI to HF-QRS in normal subjects.The vastmajority of these
studies show reduced amplitudes after old MI. In the frequency range –Hz HF-QRS are significantly lower in leads
V and V in patients with old anterior MI []. In patients with old inferior infarction, HF-QRS are reduced in leads II,
aVF, and III [, ]. When recording with Frank leads (X, Y, and Z leads), reduced HF-QRS are found in patients with
old anterior and/or inferior infarction []. There are some studies, however, that show higher HF-QRS in patients with
old MI compared to normal individuals, measured with frequencies >Hz using Frank leads [].

Studies on patients with angiographically documented ischemic heart disease, with and without signs of old MI on
ECG, do not show any difference in HF-QRS between the two populations []. When comparing a healthy population
with patients with ischemic heart disease, both with and without old MI, the healthy population shows higher HF-QRS
than the patient group [].These results indicate that ischemic heart disease, with andwithout oldMI, causes a reduction
of HF-QRS. A possible explanation is that chronic ischemic heart disease leads to structural changes in the myocardial
tissue.These changes may contribute to abnormal impulse propagation in the ischemic heart.This abnormal propagation
might be the reason for the reduced high-frequency content in patients with ischemic heart disease.
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Filtered QRS complexes (– Hz) in  standard leads from a patient with typical amplitude distribution among the leads.

Tickmarks indicateQRS onset and offset, determined from the standard frequency ECG. (Reprinted fromPettersson et al. []

with permission.)

.. AcuteMyocardial Ischemia

Several studies have reported lower HF-QRS during acute myocardial ischemia. In a study on dogs, ECG was recorded
both from epicardial electrodes and from surface electrodes during occlusion of the left anterior descending coronary
artery. HF-QRS recorded from the epicardium of the left ventricle were significantly reduced during the occlusion,
while HF-QRS recorded from the nonischemic right ventricle remained unchanged. Reduced HF-QRS from the surface
electrodes were also found []. Other animal studies have shown similar results [, –].
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LeadV.Upperpanel: Pre-inflation and inflation ECGs in the standard frequency range. Lowerpanel: The same ECGswithin the

HF range (– Hz). The dashed lines indicate the QRS duration, determined from the standard frequency ECG. (Reprinted

from Pettersson et al. [] with permission.)

In humans, the ECGhas been recorded during percutaneous transluminal coronary angioplasty [, ].The results
from these studies show that ischemia leads to changes in HF-QRS in a majority of the patients. These changes can be
observed even when no ST changes in standard ECG are seen (> Fig. .). The results indicate that acute myocar-
dial ischemia can be detected with higher sensitivity with analysis of HF-QRS compared to conventional analysis with
standard ECG. Analysis of HF-QRS might therefore serve as a complement to standard ECG in the detection of myocar-
dial ischemia. The large inter-individual variation in HF-QRS, however, probably makes high-frequency analysis most
applicable to monitoring situations when changes from baseline can be identified.

During occlusion of the left anterior descending coronary artery a reduction in HF-QRS is observed in many leads,
most commonly in lead V. During occlusion of other large coronary arteries a reduction in HF-QRS is seen in various
leads. Thus, HF-QRS seem to be poorer than standard ECG in detecting the location of ischemia.

.. Reperfusion

To assess the resolution of ST segment elevation is the most commonly used method for detecting reperfusion during
thrombolytic therapy for acuteMI. A couple of studies have shown that successful reperfusion also results in a significant
increase in HF-QRS (> Fig. .) [, ]. More and larger studies are needed, however, to determine if analysis of
HF-QRS could be a useful method for monitoring patients during treatment of acute MI.

.. Stress-Induced Ischemia

Analysis of HF-QRS during exercise test has been suggested as a complement to assessment of the ST segment reac-
tion for detection of exercise-induced ischemia. It has been shown that HF-QRS increase during exercise in healthy
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Dynamic changes in lead aVF in HF-QRS (dashed line) and ST segment (solid line) during reperfusion therapy for acute inferior

MI. After min of therapy, the ST elevation decreases and the HF-QRS simultaneously increases.

individuals []. In a study comparing healthy individuals to patients with ischemic heart disease, it was found that HF-
QRS are significantly higher in the healthy population, both during and after exercise []. Two other studies have shown
that a large relative change in HF-QRS during exercise is more sensitive for detecting ischemia in myocardial perfusion
imaging test compared to conventional ST analysis [, ]. A recent study investigated changes in HF-QRS during
adenosine myocardial perfusion imaging stress tests []. It was found that analysis of HF-QRS is highly sensitive and
specific for detecting reversible perfusion defects, and significantly more sensitive than conventional ST segment analysis.
Another study trying to reproduce these findings found, however, that analysis of HF-QRS was no better than tossing a
coin for detecting reversible perfusion defects []. A problem with analysis of HF-QRS recorded during exercise is the
high noise level generated by skeletal muscle.

.. Left Ventricular Hypertrophy

Standard ECG is one of the most common methods to detect left ventricular hypertrophy. Several different ECG-based
criteria are used clinically.Thesemethods, however, have low sensitivity when a high level of specificity is required. Studies
on rabbits, with and without left ventricular hypertrophy, have shown that HF-QRS correlate well with left ventricular
mass []. In the study, the vectormagnitude from orthogonal leads in different frequency ranges was studied.High-pass
filtering at Hz showed the best correlation between left ventricular mass and HF-QRS (r = .). A high correlation
between left ventricular mass and HF-QRS was also found among the healthy rabbits alone.

Studies on humans have shown more diverging results. A study on  patients, both with normal and pathologic left
ventricular mass, determined by echocardiography, showed that the sum of vectors in orthogonal leads in the –Hz
range had approximately the same correlation with left ventricular mass as do established electrocardiographic criteria
for left ventricular hypertrophy []. Another study on  healthy individuals, usingmagnetic resonance imaging as gold
standard, found no correlation between HF-QRS and left ventricular mass []. Thus, it is not certain whether HF-QRS
can be of value in the electrocardiographic diagnosis of left ventricular hypertrophy.

.. Conduction Abnormalities

In dogs, HF-QRS are reduced during slow conduction velocity in the heart []. By infusing sodium channel blockers
(lidocaine, disopyramide) in the left anterior descending coronary artery at the same time as recording ECGs from the
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entire ventricular surface, it has been shown that HF-QRS are significantly lower in the areas affected by the sodium
channel blockers. These results indicate that HF-QRS is a potent indicator of disturbed local conduction.

.. Heart Transplantation and Heart Surgery

Allograft rejection is a major cause of morbidity and mortality in patients who have undergone heart transplant. There
is no reliable method for detecting rejection except endomyocardial biopsy. Some studies have investigated whether HF-
QRS could be used as a noninvasive marker for rejection [, ]. The results from the studies have in part showed
diverging results, with both an increase and a decrease in HF-QRS at rejection.

In a study on patients after heart surgery, a reduction of HF-QRS correlating with the dysfunction of the heart has
been found []. It is therefore suggested that HF-QRS could be used as a noninvasivemarker of myocardial dysfunction
after heart surgery. In childrenwho have undergone heart surgery, the change inHF-QRSduring aortic clamping has been
investigated []. I was found that the recovery time of the HF-QRS significantly correlated with cardioplegic arrest time
during surgery.
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Electrocardiography in Epidemiology  

. Introduction

Like other areas of electrocardiography, epidemiological electrocardiography has grown and evolved in content since
the publication of the first edition of this book. The emphasis in epidemiological electrocardiography has shifted from
primarily descriptive population studies to follow-up studies with risk evaluation. Electrocardiographic (ECG) recording
technology has evolved, and computer electrocardiography has matured, developments that have greatly enhanced the
feasibility of high-volume ECG acquisition and analysis with substantially enhanced precision and reproducibility.

At the time of the preparation of the material for the first volume of this book, computer electrocardiography in
epidemiology was still a novelty that required special consideration. This is no longer necessary. The second area of
epidemiological electrocardiography that has gone through a similar period ofmaturation and growth is the use of electro-
cardiography in clinical trials.This subject area has, in fact, grown somuch that it is no longer feasible to cover it anymore
in the context of this chapter, with a few exceptions. Exercise electrocardiography and ambulatory electrocardiography
are covered in separate chapters of this book.

The subject areas covered in this chapter belong in the realm of epidemiological electrocardiography that includes the
following broad topics of ECG investigation:

● Estimation of the prevalence and incidence of ECG abnormalities in cross-sectional population studies.
● Determination of the normal limits for ECG intervals, amplitudes, and waveform patterns.
● Assessment of the evolution with age, significance of ECG findings in relation to physiological and anthropometric

measurements, and coronary heart disease (CHD) risk factors and natural history of disease processes.
● Assessment of the risk of future adverse events, morbidity, and mortality associated with ECG abnormalities.

Each of thesemajor application areas has certain special requirements whichmay be different from the needs of the tradi-
tional electrocardiographic practice in clinical diagnostic applications. Consideration of normal limits for ECG patterns
is covered elsewhere in this book.

There is a scarcity of systematic reviews of epidemiological aspects of electrocardiography. One of the few, published
since the first edition of Comprehensive Electrocardiography is the review from  by Ashley et al. [].

.. ECG Coding Schemes fromHistorical Perspective

Modern cardiovascular epidemiological studies were initiated in the USA, several European countries, and Japan during
the s when little was still known about the epidemiology of CHD and hypertensive heart disease (HHD). Many of
these studies were inspired by the pioneering efforts of Ancel Keys at the Laboratory of Physiological Hygiene, School
of Public Health of the University of Minnesota. Dr. Keys initiated a -year prospective study in  of business and
professional men from Minnesota [], and in the s, the classic Seven Countries study [, ]. These studies led to
intensive electrocardiographic research anddevelopmentalwork in this area of epidemiology.The Framingham studywas
initiated around – []. That study, as well as the studies in Albany, New York [], Los Angeles [], and Chicago
[, ], are other milestones among modern cardiovascular epidemiology. However, the state-of-the-art of ECG coding in
the s was appalling. The only common guidelines for ECG wave definitions and measurements were those proposed
by the Criteria Committee of the New York Heart Association []. Most wave definitions and classification criteria were
largely qualitative descriptions and thus were too ambiguous for epidemiological applications. It was evident that the
comparability of the reported prevalence of ECG abnormalities from these studies in the s was questionable.

The Minnesota code (MC) was developed between  and . Its primary purpose was to improve the compa-
rability of ECG classification and thus the consistency of the assessment of the coronary heart disease prevalence rates
among the cohorts of the Seven Countries study. At that time, it was a formidable task to reach an agreement within any
group of cardiologists on any set of ECG criteria, for instance for myocardial infarction (MI) or ventricular hypertrophies.
The authors of the Minnesota code were cautious to avoid any reference to diagnostic classification. The code was
described strictly as a scheme for objective reporting of morphological ECG wave measurements without prejudice to
any interpretation. However, the classification criteria were based on clinical ECG criteria commonly used at that time,
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many of which were developed during the late s. Dr. Henry Blackburn was in charge of the Minnesota code devel-
opment. One of the earliest field trials of the new code was carried out in Finland from  to  in epidemiological
studies, which assessed the prevalence of arteriosclerotic and hypertensive heart disease among ostensibly healthy work-
ing populations []. The report concluded that with the aid of the Minnesota code, the ECG can be successfully used as
an objective tool in the study of cardiovascular epidemiology. After the publication of the original Minnesota code in Cir-
culation in  [], it rapidly gained widespread acceptance. The code was systematically used in the Seven Countries
study and in a variety of other population studies such as the Tecumseh study of a total natural community in Michigan
[], the Tukisenta study in NewGuinea [], and the National Cooperative Pooling project including Tecumseh and four
other longitudinal investigations in the USA [].

A more recent development is the Novacode [], which has been used in a variety of epidemiological studies spon-
sored by the National Institutes of Health. There are several other ECG coding schemes, which have been proposed for
morphological description of ECG patterns or for diagnostic ECG classification [–]. However, most of these schemes
are more suitable for clinical than for epidemiological applications.

.. Minnesota Code

TheMinnesota code belongs to the group of classification systems called linguistic or syntactic. In general, these classifiers
extract “morphs” or various feature patterns observed or measured and use a “grammar” to categorize the morphs into
a given set of usually, but not necessarily, mutually exclusive diagnostic classes. In most instances, the grammar can be
expressed as a branching tree of Boolean decisions. Boolean logic uses the presence or absence of various features in each
decision node to determine which branch of the diagnostic decision tree to follow.

... ECGMeasurement Rules

TheECGmeasurement ruleswere left fairly ill defined and incomplete in the original version of theMinnesota code.These
rules were defined a little more clearly in the  version of theMinnesota code [].TheMinnesota code ECGmeasure-
ment rules are best described in the  version of the code [], which provides detailed illustrations of visual ECGwave
measurement devices and procedures. The older hot stylus electrocardiographs, with ECGs recorded on thermosensitive
paper produced a tracing that had a thick “baseline.” This can considerably bias wave-duration measurements, depend-
ing on the writing characteristics of the stylus and the paper speed []. Proper measurement procedures can reduce but
cannot eliminate these errors, which can have a significant impact on ECG coding.

It was recommended in the original version of theMinnesota code that themajority rule should be applied throughout
without exception and a majority of codable complexes was required from each ECG lead coded.The measurement rules
for the  version of the Minnesota code specify several exceptions to the majority rule. For instance, an initial R wave
exceeding .mV even in one complex in a given lead (except V) rules out codable Q and QS waves in that lead.
For some other codes (for instance code ..), a given feature has to be present in all complexes in order to qualify as a
codable item.

Three different reference or baseline points are used for amplitude measurements in the Minnesota code. All QRS-
complex and ST-segment amplitude measurements are made with respect to the PR segment immediately preceding
the onset of QRS. P-amplitude measurements are referred to the TP segment preceding the P-wave and T-amplitude
measurements to the flattest part of the TP segment following the T wave. The amplitudes of positive deflections are
measured from the upper margin of the tracing and negative deflections from the lower margin of the tracing at the
baseline point.

... Definition of Codable Waves

An attempt to give unambiguous definitions for codable ECG waves was one of the most important contributions of the
Minnesota code. The logic for wave definitions is relatively simple as described in the following sequence:
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● The first codable wave is the first deflection within the QRS complex ≥.mV or ≤ −.mV.The first codable wave
is denoted as R wave if it is positive and a Q or QS wave if it is negative.

● The second codable wave is the first deflection following the first codable wave with an opposite polarity and an
absolute amplitude ≥.mV.The second wave is an R wave if it is positive and an S wave if it is negative.

● Subsequent codable waves within QRS, with alternating signs, are defined similarly with .mV amplitude thresholds.
The third codable wave is an R′ wave if it is positive and S′ wave if it is negative.The fourth codable wave is an R′ wave
if it positive and an S′ wave if it is negative.

● A Q wave is the first codable wave within QRS if it is negative and is followed by a codable R wave.
● A QS wave is the first codable wave if it is negative and is not followed by another codable wave within QRS.

The above definitions are adequate for describing objectively all possible combinations of QRS patterns of type R, RS,
RSR′, RSR′S′, QR, QRS, QRSR′, and QS.

... Coding Criteria for Serial ECG Changes

The basic problem with the initial set of the Minnesota code criteria for serial ECG changes was that trivial changes in
ECG amplitudes or wave durations frequently induced artifactual new codable events in myocardial infarction (MI) clas-
sification. The coding scheme was vulnerable to considerable coding variation. A new classification scheme for coding of
serial ECG changes [] was developed for determining the incidence rate of reinfarction in the Coronary Drug Project
[], a large secondary prevention trial. This was done when it was noted that up to % of ECG changes, coded as signif-
icant worsening or reinfarction in the Coronary Drug project, were caused by coding variation alone. Similar problems
were encountered in another large intervention study, the Multiple Risk Factor Intervention Trial (MRFIT) [].

The serial change criteria for the Minnesota code are not based on changes in ECG measurements or simultaneous
comparison of successively recorded ECGs acquired from periodic examinations. Instead, the coding scheme is based on
changes in the severity level of the coding category of independently coded records. For major Q–QS changes, a jump
over one severity level in code  is required (e.g., from . to .). For minor Q–QS changes, a worsening by one severity
level in code , plus a worsening by one severity level in code  (T waves) is needed (excluding code .).

A significant worsening for ST changes requires a transition over one severity level (e.g., from . to .). There are
no serial change criteria for items related to ventricular hypertrophies.

The coding rules suitable for use in algorithms for classification of serial changes in Q–QS patterns are summarized
in > Table .. There are additional rules for certain other items. For instance, a codable new left bundle branch block
(LBBB) (.) requires a QRS-duration increase of . s or more from the baseline ECG.

⊡ Table .

Serial change comparison rules for significant worsening of Minnesota Code (MC) Q and QS waves

Follow-up ECGMinnesota Code Qualifying conditions for a significant change

.., .., .., .., .., .., Initial R amplitude decrease ≥.mV or

.., .., .., .., .., .. Q:R amplitude ratio increase ≥%
.. Initial R-amplitude decrease ≥.mV and

Q: R ratio increase ≥%
.. Initial R-amplitude decrease ≥.mV or

Q: R ratio increase ≥%
.. (Initial R-amplitude decrease >.mV or

Q: R ratio increase ≥%) and appearance of a new

codable Q wave in a VF

.. R-amplitude decrease in the “lead to the left” causing

new code ≥.mV
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. Prevalence of ECG Abnormalities

Most cardiovascular epidemiological studies have primarily focused on coronary heart disease (CHD) and hypertensive
heart disease. ECG coding of Q waves and associated ST-T abnormalities has been considered as an index of old myocar-
dial infarction (MI) in comparison with contrasting populations. Left ventricular hypertrophy (LVH) by ECG criteria
(ECG-LVH), in turn, has been considered as an index of true anatomical LVH. Limited diagnostic accuracy of more
moderate ECG-MI criteria and low prevalence of more strict ECG-MI criteria limits the utility of ECG-MI prevalence
estimation in free-living populations. As will be shown later, similar or even more severe limitations are encountered
with the application of ECG-LVH criteria. Prognostic evaluation in early epidemiological studies was done for broad
categories of ECG abnormalities, in part because of limited sample size in categories considered disease specific.

.. Contrasting Prevalence and Age Trends of ECG Abnormalities
in Middle-Aged Men andWomen

The coronary heart disease study of the Social Insurance Institution of Finland is one of the best-documented recent
prevalence surveys conducted in free-living male and female populations []. The study population of , men and
, women consisted of whole or random samples of rural or semi-urban populations, with an overall participation
rate of %.

> Table . summarizes the prevalence of selected Minnesota code (MC) abnormalities for various age-groups of
men and women ranging from  to  years. In Finnish men, the prevalence of major andminor Q waves (MC . to .)
was nearly four times higher than in Finnish women. These prevalence rates are nine times higher than in a  report
from Tecumseh population in the corresponding age range (– years and less) []. The linear gradient in increase of
the prevalence of Q waves with age was not significant in Finnish men and only of borderline significance in women.The
prevalence of Q waves was higher in men than in women. However, the gender difference was no longer significant for
the age-group – years.

In the Finnish study group, the prevalence of left axis deviation (MC .) was .% in men and .% in women.
The prevalence increased significantly with age in a fashion similar to that in the Tecumseh population and several
others. Interestingly, such left axis trend with age was not present in men in a Polynesian community of Pukapuka [].
Blood pressure levels in Pukapuka men have low mean values and show no rise with age and the prevalence of obesity is
reportedly low.

Among the most intriguing observations in the study of Finnish communities was the contrasting age trend between
men andwomen in the prevalence of high-amplitudeRwaves in leadsV, V, or the frontal plane limb leads (MC.).The
prevalence was very high (.%) among Finnish men and showed no significant age trend. Evidently, the decrease of R-
wave amplitudes with age observed among normotensive men is offset by R-wave amplitude increase with hypertension.
The prevalence of high blood pressure (≥ mmHg systolic, or ≥mmHg diastolic) among men increased from .%
in the age-group – years to .% in the age-group – years.

The prevalence of high-amplitude QRS waves in Finnish women was substantially lower than in men, and particu-
larly in women younger than  years. The gradient with age in women is significant. The striking sex differences in the
prevalence indicate the inappropriateness of using identical criteria for men and women. These differences also reflect
the influence on these voltage criteria of factors other than LVH associated with hypertension, such as physical activity
level, age, sex, and other anthropometric extracardiac factors.

The inclusion of high-voltage criteria of Sokolow and Lyon (MC . and .) causes a substantial increase in the LVH
prevalence estimates.With these criteria, the prevalence was .% in men and .% in women.The prevalence of LVH
according to the high-voltage criteria combined with ST-T changes is very low in most populations studied and these
criteria are likely to be too insensitive to be used as an index for LVH in hypertension.

Abnormal ST depression in the resting ECG (MC ., . or .) was present significantly more often in women (.%)
than in men (.%), and the prevalence increased markedly with age in both sex groups. The inclusion of the borderline
abnormal ST category (J depression in excess of .mV with upsloping ST where the J point denotes the end of the QRS
complex) added merely .% to the prevalence in men and .% in women. This reflects a deficiency in the hierarchical
structure of abnormal ST codes regarding the severity of the ST abnormality, since prevalence would be expected to
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increase with decreasing severity of the code. For instance, for men, the prevalences for codes . to . were .%, .%,
.%, and .%, respectively.

Abnormal T waves (MC . to .) were coded in .% of men and .% of women. The prevalence increased with
age and was significantly higher in women. In women aged – years, the prevalence of abnormal T waves at rest was
as high as %. Over % of abnormal T waves were flat or biphasic (MC .).

The high prevalence of T-wave abnormalities in women observed in the Finnish populations, Tecumseh, and other
studies, evidently indicates that repolarization abnormalities in women are often associated with factors not related to
CHD. Similar relatively high prevalence rates have been reported in nonindustrialized native female populations relatively
free from CHD. For instance, about one quarter of the women aged – years had T-wave abnormalities (MC . to
.) in a non-urbanized population of Tukisenta, New Guinea [].

The prevalence of other coded ECG abnormalities in men and women was low, with the exception of ST elevation in
men. Prolonged PR (MC .) was present in .% of men and in .% of women, left bundle branch block in .% of men
and .% of women, right bundle branch block (RBBB) in .% of men and .% of women, incomplete right bundle
branch block in .% of men and .% of women, and atrial fibrillation in .% of men and .% of women.

One striking contrast between the prevalence rates of men and women was the high prevalence of ST elevation in
Finnishmen (.%).The corresponding prevalence in women was only .%.The prevalence of ST elevation inmenwas
seen to decrease significantly with age. An opposite, less-pronounced trend was observed in women.The high prevalence
of ST elevation in men is apparently associated with tall T waves in the chest leads, which is a common finding especially
in younger men. For other abnormalities of interest, the prevalence of Wolff–Parkinson–White syndrome (MC .) was
.% in men and .% in women. Frequent ventricular ectopic complexes (over % of QRS complexes) were present in
.% of men and .% of women. Occasional ventricular ectopic complexes were observed in .% of men and .% of
women.The prevalence of frequent supraventricular ectopic complexes (over %) was .% in both sex groups, and the
prevalence of occasional supraventricular complexes was .% in men and .% in women.

The reported prevalence of abnormal ECG findings in three major coding categories of the Minnesota code in five
male and female population studies [, , –] is summarized in > Table .. The data confirm the uniform trend
toward higher prevalence of ST depression and lower prevalence of significant Q waves in women. The prevalence of
significant Q waves varies little between male populations, as a contrast to quite dramatic variations in the prevalence of
high-amplitude QRS waves.

The prevalence of high-amplitude QRS waves in Finnish men is unusually high. Comparable prevalence rates have
been reported only for black Jamaican males [], with a reported prevalence of .% for MC .. Prevalence rates for
code . as low as .% have been reported for British men aged – years employed as civil servants []. However,
this Whitehall study of Rose et al. was based on limb-lead ECGs only. As pointed out by Reunanen et al. [], differences
in occupational distributions may partly explain these differences in prevalence that, however, remain largely unresolved
discrepancy.

⊡ Table .

Contrasting prevalence (%) of major Q waves, high-amplitude R waves, and ST depression in five studies on male and female

populations aged – years

No. Subjects

Major QWaves MC

., .

High-Amplitude R

Waves MC .

ST Abnormalities MC

.–.

Study/Ref. Male Female Male Female Male Female Male Female

Tecumseh []   . . . . . .

Framingham []   . . . . . .

Busselton []   .  . . . .

Copenhagen [] ,  ,  . . . . . .

Finland’s Soc. Ins. ,  ,  . . . . . .

Inst. []

MC =Minnesota code.
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As a contrast to the variability of the high R-wave amplitude prevalence, the ST-depression prevalence among male
populations was relatively uniform.

.. Prevalence of ECG Abnormalities in Adult Male Populations

> Table . summarizes prevalence data for ECG findings from the classic Seven Countries study of Keys et al. [].
Twelve of these  cohorts of men aged – years represent total populations of males in each geographical area. Four
occupational groups included in the study consisted of rail employees from the USA and Italy. One of the European
populations (Zutphen) was drawn as a random (five out of nine) subsample.

The prevalence of any codable Q, QS waves, and related items ranged from .% in the Japanese fishing village of
Ushibuka to % among US railroad executives. An even larger range of variation was found in the prevalence of high-
amplitude R waves (code .): .% among US railroad executives and .% in Karelia, Finland. However, the prevalence
of MI and LVH according to more stringent criteria, which gives a higher specificity, was very low. The total prevalence
of diagnostic Q waves (code .), lesser Q waves plus negative T waves (code . or . with code . or .) or ventricular
conduction defects (., ., or .) ranged from .% in Crete to .% among non-sedentary US railroad clerks.The range
for the prevalence of high-amplitude R waves combined with ST changes (code . and any of the codes . to .) was
from .% for the Italian railwaymen to .% in the farming village of Tanushimaru in Japan.

Rose et al. [] compared prevalence rates for Minnesota code ECG abnormalities in six cohorts of middle-aged
male clerical workers from five European countries (Belgium, Denmark, Italy, The Netherlands, and the USSR). The
prevalence of Q, QS waves (MC . to .) ranged from .% to .%, ST abnormalities (MC . to .) from .% to .%,

⊡ Table .

Prevalence (%)ofMinnesotaCodeECGabnormalitiesamong  cohortsof adultmalepopulations in theSevenCountriesStudy

of Keys et al.a

Minor Q + Major High R + Abn. ST, Abn. T, Ventricular

MC Major Q Any Q Abn. T Abn. T High R Abn. ST Isolated Isolated Conduction

Category/Cohort N . .–. . + ., . . . . + .–. .–. .–. ., ., .

Crete, Greece   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Corfu, Greece   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Velikakrsna, Yugoslavia   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Dalmatia, Yugoslavia   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Slavonia, Yugoslavia   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Finland, West   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Finland, Karelia   (.)  ()  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Italy, Crevalcore   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Italy, Montegiorgio   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Rome, Railwaymen   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Netherlands, Zuthen   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Japan, Tanushimaru   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Japan, Ushibuka,   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

USA, Switchmen   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

USA Clarks Sedentary   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

USA Clarks,   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)
Nonsedentary

USA, Executives   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

Totals   (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)  (.)

a From Keys et al., Acta Medica Scand ; Suppl , pp –, Tampereen Kirjapaino, Tampere, Finland.
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and T-wave abnormalities from .% to .%. No significant heterogeneity was evident between the cohorts except for T-
wave abnormalities in the younger age-group (– years). Rose et al. also concluded that the codable ECGabnormalities
did not directly reflect national CHD mortality except the prevalence of major Q, QS waves (MC ., .), and even this
association may have been owing to the small number of men with these changes (.%).

The World Health Organization (WHO) European Collaborative Group [] reported contrasting prevalence rates
for major Q, QS waves, and ST-T segment abnormalities in industrial populations (mainly factories) in five countries
(Belgium, Italy, Poland, Spain, and the UK). The prevalence estimates for the intervention group of this large multi-
factorial prevention trial (, men aged – years, employed in  factories) varied significantly between centers
in various countries. The prevalence of major Q, QS waves (MC . and .) ranged from .% in Italy to .%
in Poland.

There was no apparent parallelism between the prevalence of major Q, QS waves, and the mean CHD risk for each
center estimated using multiple logistic coefficients derived from the Seven Countries study based on age, number of
cigarettes smoked per day, systolic blood pressure, plasma or serum cholesterol, and body mass index (BMI). The preva-
lence of other ECG abnormalities considered to be related to suspect myocardial ischemia (ST depression, MC . to
., T-wave abnormalities, MC . to . or complete bundle branch block, MC .) also varied significantly between cen-
ters, with prevalence rates for the UK and Belgian centers more than double those of the Polish and Spanish centers.The
authors of the report suggest that these independent variations in the prevalence of Q, QS, and ST-T changesmay indicate
that populations may differ in the type of CHD as well as the extent, possibly in relation to the severity, chronicity, or age
at the onset of ischemia.

The determination of prevalence estimates for ECG abnormalities for clinically normal populations as well as the
establishment of normal ECG standards based on unselected samples of the general population can be problematic
because of difficulties in setting up criteria for “clinically normal.” This is evident, for instance, by considering the prob-
lem of clinically unrecognized “silent” MI. On the other hand, results from studies in highly selected populations cannot
easily be extrapolated to general populations as pointed out by Barrett et al. []. However, some of these studies in
selected populations (e.g., aviators) have provided information regarding the significance of ECG abnormalities. This
holds true particularly for the natural history studies on conduction defects and other evolutionary investigations. One
key question is whether given ECG abnormalities are indicators of latent CHD in asymptomatic individuals such as
healthy aviators.

The reported prevalence rates in various occupational groups vary widely, evidently dependent on the selection cri-
teria and differences in ECG classification criteria. For instance, the prevalence of ST-segment abnormality in the resting
ECG was .% among , aviators with a mean age of  years []. In contrast, the prevalence of ST abnormalities
(myocardial ischemia) was .% in a large random sample of Israeli male permanent civil service employees aged 
years or over []. It appears that in the latter study, the ischemic category included negative T waves (−.mV or more
negative) and incomplete left bundle branch block []. On the other hand, nearly % of the aviators in the former study
had T-wave abnormalities (primary T-wave changes). Differences in classification criteria make it difficult to compare
reported prevalence rates in different occupational groups.

There is increasing evidence that repolarization abnormalities in the resting ECG have significant association
with latent CHD in asymptomatic men. For instance, Froelicher et al. have reported coronary angiographic find-
ings in  asymptomatic aviators with repolarization abnormalities in their resting ECG []. Twenty six (%) of
these men had % or greater obstruction in one or more coronary arteries and % had some evidence of coronary
lesions.

.. Prevalence of ECG Abnormalities in Ostensibly CHD-Free USMale Populations

The  report of the Pooling Project Research group [] provides detailed information on the prevalence of codable
ECGabnormalities from three studies on samples of workingmale populations drawn from employment groups and from
two studies based on community populations samples (> Table .). The report is limited to white males aged –
years. Excluded were all men with definite, probable, or suspect MI, definite angina pectoris by history, or Minnesota
code . or . Q or QS waves.
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⊡ Table .

Prevalence (percent) of major and minor ECG abnormalities in five adult populations of US males considered free from

coronary heart disease at study baseline

No Codable Minor Major Minor of Major

Population N Abnormality Abnormalitya Abnormalityb Abnormality

Albany ,  . . . .

Chicago Peoples Gas Co. ,  . . . .

ChicagoWestern Electric Co. ,  . . . .

Framingham ,  . . . .

Tecumseh  . . . .

Total ,  . . . .

a Minnesota code .; .; .; .; .; .; ., ..
b Minnesota code ., .; ., .; ., ., .; .; ..

The following Minnesota code items were coded as major abnormalities:
MC . Significant ST depression
MC . and . Negative T waves
MC . and . Complete and second-degree atrioventricular (AV) block
MC ., . and . Complete left bundle branch block, complete right bundle branch block. and intraventricular

(IV) block
MC . Atrial flutter or fibrillation and
MC . Frequent ventricular ectopic complexes

The prevalence of major ECG abnormalities ranged from .% to .% in the employee groups and .% and .% in the
two community samples in>Table .. ST depression, T-wave inversion, and frequent premature ventricular complexes
accounted for the majority of major abnormalities, each category having an individual prevalence of approximately %.

The wide prevalence difference of minor ECG abnormalities among these five male populations is of interest. The
Framingham and Tecumseh study groups represent male populations of total communities. The .% prevalence rate of
minor ECG abnormalities in Framingham contrasts with .% prevalence in Tecumseh. A closer examination of the
data reported reveals that this highly significant difference in the prevalence is caused by left axis deviations and flat or
biphasic T waves in Tecumseh in comparison with Framingham and other populations. The prevalence of code . (flat
T waves) was .% in Tecumseh and .% in Framingham. The prevalence of left axis deviation (code .) was .% in
Tecumseh and .% in Framingham.The fact that the ECGs in Tecumseh were recorded during a glucose tolerance test
may explain the higher prevalence of minor T-wave changes in that population. There is no obvious reason for the high
prevalence of left axis deviation in Tecumseh. Perhaps systematic coding differences may at least in part be responsible.

. Broad Abnormal ECG Categories andMortality Risk

Early epidemiological studies commonly reported mortality risk for broad categories of ECG abnormalities, mainly
because sample size and endpoint events were too low for a meaningful risk evaluation of disease-specific abnormalities.

.. ECG Abnormalities andMortality Risk in General Male Populations

Blackburn et al. reported detailed analyses of the -year risk of incidentCHD for various ECGfindings byMinnesota code
among men aged – years [, ] The groups compared for risk were matched for age, skinfold thickness, systolic
blood pressure, serum cholesterol, smoking, and physical activity. Diagnostic Q waves (code .), negative T waves (code
.), and atrial fibrillation (code .) were all highly significant predictors of CHDdeath.The ratio of observed to expected
number of deaths ranged from  to  for these three categories. Moderately large Q waves associated with T-wave
inversion (. and (. or .)) and bundle branch blocks (., ., .) were not significant predictors of CHD death.
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In prediction of all CHD events, both fatal and nonfatal, minor T-wave abnormalities (code .), first-degreeAV block
(code .), and frequent ventricular ectopic complexes (code .) were significant predictors of subsequent clinical CHD
in cohorts outside the USA but not in the US cohorts. Any level of ST depression (codes . to .) carried a significant
association with future CHD. Smaller Q waves (code .) and high-amplitude R waves (code .) were not significant
independent predictors of CHD; nor was sinus tachycardia (heart rate >).

Blackburn et al. also reported a more detailed breakdown of the association of ST depression with -year mortality
from all causes in their pooled European populations (without any exclusion and irrespective of other ECG findings).
The results are best summarized by expressing the risk ratio (RR), or the ratio of death rate in the subgroup with a certain
ST code to the rate in the subgroup with no codable ST items. The ratios were ., ., . and . for codes ., ., .
and ., respectively.

Keys has subsequently reported -year follow-up data for a subgroup of the Seven Countries study populations [].
This subgroup was considered CHD-free at the initial examination. However, nonspecific resting ECG abnormalities in
the absence of clinical judgment of definite or possible heart disease did not qualify for exclusion, thusmenwith any of the
following codes were included in the CHD-free subgroup: ., ., ., ., ., ., ., ., ., ., .. and ..The observed-
to-expected ratio of the death rate from all causes among men with any of these nonspecific ECG abnormalities ranged
from . to . in different populations, with the average value of .. Adjusting for the age difference between men with
and without ECG abnormalities reduced to the observed-to-expected ratio to ..Thus, the all-causes -year death rate
among men with nonspecific ECG abnormalities was % greater than that for the other men. High-amplitude criteria
for LVH showed no predictive significance among the CHD-free cohorts of the Seven Countries study.

Risk of incident CHD for newly acquired ECG-LVH was reported by Kannel et al. in the -year follow-up of ,
men and women in the Framingham study []. Life-table analysis from that study showed that persons who acquired
definite LVH by their ECG criteria at any time during the first seven biennial examinations, had a threefold increase in
risk of clinical CHD after adjustment for coexisting hypertension. A twofold increase in risk of incident CHD was found
among persons with possible LVH by ECG. However, the latter association was no longer significant after adjustment for
hypertension.

Criteria for definite LVH in the above-mentioned Framingham study included primarily high voltage associatedwith
ST-segment and T-wave changes or left axis deviation or increased left ventricular activation time. Criteria for possible
LVH were based solely on QRS-amplitude criteria without ST-T changes. Thus, in both the Framingham study and the
Seven Countries study, high-voltage criteria alone did not carry predictive information independently of other CHD risk
factors, in contrast to criteria that included ST-T changes.

.. Major andMinor ECG Abnormalities and CHD Risk in Industrial Populations

Findings from three longitudinal studies on white, middle-aged, male populations screened from industrial companies
and organizations in Chicago provide new information on the importance of major and minor ECG abnormalities for
subsequent risk of death from CHD and other causes []. Excluded were men who had major Q waves (codes ., .) at
the entry examination. Two of these studies, the Chicago Peoples Gas Company study and the Chicago Western Electric
Company study are follow-up projects included in the Pooling project described earlier. The third major study reported
is the Chicago Heart Association detection project in industry. The combined population of the three projects is ,
men aged – years at baseline, with – years of follow-up.

... Major Abnormalities

The following Minnesota codes were included among the major abnormalities: ST depression (codes ., .), T-wave
inversion (codes ., .), complete atrioventricular (AV) block (code .), second-degree AV block (code .), complete
left bundle branch block (code .), complete right bundle branch block (code .), intraventricular (IV) block (code .),
frequent ectopic ventricular beats (code .), and atrial flutter/fibrillation (code .).

Major abnormalities were found in .% among subgroups, which had a full -lead ECG recorded. The yield was
significantly lower when only -lead or -lead ECGs were used. The risk ratio for CHD death for men with major ECG
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abnormalities relative tomenwith normal ECGwas . for the Chicago Peoples Gas Company, . for theWestern Elec-
tric Company, and . for the men in the Chicago Heart Association detection project in industry. The corresponding
risk ratios for death from all causes were ., ., and ..Thus, the death rates for men with major ECG abnormalities
were considerably higher than those among men with a normal ECG. ECG abnormalities retained a significant asso-
ciation with death rates when baseline age, diastolic blood pressure, serum cholesterol, relative weight, and number of
cigarettes smoked per day were taken into consideration in multivariate analysis.

... Minor ECG Abnormalities

The following items were included among minor ECG abnormalities: Borderline Q waves (code .), borderline ST
depression (code .), flat or biphasic T waves (code .), first-degree AV block (code .), low-voltage QRS (code .),
high-amplitude Rwaves (code .), left axis deviation (code .), and right axis deviation (code .).The risk ratio for CHD
death for men with minor ECG abnormalities in relation to men with normal ECG was . for the Chicago Peoples Gas
Company, . for the ChicagoWestern Electric Company, and . for the ChicagoHeart Association detection project in
industry.The corresponding risk ratios for death from all causes were ., ., and .. Minor ECG abnormalities were
shown to carry significant predictive information independently from CHD risk factors in the Chicago Western Elec-
tric Company study and the Chicago Heart Association study groups. The association with excess mortality and ECG
abnormalities was demonstrated for deaths, which occurred within the first  years of follow-up as well as for deaths that
occurred more than  years after entry.

The overall CHD death risk ratio for men with major or minor ECG abnormalities in relation to men with a normal
ECG in the Chicago studies was . and the risk ratio for death from all causes was .. These risk ratios are similar
to those reported by Keys from the Seven Countries study (and the follow-up data from the pooling project []). The
Pooling Project Research group reported an average risk ratio of . for a first major or minor ECG abnormality defined
as in the Chicago study report summarized above.

.. Comparative Value of the ECG in Prediction of CHD Risk in Men andWomen

The coronary heart disease study of the Finnish Social Insurance Institution [] provides well-documented information
on the relative risk of CHD death and total mortality within  years in men and women for various severity levels of
Minnesota code abnormalities. The results of the study concerning prognostic value of ECG-MI are summarized later in
the section ... Gender comparison of more nonspecific categories is summarized here.

The Finnish study consisted of whole or random samples of rural or semi-urban dwellers. The reported relative risk
for CHD death and total mortality within  years for a subgroup of , men and , women aged – years is of
particular interest here. The relative risk was expressed as the age-adjusted risk ratio for subgroups with defined CHD-
related abnormalities compared to those without such abnormalities. In judging the practical utility of risk ratios, it is
important to consider what fraction of the total population has such abnormalities. It is possible to achieve, by strict
classification criteria, very high-risk ratios in subgroups so small that they would be of limited value in screening and
prevention because of an insufficient fraction of the total risk in a given population for a preventive effort with an adequate
efficacy.

The combined category of other ischemic abnormalities (smaller Q, QS waves, ST changes, significant conduction
defects, or atrial fibrillation) had a substantial increase in relative risk in men for CHD death (risk ratio .) and death
from all causes (risk ratio .). Nonspecific T-wave changes (MC ., flat or biphasic T) had over threefold excess risk for
CHD death and nearly twofold risk ratio for death from all causes.

The results from the Finnish study illustrate the difficulties encountered in the evaluation of the prognostic sig-
nificance of ECG abnormalities in female populations. Only  of the , women (.%) aged – years had
ECG findings compatible with a probable old MI, and none of them died in  years of follow-up. The prevalence of
ischemic findings in the resting ECG was quite high (.%) in women aged – years. Ten of these  women
died within  years (risk ratio of . for death from all causes compared to women without CHD-related ECG abnor-
malities). There were only two CHD deaths in this group. Similarly, there was only one CHD death in the group of
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 women in this age range who had nonspecific T-wave changes. Thus, although there was some indication of a trend
toward an increased risk ratio for death from all causes among women with increasing severity level of ECG abnor-
malities, the predictive power of such ECG changes for CHD deaths appears weak, and the low overall incidence of
CHD deaths does not permit meaningful analysis of a possible association between ECG abnormalities and coronary
mortality.

Similar problems were encountered in other studies in attempts to compose risk ratios for ECG abnormalities in men
and women owing to the relatively low incidence of CHD death in women during the follow-up period involved. The
report from the Framingham study [] compared the risk of CHD (-year incidence of CHD including angina pectoris,
MI, and sudden death) in ,men and , womenwith various combinations of Minnesota code ECG abnormalities.
This cohort, aged – years at entry to the study, included only those persons who were considered CHD-free at the
initial examination. The relative risk of CHD for a given category of ECG abnormalities was determined by calculating
the ratio of the observed and expected number of cases with CHD. For both men and women without codable ECG
abnormalities, the risk was .. For  men with any Q waves (MC . to .), ST or T abnormalities (MC . to ., . to
.), the risk was ., and for  women with any of these abnormalities, the risk was .. Thus, there was a twofold risk
for men with these abnormalities compared to men without codable abnormalities, and the risk ratio for women was ..

The Copenhagen City heart study [] evaluated the risk of death from all causes in a random sample of men and
women for eight major categories of the Minnesota code. This prognostic evaluation was done for age-groups  years
or older, and the association with mortality was assessed by comparing the ratio of the observed and expected number
of deaths in a given coding category with the ratio in the group with a completely normal ECG. There was a total of
 deaths among males and  among females during the variable follow-up period between February ,  and
March , . The log-rank test in the age-group – years indicated significant association with mortality in men
for high-amplitude R waves, bundle branch blocks (MC ., .), and arrhythmias (MC . to .). In women, aged –
years the expected number of deaths in all these categories was too low to permit a meaningful evaluation of risk. In the
older age-groups of women, there was a significant association with mortality for abnormal T waves in the age-group
– years.

.. Contrasting Prognostic Significance of ECG Abnormalities in Symptomatic and
AsymptomaticMen

Rose et al. reported on the -year incidence of CHD death according to the initial ECG findings in standard limb-lead
ECGs among , male civil servants aged – years (> Table .) []. The men were divided into subgroups
according to the presence or absence of symptomatic heart disease, defined at the initial examination as either a positive
response to the chest-pain questionnaire (angina or history of possible MI) or being under medical care for heart disease
or high blood pressure. Age-adjusted CHDmortality incidence rates were given in the report so that the outcome in men
with and without given ECG abnormalities can be compared in spite of differences in age distribution.

Of interest is the overlap between predictive information from different sources. As expected, men who were under
medical care, had a history of angina or possible MI and also had an ischemic ECG had the highest mortality (%)
but the prevalence was also low (.%), and this category contributed only % of all deaths. An ischemic ECG included
the following abnormalities: any Q waves, any ST abnormality, negative or flat T waves, or left bundle branch block. The
prevalence of an isolated ischemic ECG was .%, and this category contributed  of the total of  deaths (.%),
a relatively small fraction. The -year age-adjusted CHD mortality for men with ischemic ECG only was .%, slightly
higher than the mortality rate for men with chest pain only (.%).

For asymptomatic men, only three categories of Minnesota code abnormalities were associated with excess CHD
deaths at ≤% level of statistical significance (in a two-tailed test): Q, QS waves (MC . to .), T-wave abnormalities (MC
. to .), and left bundle branch block (MC .).The -year CHDmortality ratewas in general low for asymptomaticmen.
It exceeded % only for men with prominent Q waves (MC . to .) and atrial fibrillation (MC .). For the total group
of asymptomatic men, the -year CHD mortality was %. It was % for asymptomatic men with left axis deviation (MC
.) and % for men with ventricular conduction defects (MC ., ., .). There was no excess CHD mortality among
asymptomatic men with prolonged PR interval (MC .).
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⊡ Table .

Five year coronary heart disease mortality among , men according to mutually exclusive combinations of baseline

findings

Status Combinations N (%) Number of CHD Deaths Age-adjusted Percentage

Chest paina only , (.)  .

Ischemic ECGb only  (.)  .

Under medical care, no chest pain or ischemic ECG  (.)  .

Chest pain and under medical care, no ischemic ECG  (.)  .

Ischemic ECG and under medical care, no chest pain  (.)  .

Ischemic ECG and chest pain, not under medical care  (.)  .

Ischemic ECG and chest pain and under medical care  (.)  .

Remainder of men , (.)  .

aPositive response to questionnaire (angina or history of possible myocardial infarction.
bMinnesota codes .–.; .–.; .–.; ..
Recomposed from> Fig. ., Rose et al., Ref. [], British Heart J ;:–, ©  BMJ Publishing Group, amended with permission.

The Israel ischemic heart disease project [, ] introduced new information on the value of nonspecific ECG abnor-
malities in predicting future symptomatic and asymptomatic ischemic heart disease.The results were based on a -year
follow-up of a random sample of , Israeli male permanent civil service employees aged  years and over in .

Two categories of resting ECG abnormalities were associated with a significant increase in the -year incidence of
angina pectoris: nonspecific T-wave abnormalities, and probable infarct by computer criteria when two electrocardiog-
raphers disagreed with the computer interpretation! The prevalence of these nonspecific T waves by computer was close
to % of the Israeli study population chosen for the follow-up, and the prevalence of probable MI was .%.

.. Contrasting Racial Differences in Prognostic Significance of ECG Abnormalities

Substantial differences have been reported in many studies in the prevalence of ECG abnormalities between black and
white populations. The increased prevalence of ST-T abnormalities in black males compared to white males has been
known a long time [, , ].

The Evans County study gave a comprehensive description of the rather drastic differences in the prevalence of Min-
nesota code ECG abnormalities in black and white males and females, and also differences in the prognostic significance
of various ECG abnormalities []. The Evans County study population screened between  and  consisted of
, persons  years or older who were considered free of evidence of past or present CHD at the time of the initial
examination. Also excluded from the CHD incidence comparisons were individuals with diagnosed hypertensive heart
disease in the initial examination. The reported age-adjusted prevalence of abnormal ECGs (any specified abnormality)
was considerably higher in blacks than in whites. The excess prevalence of ECG abnormalities in black men and women
was largely due to high prevalence of high-amplitude R waves and T-wave abnormalities (both major and minor).

In sharp contrast to the highly significant increased prevalence of ECG abnormalities in black men, the  follow-
up report showed a significantly lower CHD incidence associated with an abnormal ECG in black males. Small sizes
of the subgroups and small number of CHD events does not permit a meaningful comparison in specific categories of
abnormalities in men and particularly in women.The comparability of the prognostic significance of ECG abnormalities
from this study is also limited by the age structure of the study population. Approximately % of the black makes, .%
of the white males, and about % of the black and white females were from the age-group – years.

A more recent -year mortality follow-up report from the Evans County heart study clarified the role of the racial
differences regarding the prognostic value of ECG abnormalities in this cohort. That newer report was restricted to black
and white men who were aged – years of age at entry. Men with major or moderate Q waves (MC ., .) and men
with a history of angina pectoris or myocardial infarction at the initial examination were excluded.
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Baseline ECG abnormalities were categorized into major and minor abnormalities using a similar grouping of the
Minnesota codes as was done in the pooling project cited above [].The association between baseline ECGabnormalities
and time to death was examined using the Cox proportional hazards model to adjust for standard CHD risk factors.
Relative risks were estimated for CHD, cardiovascular disease (CVD), and all causemortality.They were not significantly
increased for black or for white men with respect to minor ECG abnormalities, which included minor Q waves (MC .)
and high-amplitude R waves (MC .).

For major ECG abnormalities, the unadjusted relative risk of CHD, CVD, and all-cause mortality was significantly
increased in both race groups. The relative risks of CVD and all-cause mortality remained significant in both races after
adjustment for age at entry, systolic blood pressure, cholesterol, current and past smoking, and body mass index (BMI).
The adjusted relative risk was over twofold for CVD mortality (. for black men and . for white men, with % CI .–
. and .–., respectively) and the relative risk of CHD mortality was nearly as high although no longer significant
after adjustment for standard CHD risk factors. It thus appears that the adjusted relative risks of CVDmortality for major
ECG abnormalities were of the same order of magnitude in black and white men.

. ECG-MI andMortality Risk

CHD prevalence is known to differ drastically in populations from different geographic locations, as was initially demon-
strated by the Seven Countries study. The massive WHO MONICA project used carefully standardized procedures for
data entered into population registers by MONICA centers selected for the study for documenting death rates in men
and women aged – years []. The survey was conducted during the – period in  selected communities
from  countries. The data revealed a -fold range in age-standardized annual event rates (coronary deaths and definite
MI) in men and an .-fold range in women. Event rates for men were highest in North Karelia, Finland (/,)
and lowest in Beijing, China (/,). In women, event rates were highest in Glasgow, UK (/,) and the rates
were lowest in Toulouse, France (/,) and Catalonia, Spain (/,).

.. Mortality Risk in QWaveMyocardial Infarction

Data from three well-documented studies reportingmortality risk for QwaveMI are listed in>Table .. In a CHD-free
cohort of the Seven Countries study, there was a drastic, over -fold increase in short-termmortality risk (up to  years)
for diagnostic Q waves (large Q waves or major Q waves with ST-T abnormalities) and an over fourfold increased risk for
the combined category of any Q waves with or without ST-T abnormalities [, ]. The long-term (– years) mor-
tality risk was increased over threefold for diagnostic Q waves but was not significant for the combined category of
any Q waves.

In Finland’s Social Insurance Institute’s study [], the mortality risk was increased in men for diagnostic Q wave
MI (defined similarly as in the Seven Countries study) for all mortality endpoints: RR was . for CHD mortality,
. for CVD mortality, and . for all-cause mortality. There were too few events in women for risk evaluation in this
ECG category. The risk for Minnesota code . large Q waves in men was ., and for smaller Q waves in codes ., .
approximately threefold compared to men without significant Q waves.The prevalence of diagnostic Q wave myocardial
infarctionwas quite low.The prevalence of the category labeled as “other ischemic abnormalities” was considerably higher,
and also the risk of CHD, CVD, and all-causemortality wasmarkedly increased in all men, in menwith an apparent silent
MI, and also in women for CVD and all-cause mortality.

The Italian RIFLE Pooling project [] reported mortality risk for large group of CHD-free men (n = , ) and
women (n = , ) aged – years. CHD mortality risk for combined category of any Minnesota code Q waves was
not significant in men or in women. There was a profound, over -fold increased risk of CHD mortality in men with
major Q waves combined with major T waves. Again, there were too few events in women for risk evaluation.

As seen from>Table ., the low prevalence of diagnostic Qwave codes in all three of the populations is too low for
population screening for preventive efforts, in spite of the extremely high mortality risk associated with them. However,
when identified in any other connection, they warrant consideration for intensified secondary prevention. The Italian
study suggests that the prevalence and the mortality risk for the combined category of ischemic abnormalities is at least
potentially high enough for identification of subgroups for intervention.
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.. Other Studies with Mortality Risk Assessed for Major andMinor QWaves

Mortality risk for various categories of Q waves has been evaluated in many other diverse populations. The Whitehall
study on , male civil servants in the age-group – years conducted in early s evaluated the -year CHD
mortality risk for Q waves coded from limb-lead ECGs []. The study population contained a subgroup of , non-
symptomatic men with no history of angina pectoris or MI and who were not under medical care for heart disease or
hypertension. The prevalence of codes .–. was .% in the whole group and .% in the non-symptomatic group.
Approximately two thirds of the Q waves were minor, Minnesota code ..The age-adjusted CHDmortality ratio for men
with any Q waves was . with all men in the study as the reference. In the non-symptomatic group, the mortality ratio
was ..

The Busselton study on , unselected subjects reported that the -year standardized CVD mortality rate was sig-
nificantly higher in the pooled group of men and women with Minnesota code .–. Q waves than among those with a
normal ECG [].

The cross-sectional data from the Copenhagen City Heart Study involved a random sample of , men and ,
women aged  years and older []. In the age-group – years,  men (.%) and  women (.%) hadMinnesota
code .–. Q waves. Among  men who died,  had major Q waves (Minnesota code ., .), a highly significant
difference between the observed and expected number of deaths compared to men without Q waves.There was only one
death among women with Q waves.

.. Unrecognized Compared to Recognized Myocardial Infarction

Three studies listed in > Table . evaluated mortality risk for recognized versus unrecognized MI: the Reykjavik
study, the Framingham study, and the Honolulu study. Unrecognized MI was defined in these studies as either totally
asymptomatic or associated with symptoms atypical for acute MI.

... The Reykjavik Study

This study in a large male cohort (N = , ) was performed in five stages, – years apart, with the last stage conducted
in – []. The overall prevalence of unrecognized MI at the first (.%) stage of the study increased sharply
with age, from .% at age  years to over % at age  years. The prevalence also increased at the later phases of the
study, to .% in . About % of all MIs in the pooled data from all phases of the study were unrecognized. In logistic
regression analysis, angina, age, smoking, serum cholesterol level, cardiomegaly, and diuretic therapywere associatedwith
both types of MI. Impaired glucose tolerance and digoxin therapy were significantly associated only with recognized MI.
Factors with predictive power for future unrecognized and recognizedMI from Poisson regression included age, diastolic
blood pressure, and hypertension medication. Digoxin therapy was significantly predictive for future unrecognized MI.
Current smoking had a more consistent association with future recognized MI than with unrecognized MI.

Relative risk of CHDmortality forMIwithout angina pectoris was . (., .) for unrecognizedMI and . (., .)
for recognized MI. For all-causemortality, the corresponding relative risks were . (., .) for unrecognizedMI and .
(., .) for recognized MI. The survival probabilities for both types of MI from life table analysis were relatively similar
for subjects with and without MI in the first four stages of the study. Ten-year survival probabilities for unrecognized and
recognized MI were % and %, respectively, and -year survival probabilities % and %, respectively.

... Framingham Study

In a  report from the Framingham study population, subjects with unrecognized MI were as likely as those with
recognized MI to be at increased risk of death, heart failure, or strokes []. In subjects initially free from CHD, three
successive -year periods since the start of the Framingham study in  were used as the baseline for comparing the
risk for the two types of MI. Of all baseline MIs in , subjects at the initial examination,  of  (.%) among
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men and  of  (.%) among women were unrecognized, almost half without any symptoms. A similar proportion
as mentioned above was unrecognized among incident MI during the three -year follow-up periods. > Table .
shows that the cause-specific mortality and all-cause mortality in men was similar for unrecognized and recognized MI.
In women, the mortality was lower for unrecognized compared to recognized MI, and the difference was significant(p < .) for CVD mortality.

A  report from the Framingham study compared the relative -year risk of clinical CHD for unrecognized,
asymptomatic ECG-MI and ECG-LVH []. The evaluation group was CHD-free at the baseline and new asymptomatic
ECG-MI and ECG-LVHwas detected as a -year incidence before the start of the follow-up.There was a profound two- to
fourfold increase in CHD mortality, particularly sudden death, for both ECG abnormalities, with similar rates for both.
Of interestwas also the finding that ECG-LVH carried a significantly greater risk than ECG-MI for CHDdeath in women.

... Honolulu Heart Program

The prognosis of recognized and unrecognized MI was also evaluated in the Honolulu Heart Program in a -year
follow-up among , men who were CHD-free at baseline examination and who had serial ECG changes classified
as incident Q-wave MI at the second or third examinations ( and  years following the baseline) []. There was a total
of  Q-wave MIs classified from serial ECG changes, % of them asymptomatic. Among men who were classified as
MI from hospital surveillance of the study, the proportion of silent MIs among all nonfatal MIs was %. (The average
annual incidence rate (per ,) for all nonfatal MIs was .). The unrecognized MI group had a consistently higher
(–%) total CVD and CHD mortality than the group with recognized MI. The number of events in groups com-
pared in the Honolulu study was small and the difference in risk was not significant. However, consistent with the other
studies mentioned above, the results suggest that the mortality risk for silent MI is at least as high as for recognized,
symptomatic MI.

... Other Studies Comparing Recognized Versus Unrecognized MI

A Finnish cohort of  men aged – years of the Seven Countries study, who had survived at the time of the -year
follow-up examination, was followed up for the next -year period []. At the time of the beginning of the follow-up, 
of themen (.%) hadMinnesota code .–. Qwaves.Qwaves combined with ST depression (codes .–.) or negative
Twaves (codes . or .) were significantly associatedwith excess risk of fatal and nonfatalMI and totalmortality. Isolated
Q waves were not associated with independent risk with any of the endpoints.

The Bronx Aging Study assessed the prognosis of recognized and unrecognized MI in  elderly (– years)
community-based men and women in an -year prospective evaluation []. In this older group, baseline prevalence
of MI was .%, over one third (.%) of them unrecognized (completely silent MI and MI with atypical symptoms
were included in this category). During the follow-up, the proportion of unrecognized MIs among all incident or recur-
rent MIs was %. The total mortality rate in subjects with recognized or unrecognized MI was ./ person–years
compared with ./ person–years in the group without MI (p = .). The sample size is small and the event rates
in study subgroups are low, but the mortality rates were similar among those with recognized and unrecognized MI.The
report reviewed other studies on unrecognized MI and noted that in newer reports (often from prospective studies) the
average proportion of unrecognized MI was %.

In the older Israel ischemic heart disease project [], the mortality follow-up was conducted  years from the initial
examination in . The second clinical examination took place in  and the third in . The occurrence of the
MI was assumed to have taken place halfway between the two closest examinations before and after the abnormality
developed. The average annual mortality rate in the group of men without any signs of MI during the follow-up period
was ./,.

There was a total of menwith clinically unrecognizedMI during the follow-up and the annualmortality rate in this
group of men was ./,, or . times the mortality rate in men without any sign of MI. One half of all unrecognized
MIs were silent and classified strictly on the basis of ECG findings in the  or  reexamination. The other half
of clinically unrecognized MIs was not asymptomatic but their complaints were considered atypical for MI. The annual
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mortality rate of ./, for men with unrecognized MI can be compared with the rate of ./, for the group of
 men with clinically recognized MI.

The incident (or recurrent) MI rate, particularly that of unrecognized MI, was high among men with possible or
probable MI at baseline according to computer criteria but who were considered as non-MI by electrocardiographers
reviewing the computer interpretation. A sizable fraction of these men may have had latent CHD already at the onset of
the study.

No serial ECG change classification criteria were evidently used in the study and it is possible that relatively minor
changes from the baseline ECG were more likely to cause a classification as a new unrecognized MI in this subgroup.
In any case, ECG signs of unrecognized MI seemed to be associated with excess mortality, with a prognosis perhaps
half as serious as that for clinically recognized MI. It is noted that in the Israel study, % of the unrecognized MIs
were categorized as possible old anterior MI, defined by the presence of a Q wave in V or V or R wave ≤mV in
any two of the leads V–V. Multivariate analyses also indicated that the increased incidence of unrecognized MIs was
associated with age, cigarette smoking, blood pressure (systolic and diastolic), left axis deviation, and LVH on the ECG.
Poor progression of R waves in anterior chest leads is often seen in hypertensives with LVH, and it is possible that a
significant proportion of these unrecognizedMIs were false positives because of the limited specificity of the criteria used.

.. ECG Risk Predictors in Heart Attack Survivors

The Coronary Drug project was the first large-scale clinical trial that reported on systematic analyses of the prognostic
value of ECG abnormalities among survivors from a first heart attack during a -year period of a longer follow-up [].
Baseline ECGs, including the placebo group, were recorded at least  months after the acute phase.

ST depression had the strongest association of any ECG items with excess mortality. The risk ratio for major ST
depression (>.mV J depression with horizontal or downsloping ST segment) relative to normal ST was ., and any
degree of ST depression, except J-point depression with upsloping ST had a significant association with excess mortality.
Actually, any degree of ST depression, except J-point depression with upsloping ST, was associated with a significant
excess mortality. T waves more negative than −.mVwere also associated with over twofold excess mortality, and there
was also a significant excess among men with minor T-wave abnormalities (flat or biphasic T waves).

Of particular importance was the observation that resting ECG ST depression was related to excess mortality also
among men with no history of heart failure and among men not taking digitalis.

Extensive multivariate analyses were performed using Coronary Drug project data to elucidate possible independent
prognostic value of ECG findings after simultaneous adjustment for all major known CHD risk factors and clinical risk
indicators. Minnesota code items that contain independent prognostic information included the following categories:
Q, QS waves (any code ), ST depression (codes . to .), ventricular conduction defects (e.g. codes . and .) except
complete right bundle branch block (code .), atrial flutter/fibrillation (code .), and any ventricular premature beats
(code .).

ST depression in the resting ECG turned out to be the strongest single ECG predictor of mortality and as strong an
independent risk predictor as cardiac enlargement and functional class. This is clinically important because codable ST
changes are common among survivors of a first heart attack (% of men in the Coronary Drug project had codable ST
changes) and a considerable proportion of all deaths occur among this subgroup.

.. Heart Attack Prevention Programs and Prognostic Value of Rest and Exercise ECG
Abnormalities

Numerous studies cited in previous sections have demonstrated the adverse prognostic value of several resting ECG
abnormalities. Relatively little is known, however, on how the presence of these abnormalities may influence heart attack
prevention efforts, for instance, whether persons with defined ECG abnormalities might respond particularly favorably to
intervention.TheMRFIT project was designed to test the effect of a multifactor intervention program on mortality from
CHD in , high-risk men aged – years. The two a priori ECG-based subgroup hypotheses were formulated with
the expectation that intervention would be especially beneficial in men with a normal resting ECG and a normal exercise
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ECG, respectively. No significant difference in CHDmortality was found between the special intervention and usual care
(UC) groups of the trial [].The findings from the MRFIT study even brought up the possibility that hypertensive high-
risk men with resting ECG abnormalities may have experienced increased CHD mortality in the special intervention
group of the trial, an observation that created a great deal of interest because of its potential implications on diuretic
therapy []. Similar adverse trends in coronary events were reported from the Oslo study trial on mild hypertension
although the number of events involved was too low to reach nominal statistical significance [].

TheHypertension Detection and Follow-up Program (HDFP) [] compared CHD and total mortality in a subgroup
of mild hypertensives (diastolic pressure –mm Hg) with resting ECG abnormalities similar to the MRFIT study
population. CHDmortality for persons receiving systematic antihypertensive therapy in special program centers (stepped
care group)was compared to that for persons referred to existing communitymedical care (referred care group.)TheCHD
mortality rate was slightly but not significantly higher in the stepped care group than in the referred care group in white
men and black women, but not in black men. However, the rates for all-cause mortality were consistently lower in the
stepped care group than in the referred care group. This % difference in favor of the stepped care group did not reach a
nominal level of statistical significance because the subgroups with ECG abnormalities of HDFP cohort were small, again
demonstrating problems in reaching adequate statistical power even in very large clinical trials.

In primary prevention trials, the emphasis is in demonstrating the effectiveness of risk-factor intervention in sub-
groups without ECG abnormalities. This is based on the assumption that intervention should be most beneficial in an
early, asymptomatic phase of the disease process before end-organ damage develops.

As a contrast to the unexpected negative overall outcome of the intervention amongmenwith a normal ECG response
to exercise inMRFIT,menwith an abnormal exercise ECGseemed to benefit substantially from risk-factor reduction [].
There was a % lower rate of CHD deaths amongmen in the special intervention group with an abnormal ECG response
to exercise compared with men in the usual care group (. versus ./,). Abnormal ECG response to exercise was
defined as an ST-depression integral measured by a computer as  μVs or more in peak exercise or immediate recovery
records in any of leads CS, aVL, aVF, or V, with the ST-depression integral being less than  μVs in the above leads
in the pre-exercise sitting record. These abnormal responses to a submaximal heart-rate-limited treadmill exercise test
representedmainly early repolarization abnormalities with upsloping ST in leadCS during peak exercise. At the baseline
of the study, .% of the usual care men of the study had an abnormal exercise ECG.There was a nearly fourfold increase
in -year coronary mortality among men with an abnormal response to exercise compared with men with a normal
response [].

Changing trends in CHD mortality can cause formidable problems for primary prevention trials. Unexpectedly, low
CHD and total mortality particularly among subgroups or high-risk men selected on the basis of normal resting and
exercise ECG can become problematic. In MRFIT, the CHD mortality rate was only about  per , per year in the
large subgroup (%) of these high-risk men with a normal resting and exercise ECG. It is difficult to demonstrate a
significant reduction of CHD deaths below this level because a very large sample size is required for attaining adequate
statistical power.

MRFITmortality follow-up data were later extended to cover a .-year follow-up period []. Ischemic response to
exercise remained the only abnormality in the UCmenwith a significant associationwith CHDmortality, confirming the
results from the initial -year mortality data. In the SI group, ST-T abnormalities at rest, absent or low-amplitude Uwaves
and an abnormal cardiac infarction injury score (CIIS) []were all significantly associatedwith .-year CHDmortality.
However, absent or low-amplitude U waves were the only ECG abnormalities with a significant difference between the
special intervention and usual care men in the relative risk estimates (p = .).

In the Belgian heart disease prevention project [], there was no significant difference in CHD incidence between
intervention and control groups among men with a normal resting ECG. However, reduction of CHD risk factors among
menwith ischemic changes in their resting ECGby theMinnesota code criteria was associatedwith a significant reduction
in -year CHD incidence and total mortality.

.. Time Trends: Are Risk Evaluation Data fromOlder Studies Still Valid?

To what extent are risk evaluation results from the older studies still valid in view of the reported decline in-hospital
MI mortality rate? For instance, a survey of patients hospitalized for acute Q-wave MI in Worcester, Massachusetts,
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metropolitan area hospitals, compared two periods  decade apart (– versus –) []. The in-hospital
case fatality rate had declined from % to %. Controlled clinical trials have demonstrated reduced mortality with
more common use of primary angioplasty and improved treatment of acute MI with more widespread use of coronary
reperfusion and antiplatelet therapy.

It is apparent that the short-term risk of acute MI patients has improved at least in industrialized countries that have
benefited from improved acute care.The question remains to what extent the long-term prognosis has improved. Already
before the introduction of the major improvements in the care of CHD patients, factors other than ECG evidence of old
MI seemed to determine the long-term outcome. Unrecognized MImay be less likely to benefit from improved care until
a later phase of the evolution of the disease.The proportion of unrecognized MI has been approximately one third of all
MIs in the studies cited above, including the Western Collaborative Group Study [].

It takes a prolonged period of time and a large sample size to produce results from long-term studies, and by the time
the results come in, the question of obsolescence often arises. The popularity of the traditional observational population
studies has declined, in part because of funding problems and because clinical drug trials have taken a higher priority for
funding as well as for the acceptance of manuscripts for publication in high-impact medical journals.

. ECG-LVH: A Spectrumof Connotations

.. Age Trends and Ethnic Differences in ECG-LVH

TheCopenhagen City Heart Study [] conducted from  to , reported in , combined Minnesota code ., .
prevalence data of , men and , women.The data showed the well-known drop in LVH prevalence in young adult
men until age – years. There was little subsequent variation with age in men but in women, there is a steady increase
in ECG-LVH prevalence by these criteria after age – years.

In US populations, there are rather striking differences in age trends of ECG-LVH by Cornell voltage and Sokolow–
Lyon voltage criteria []. The Cornell voltage increases by age in men and in women (> Figs. . and > .). Cornell
voltage patterns are relatively similar in Hispanic and white men and women, and the amplitudes are drastically higher
in African–American men and women. In contrast to Cornell voltage, Sokolow–Lyon voltage decreases with age in all
three ethnic groups except African–American women (> Figs. . and > .).

Many studies have reported a higher ECG-LVH prevalence in blacks compared to whites. In the Evans County study,
LVH prevalence by Sokolow–Lyon criteria was threefold in blacks compared to whites, and also the ECG estimate of LV
mass was significantly higher [, , ]. By Sokolow–Lyon criteria, LVH prevalence was over fourfold in the Charleston
study []. In the Chicago Heart Study, LVH was defined by Minnesota code . criteria combined with repolarization
abnormalities (MC .–. or MC .–.) []. Although the overall LVH prevalence by this combination was substan-
tially lower, the black and white differences were still pronounced in all age-groups from  to  years. ECG-LVH
prevalence in Nigerian civil servants by Minnesota code .–. criteria was reported as .% in men and .% in
women [].

.. Time Trends in ECG-LVH Prevalence

A notable decline was found in ECG-LVH prevalence from  to  in the predominantly white combined orig-
inal and offspring cohorts of the Framingham study []. ECG-LVH by combined high R and abnormal ST criteria
had decreased from .% to .% in men and from . to .% in women. The mean age-adjusted Cornell voltage
amplitude had declined  μV per decade in men (p = .) and  μV per decade in women (p = .). Similar,
profound decline has been observed in other US populations, including data from the National Health and Nutrition
Surveys []. Although increasing use and improved effectiveness of antihypertensive medications parallel this decrease
in ECG-LVH prevalence, questions remain about the reliability of ECG-LVH criteria in general and possible confounding
factors.
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.. Echo-LVH Versus ECG-LVH: Gender and Racial Differences

In the Treatment of Mild Hypertension Study (TOMHS) [], Echo-LVH (LV mass index ≥ g/m for men and≥ g/m for women) was present in % of men and in % of women. ECG-LVH was reported to be “virtually absent”
by Minnesota code . criteria combined with abnormal repolarization (Minnesota code .–. or .–.).

Okin et al. concluded that gender differences in body size and LV mass do not completely account for gender
differences in voltage measurements and QRS duration [].

Although available echocardiographic data are limited, it has become evident that standard electrocardiographic cri-
teria overestimate racial differences in LVH prevalence []. There was no notable difference in the echocardiographic
LV mass between white and African–American men or women in CHD-free subgroups of the CHS population of men
and women  years old and older []. In that report, relatively strict selection criteria were used to establish upper
normal limits for LV mass ( g/m for men and  g/m for women). LVH prevalence was .% in white men, .%
in African–American men, .% in white women, and .% in African–American women. Thus, racial differences in
Echo-LVH were relatively small. These relative differences are not overly dependent on the LV mass cut points chosen.

.. LVH andOverweight

The role of overweight and obesity in relation to ECG-LVH and Echo-LVH is a relatively complex issue, and space lim-
itations do not permit presentation of any data here. Classification accuracy of ECG-LVH by Sokolow–Lyon criteria
is limited in general, and in particular in the presence of obesity. Revaluation of the CHS data indicated that there is a
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substantial underestimate in ECG-LVH by the Cornell voltage criteria particularly in whitemen. In white and in African–
American women, being overweight is associated with a notably higher Echo-LVH []. The overall LVH prevalence
estimates by both methods may not differ substantially but the fraction of cases where both methods agree with the
classification is relatively small.

Various studies have produced differing results about the role of overweight and LVH. The results differ depending
on the method of indexing of LV mass to body size [–]. The availability of lean body weight data may be necessary
to resolve the role of overweight in LVH.

.. ECG-LVH Prevalence in Hypertensive Cohorts

Higher ECG-LVH prevalence in blacks than in whites has also been reported in hypertensive cohorts. The Hypertension
Detection and Follow-up Program (HDFP) evaluated ECGs of , hypertensive men and women with diastolic blood
pressure (fifth phase) at the second screening visit of mm Hg or above []. By Minnesota code ., . plus .–.,
.–. criteria, the prevalences were .% and .% for white and black men, and .% and .% for white and black
women, respectively. With high QRS amplitudes combined with ST-T abnormalities, the specificity of the criteria is very
high, but the sensitivity is very low. The question of the need for improved LVH criteria arises again.

The Italian PIUMA study [] reported Cornell voltage sensitivity as % and specificity as %.The authors reported
that for the Perugia score for LVH [], the sensitivity was % and specificity %. The operating points for various
criteria can be expected to be quite different in hypertensive hospital populations compared to community-dwelling
populations.
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In summary, there are profound problems in using ECG-LVH criteria for estimating LVH prevalence in contrast-
ing populations. LVH prevalence estimates by echocardiographic criteria will face similar, although not quite as severe,
problems when some more accurate evaluation method will become available as an independent standard.

.. Visual Coding Errors as Source for Limited Sensitivity

The primary reason for visual coding errors is the complexity of the Minnesota code coding rules, particularly for serial
comparison. All significant findings, particularly in code  category, are usually verified by an experienced supervisor in
case there are any coding disagreements after duplicate reading by two coders (the procedure usually followed). Thus,
false coding of significant abnormalities is actually rare. From experience in large clinical trials such as the Multiple Risk
Factor Intervention Trial, the major problem in visual coding is the relatively frequent miss rate of truly codable items in
spite of duplicate or even triplicate coding of each record. This miss rate can be % or even % when high volumes of
records have to be coded.These error rates were found when visually coded items were verified with a computer program
and all disagreements were again arbitrated.

Rautaharju et al. used a statistical model in an attempt to elucidate the reasons for the highmiss ratewith visual coding
[].The authors concluded that a highmiss rate in certain difficult categories of Code  will explain the high overall miss
rate, and they also suggested that an initial screening by a computer and possible visual verification of selected itemsmay
substantially improve the accuracy and efficiency of ECG coding.

.. Prognostic Value of ECG-LVH in General Populations

Population characteristics and ECG-LVH criteria used differ from study to study, and the reported CVD mortality risk
data differ considerably as seen from data derived from five diverse populations in > Table .. In the Framingham
cohort, ECG-LVH by high QRS amplitude with LV strain was associatedwith a substantial excess of CVD, CHD, and all-
causemortality [], and themortality rates for ECG-LVHwere similar as for MI by ECG, and in women they were always
higher for ECG-LVH. Two-year age-adjusted incidence of ECG-LVH increased sharply both in men and in women with
hypertensive status classified as mild and definite, compared with non-hypertensive groups.

LVH by Cornell voltage criteria was associated with an over threefold increased risk in black men and with an over
twofold increased risk in white women in the NHANES one survey from the early s. The risk was not significantly
increased in any of the subgroups for Sokolow–Lyon criteria (PM Rautaharju, unpublished observations).

The Belgian Inter-University Research onNutrition andHealth (BIRNH) found a significantly increased age-adjusted
and multivariately adjusted relative risk for ECG-LVH by high QRS amplitude criteria of the Minnesota code in men for
CVDmortality but not for CHDmortality or total mortality [].The risk model included an adjustment for other major
ECGabnormalities.Themultivariately adjusted risk ratio for ECG-LVHwas . (.–.).The riskwas not significantly
increased in women for any of the three major endpoints.

Data in > Table . includes data from two elderly cohorts, namely an older Finnish cohort of men aged –
years of the Seven Countries study [] and the Bronx Longitudinal Aging Study that included men and women aged
– years []. In the Finnish study with a -year follow-up of  survivors aged – years subsequent to the
-year examination of the initial Finnish cohort of the Seven Countries study, the mortality risk for high-amplitude
QRS waves and other Minnesota code items was evaluated, first separately for each abnormality and then according to
a clearly defined hierarchic scheme. In the latter scenario, high QRS codes (MC ., .) without significant Q, ST, and
T codes were entered into logistic regressionmodels also adjusted for major CHD risk factors. HighQRS amplitude codes
entered without considering other coexisting codes were associated with a significant excess risk of all-cause mortality,
and also with risk of fatal and nonfatal MI. The risk for isolated high R waves alone in the absence of ST-T abnormal-
ities was not significant for any of the study endpoints. This finding again suggests that the inclusion of repolarization
abnormalities with high-amplitude QRS variables is essential, not only for diagnostic applications but in particular for
improved risk identification.
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In the Bronx Longitudinal Aging Study, ECG-LVH (MC ., . with .–. or .–.) had a significantly higher risk
of CVDmortality than no ECG-LVH, with risk ratio . (.–.). In a multivariate model adjusting for common risk
factors, CVD mortality risk was increased but not statistically significant.

One of the most informative reports from evaluation of the risk of LVH with various combinations of the relevant
Minnesota codes comes from the CopenhagenCityHeart Study []. In that report, ECGabnormalities for risk evaluation
were classified as normal (reference group) together with five hierarchic, mutually exclusive abnormal categories: high-
voltage QRS alone, negative T wave, ST depression with negative T wave, high-voltage QRS with negative T, and high-
voltage QRS with ST depression and negative T. Each abnormality was an isolated finding, with no other abnormalities.
Short-term (-year) risk and long-term (-year) risk were estimated for three endpoints: fatal and nonfatal MI, ischemic
heart disease (ICD :–), and CVD mortality. The short-term risks for ischemic heart disease and CVD mortality
are listed in > Table ., reproduced from > Tables  and >  of the Copenhagen study report. The study found no
evidence of significant interaction between gender and ECG abnormalities in the Cox risk models when evaluated as
individual categories or as a combined group.

The results confirm the findings from other studies that high QRS voltage alone is of little importance for risk identi-
fication, particularly when adjusted for blood pressure. Negative T waves and ST depression as isolated findings and not
associated with high-voltage QRS were important predictors. The highest relative risk was found for high QRS voltage
combined with negative T waves and high QRS voltage with ST depression was the strongest risk predictor of all five
abnormal combinations. The report did not try to identify dominant predictors by entering all ECG abnormal categories
simultaneously into the multivariately adjusted risk model. It is most likely, however, that such a model would have iden-
tified high-voltage QRS with ST depression and possibly also with negative T wave as dominant predictors among the
abnormal categories.

Using ECG predictors as continuous variables will, in principle, improve the risk prediction power. An older ECG
model for estimation of LVmass indexed to body surface area was used in an older study to evaluatemortality risk using
NHANES data []. Comparing relative risk for an increment from th to th percentile, age-adjusted risks for CVD
mortality were . (., .) for white men, . (., .) for black men, . (., .) for white women, and .
(., .) for black women. With an additional adjustment for systolic blood pressure and history of heart attack, CVD
mortality risk remained significant in white men (RR = . (., .)), white women (RR = . (., .)), and in
black women (RR = . (., .)) but not for black men (RR = . (., .)). These data suggest that the risk is
graded across a wide range of estimated LV mass values.

.. Incident ECG-LVH

The Framingham study is among the very few with adequate documentation of CHD risk in persons developing new
ECG evidence of LVH during a long follow-up period []. It is of practical importance that the incidence of ECG-LVH
is higher than anticipated from the cross-sectional prevalence data. In the Framingham population, one in ten people
developed some evidence of ECG-LVH in the first  years of follow-up. In about % of the cohort, ECG findings were
categorized as definitive new LVH (mostly high-amplitude R waves combined with repolarization abnormalities).

There was a pronounced increase in the risk of every manifestation of CHD in men and women with definite LVH,
including stroke and heart failure. The incidence of angina, MI, and sudden death in this group was about as high as
in persons surviving a first MI. Data from -year follow-up of the Framingham study indicate a risk ratio for the age-
adjusted overall mortality of about five for both males and females with definitive LVH compared to those without ECG
evidence of LVH. For men, this risk ratio was nearly six for CHD death and sudden death. For women, the risk ratio for
total cardiovascular mortality was nearly ten.The excess mortality associatedwith definite LVH on ECG carried a greater
risk of cardiovascular events than cardiac enlargement. The risk was three times the risk associated with hypertension
alone. As a contrast, electrocardiographic LVH based on high-amplitude R-wave criteria alone carried a risk for CHD
mortality, which was about half of the risk for definite LVH. Furthermore, this excess risk was no longer manifest when
adjustment was made for the coexisting hypertension.
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. Incident Bundle Branch Blocks: Prognostic Value

The Framingham study cited above has also reported on the prognostic significance of newly acquired left and right
bundle branch block []. There were  individuals in the Framingham population who acquired a left bundle branch
block and  who acquired a right bundle branch block during  years of follow-up. The CVD mortality in these two
subgroups of men and women was compared to the mortality in a group of age-matched members of the Framingham
populationwhowere presumed free frombundle branch block.Within  years after the onset of the block, the cumulative
cardiovascular disease mortality was more than four times greater in those with left bundle branch block and more than
three times greater in those with right bundle branch block than in the age-matched group of the study population.
The proportion of sudden deaths was similar in those with left and right bundle branch block. In women, there was no
indication of a different trend in cardiovascular disease mortality rates for left and right bundle branch block.

The acquired bundle branch blocks were all associated with prospective cardiovascular abnormalities during the
-year follow-up. Inmenwith right bundle branch block and in women with either kind of block, the presence of a block
did not contribute to the increased risk of death from cardiovascular disease independently from associated cardiovascu-
lar abnormalities, whereas the appearance of a new left bundle branch block in men contributed important independent
predictive information.

TheUniversity ofManitoba follow-up study report on a -year follow-up of , young pilots included observations
on  men who developed complete left bundle branch block []. Excluded were blocks associated with ischemic or
valvular heart disease at the time of the occurrence of the conduction defect. The -year incidence of sudden death as
the first manifestation of heart disease was at least ten times higher among men with acquired left bundle branch block
than among the remainder of the men without left bundle branch block (and apparently also free from ischemic heart
disease). However, this marked excess risk of sudden death was not manifest for men who were less than  years old at
the occurrence of the left bundle branch block.

It is uncertain to what extent observations from these highly selected special occupational groups can be extrapolated
to general populations. The low incidence of these incident abnormalities makes risk assessment for them difficult.

. ADDENDUM

.. New Reports on Repolarization Abnormalities as Mortality Predictors from Large
Population-Based Cohorts

Several new reports have been published since the preparation of the manuscript for this chapter five years ago. Some of
these reports on large population-based cohorts have brought new information about the risk associatedwith repolariza-
tion abnormalities asmortality predictors. Summary tables describingmost salient results from these studies can be found
in a monograph Investigative Electrocardiography in Epidemiological Studies and Clinical Trials by Rautaharju and
Rautaharju [].

Of particular interest are the results from the Women’s Health Initiative (WHI) involving nearly , women aged
 years and older. One of theWHI reports evaluated the risk of CHD and all-causemortality for ECG abnormalities and
a second report the risk of incident CVD and congestive heart failure (CHF) [, ]. With all significant individual risk
predictors entered simultaneously into a multivariably-adjusted CHD mortality risk model, QRS-T angle was associated
with an over two-fold increase in risk, and the rate-adjusted QT interval also remained a significant predictor []. QRS
nondipolar voltage, possibly reflecting fragmented excitation, was a dominant predictor in these women, together with
an old ECG-MI.WideQRS-T angle, ST V depression, high TV amplitude and prolonged QTwere dominant predictors
of incident CHF []. The investigators concluded that ventricular repolarization abnormalities are as important as an
old ECG-MI as predictors of incident CHD, CHF and mortality.

CHF is one of the leading causes of mortality and morbidity in the USA, and the prevalence of diastolic dysfunction
has been reported to be higher in women than in men [, ]. In the Cardiovascular Health Study (CHS), the prevalence
of CHF was .% and was associated with increased age, particularly for women []. In women with CHF, systolic
ventricular function was normal significantly more often than in men (% vs. %). Diagnosis of diastolic dysfunction



  Electrocardiography in Epidemiology

is presently done by clinical exclusion of other cardiac conditions. Potential importance of repolarization abnormalities
as markers of CHS and for monitoring its evolution is obvious..

A report from CHS compared the relative risk of CHD and all-causemortality during a -year follow-up in , men
and in women aged  years old and older []. In men and in women, the relative risk of CHD mortality was increased
% for wide QRS-T angle and there was a two-fold increase in risk of CHDmortality for ST depression.These risk levels
were as high as for an old ECG-MI. Relative risk for left ventricular mass (LVM) from an ECGmodel with Cornell voltage
and body weight as model covariates was significant in women only, as was QRS nondipolar voltage. These investigators
concluded that the association of ECG abnormalities with mortality risk in women was consistently as strong as in men.
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. History and Literature

Electrocardiographic studies in dogs date back to the pioneering investigations of Augustus Waller [] with the capillary
electrometer andWillemEinthoven’s development of the string galvanometer electrocardiograph [–]. As late as  [],
Waller considered electrocardiography (ECG) as an experimental method, useful to physiologists rather than as a clinical
tool for physicians. However, clinical application in man had already started and advanced rapidly (Lewis, – [];
Rothberger, – []; Winterberg, – []; Scherf, –present []; Wenckebach, – []; and Wilson,
– []). Clinical use in canine medicine was modest in those early days (Nörr, – []; Roos,  [];
Haupt,  []; Ludwig,  []; and Gyarmati,  []) and subsequently, until Nils Lannek’s systematic study and
statistical analysis of clinical records fromhealthy and diseased dogs []. Lannek also introduced a precordial-lead system
that is still in use. Scherf and Schott’s encyclopedic monograph, Extrasystoles and AlliedArrhythmias [], reviewsmuch of
the electrocardiographic literature on experimental cardiac arrhythmias and drug effects in dogs. Burch andDePasquale’s
A History of Electrocardiography [], Sir Thomas Lewis’s classical The Mechanism and Graphic Registration of the Heart
Beat [], andWilson’s collected works (edited by Johnston and Lepeschkin []) are rich sources of information on earlier
canine studies.

Modern imaging of the heart with echocardiography, angiography, magnetic resonance imaging (MRI), endocardial
mapping, computer-assisted tomography (CT) and other modalities potentially provides more valuable information of
the structure, function, and electrical competency than the routine surface electrocardiogram. However, the ECG is the
mainstay for the diagnosis of arrhythmias in all animals. In the complete diagnosis of disease, the ECG must be sup-
plemented with other technologies. The ECG remains a cornerstone for the initial screening and recognition of disease.
Moreover, in pharmacological studies, the dog remains a key animal of study for which the review of ECG changes for
the treatment effect or toxicity involves routine examinations.

Besides the routine analysis of the ECG in the dog, more thorough approaches to the clues of the disease, drug effect,
or toxicity that the ECG offers are in use today. These include -h ambulatory ECG monitoring (Holter monitoring),
telemetry recordings via implantable recording devices, loop-recording devices to capture arrhythmias, and heart rate
variability.

.. Canine Electrocardiography

An enormous amount of literature has been published on experimental electrocardiographic studies in dogs. Historical
and useful reviews are found in textbooks and monographs on arrhythmias and conduction disorders such as Bellet [,
], Scherf and Schott [], and Schamroth []. Normal values for dog ECGs have been summarized in several textbooks
(Ettinger and Suter [], Detweiler et al. [], Bolton [], and Tilley []). In early papers and textbooks, generalized
statements were frequently made with regard to the interpretation of ECG measurements to heart size based on the
amplitude and duration of a specific waveform. Today, we recognize that some of these conclusions were too specific
because of breed, age, and body conformation. Some examples will be addressed in the following discussions on the ECG
waveforms.

.. Beagle Electrocardiogram

TheECG of the beagle is of special interest because of its widespread use as a research animal [].The published normal
values for the ECG waveforms with regard to time and amplitude serve as a guideline to the evaluation of the ECG for
the beagle. > Table . lists findings that are commonly found when evaluating the electrocardiogram of the research
beagle.
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⊡ Table .

Electrocardiographic findingsof the research beagle that are notwithin the usual normal range for dogs and that are not likely

pathologica

Number Electrocardiographic finding Comments

Level of concern for use

of dog in cardiovascular

studies

 Deep (not wide) S waves in lead III
(.mV > S wave > .mV)

Common singular finding without known associa-
tion to structural or electrical abnormality

Low

 Deep (not wide) S waves in lead III
(S wave� mV) only

Less common than #. May be an insignificant find-
ing

Low-medium

 Deep (not wide) S waves in leads
II, III, and aVF (.mV > S wave >
.mV in lead II,  mV > S wave
> .mV in lead III, and mV � S
wave > .mV in lead III)

Common cluster finding without known associa-
tion to structural or electrical abnormality or may
be associated with right ventricular enlargement,
incomplete right bundle branch block, or left ante-
rior fascicular block

Medium

 Very deep (not wide) S waves in II,
III, and aVF (Swave> .mV in lead
II, S wave > mV in lead III, and S
wave > mV in lead III)

Much less common cluster finding without known
association to structural or electrical abnormality
but more likely than # to be associated with right
ventricular enlargement, incomplete right bundle
branch block, or left anterior fascicular block

High

 Ta wave (Tsub “a”wave) Occasionally seen. A negative deflection immedi-
ately following the P wave. Indicates the T wave of
the P wave (repolarization of the atria)

None unless associated
with large P wave

 Tall (not wide) R wave (.mV > R
wave > .mV)

Common. Mild elevation in the amplitude of the
R wave is usually not associated with structural or
functional abnormality, but could indicate left ven-
tricular hypertrophy

Low

 Very tall (not wide) R waves (R
wave > .mV)

Less common than #. Moderate elevation in the
amplitude may still not be associated with struc-
tural or functional abnormality, butmore likely tobe
associatedwith left ventricular hypertrophy than #

Medium

 Splintered or notched QRS com-
plex

Occasionally seen. The appearance of this finding
can be affected by the filter settings of the ECG
recording device. Splintered Rwaves are associated
with tricuspid dysplasia in the dog, but this congen-
ital anomaly has not been reported in the beagle

Low, but if marked could
affect ease of
interpretation

 Low amplitude QRS complex (QRS
complex < .mV)

Occasionally seen. Although low R waves are
reported for a variety of conditions (e.g., pericardial
effusion, ascites, pleural effusion, obesity, hypothy-
roidism, pulmonary embolism) in the beagle this is
seen with a normal heart

Low

 Deep Q waves (Q wave > .mV) Common. May be a singular finding or with a tall
or very tall R wave. Can be a normal variation or
indicative of septal hypertrophy or right ventricular
hypertrophy

Low as a singular finding

 Large Twave (>% of the Rwave) Occasionally seen as a singular finding. May be
present with tall and very tall R wave. In the latter
situations the T wave is large as a negative deflec-
tion

Low as a singular finding
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⊡ Table. (Continued)

Number Electrocardiographic finding Comments

Level of concern for use

of dog in cardiovascular

studies

 Second-degree heart block (low
gradewith only single Pwaves not
associated with QRS complex)

Occasionally seen in dogs more than  months of
age. Common in dogs less than  months of age. In
these situations usually not associatedwith disease,
but with high vagal tone

Low as a singular finding,
but most investigators do
not want dogs with this
findingb

 Sinus bradycardia or long sinus
pauses (heart rate <  bpm, PP
interval > . s)

Occasionally seen. Dogs bred for calm personality
tend to have slower heart rates due to higher vagal
tone and less sympathetic tone. Many of these dogs
have heart rates that approach the lower limit of
 bpm

Low to medium
depending on the degree
of the bradycardia and the
length of the sinus pause.
Extreme bradycardia or
pauses would have a high
concern

 Presence of a J wave. The J wave
is a positive deflection at the very
terminal point of the downstroke
of the R wave. It may be a com-
plete secondary positive deflec-
tion with amplitudes of .mV or
just a widening of the R wave usu-
ally beginning at the amplitude of
.–.mV

Common finding and is due to the current density
of Ito. Seen in other breeds too

None, but in some cases
can make the
determination of the QRS
duration problematic
because the end of the
QRS is difficult to
determine Some include
this wave in the duration
of the QRS

aThis table is not a listing of electrocardiographic abnormalities per se, but is a listing of findings often found in the beagles that usually are not
associatedwith pathology. However, as described, the findingsmay be associated with an abnormality although frequently they are not
bIn ,beagles onwhich two -min recordingswere takenwas about % [],while that in  restingdogsmonitored for about hby radiotelemetry
was about %. This figure increased to % in  puppies, – weeks old []

. Recording Techniques

.. Lead Systems

A variety of lead systems has been used for decades in the dog. Most commonly used is the six-lead limb system which
includes leads I, II, III, aVR, aVL, and aVF. However, the addition of other leads may be beneficial for some studies.

Historically, Waller [] initiated the limb-lead system of recording from dogs when he taught his pet bulldog “Jimmie”
to stand in beakers filled with a conducting solution into each of which an electrode was fixed (> Fig. .). In Waller’s
earliest experiments, wires connected these electrodes to the capillary manometer (> Fig. .).Thismethod of recording
was also used with other species including humans and anticipated the technique that Einthoven adopted for his string
galvanometer.

Because of the offset potentials generated at the metal–skin surface interface, nonpolarizable electrode systems were
required with the capillary electrometer and the early string galvanometers of the Einthoven type.This was accomplished
by immersing the limb in a bath containing a salt of the metal used in the electrode; for example, silver chloride solution
with silver electrodes or zinc chloride with zinc or nickel silver (German silver, a silver white alloy of copper, zinc, and
nickel) electrodes. Soon, the bath was replaced by cloth strips that were saturated with the solution and wrapped about
the limb to form contact between the electrode and the skin. Later, the material was replaced by conducting electrolyte
pastes and gels placed between the skin and the electrodes. In animals, a variety of needle and clip electrodes was used to
fix the leads firmly in place despite inadvertent movement of the subjects.
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⊡ Figure .

Waller’s pet dog “Jimmie” patiently standing with his left foreleg and connected by wires to an electrometer. (A. Waller.

Physiology, the Servant. London Press/Hodder & Stoughton, London, . Reproduced with permission.)

⊡ Figure .

Probably the first picture of an ECG being recorded from a dog. The instrument is a capillary electrometer. The line draw-

ing depicts a dog standing with the left foreleg and hindleg in pans of saline solution and wires leading from electrodes

immersed in the solution to a schemaof the electrometer. (Waller []. © BritishMedical Association, London. Reproduced with

permission.)

The idea prevailed for some years [, ] that a bipolar lead along the imaginary anatomical longitudinal axis of the
heart would be best for animals. A single lead with one electrode attached to the left precordium over the cardiac apex
and the other electrode attached over the base of the heart at the junction of the neck and thorax, the scapular spine, or
anterodorsal edge of the scapula on the right side, became popular. It was not realized that this was essentially a precordial
lead with a neck or scapular electrode acting more or less as the indifferent electrode. A later modification of this was a
three-lead triangular system similar to that of Nehb [] with the three limb electrodes placed at the cardiac apex (left
leg [LF] electrode), the base of the neck (anterodorsal edge of the scapula) on the right side (right arm [RA] electrode),
and the sacral region (left arm [LA] electrode). The leads thus obtained are termed dorsal (RA to LA), axial (RA to LF),
and inferior (LA to LF) []. This system never gained popularity in the dog, but has been used more often in large farm
animals and the laboratory rat [].

Lannek [] developed a precordial-lead system that has been used in the dog.This systemutilized anatomical criteria
to position one electrode over the right ventricle and two electrodes over the left ventricle. In taking these precordial
leads, he paired the exploring electrode with the right foreleg electrode and used the symbol CR for these chest leads.
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Wilson’s central terminal soon replaced the right leg as the indifferent electrode and by early , Hamlin [] initiated
the use of a lead corresponding to V in man to the chest leads for the dog. V is uncommonly used today.

The original lead symbols introduced by Lannek were CRRL, CRLL, and CRLU.With the introduction ofWilson’s
central terminal, these symbols were changed to CVRL, CVLL, and CVLU. In , the Committee of the American
Academy of Veterinary Cardiology introduced new lead symbols [] similar to those used for man. Although these
electrode positions in the dog roughly approximate, they do not correspond, accurately, to the identically named lead
positions in man. Both nomenclatures are given here. The electrode positions for each lead are as follows:

(a) V (CVLL): sixth left intercostal space near the edge of the sternum at the most curved part of the costal cartilage
(b) V (CVLU): sixth left intercostal space at the costochondral junction
(c) V: over the dorsal spinous process of the seventh thoracic vertebra (on the dorsal midline vertically above the V

position)
(d) rV (CVRL): fifth right intercostal space near the edge of the sternumat themost rounded part of the costal cartilage

The abbreviations in the parentheses are the terms originally used by Lannek [] to designate these electrode positions.
The terminology and corresponding equivalent in humans has been questioned []. The conformation of the thorax
of the dog is dissimilar to humans.Thus, the positioning of the leads at the same points on the thorax does not correspond
exactly to that of the humans. Also, the location and effect of the diaphragm on cardiac position is different between the
two species. Importantly, the morphology of the thorax varies greatly amongst different somatotypic breeds of dogs, such
that even within the canine species, variability must be expected when trying to make anatomical comparisons to the
location and direction of the electrical depolarization. Moreover, consistent positioning of these leads and additional
precordial leads (V, V, , V, V, V, and V) is critical for an acceptable amount of variability between recordings.

Three-lead (X, Y, and Z)-corrected orthogonal systems such as those of McFee and Parungao [] (> Fig. .) and
Frank [, ] (> Fig. .) have been used historically for vectorcardiography. Vectorcardiography has been replaced by
more sophisticated means of electrical mapping of the heart. Such systems are beyond the scope of this review. The X-,
Y-, and Z-lead system has been used extensively in the Holter Laboratory of Cornell University, College of Veterinary
Medicine. Such a system typically provides excellent recordings for analysis in the dog.

A more complex lead system is used in Japan []. Takahashi [], on the basis of experimental studies in the dog,
introduced an elaborate -lead precordial system with  leads on each side of the thorax as follows (> Fig. .): C, C,
and C at the left costochondral junction anterior to rib one and at the second and fifth intercostal space, respectively;
C, C, and C at the right costochondral junctions in the seventh, fifth, and third intercostal spaces, respectively; M, M

at the widest portion of the thorax in the third and sixth left intercostal spaces, respectively; M at the left of the xiphoid
process; M at the right of the xiphoid process; and M, M at the widest portion of the thorax in the right seventh and
third intercostal spaces, respectively.

In , the Japanese Association of Animal Electrocardiography recommended a bipolar base-apex (termed A-B)
lead similar to that recommended in  by Haupt [], one of Nörr’s [] pupils, for use in dogs. The positive electrode
(A) is placed at the costochondral junction of the left sixth rib and the negative electrode at the right scapular spine
(Japanese Association of Animal Electrocardiography, ) []. In addition, they recommend the use of the Takahashi
precordial leads C − C, M, and M.

In summary, although multiple lead systems have been proposed, the most common one used for the evaluation of
the electrical activity of the dog is the six-lead limb system. Importantly, in modern times, a critical evaluation demanded
in pharmacological studies is the evaluation of the QT interval. Most of time and amplitude measurements are done in
lead II; however, in approximately –% of the canine recordings, the clarity of the T wave and particularly the offset
point is not clear in lead II or other limb leads. In such situations, other leads may be better suited to more definitively
make the QT interval measurement (see below).

.. Position and Restraint

In quadrupeds, the magnitude and direction of electrocardiographic vectors determined from limb leads can be vastly
altered by changes in the position of the muscular attachments of the shoulder girdle to the thorax (> Fig. .).
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⊡ Figure .

The corrected orthogonal-lead system designed for the canine thorax by McFee and Parungao []. Electrode placement for

transverse (X), longitudinal (Y), and sagittal (Z) axis leads. Viewed from the dorsal aspect of the dog. Note that the Z+ elec-

trode is on the back of the dog. (After Chastain et al. []. ©American Veterinary Medical Association, Schaumburg, Illinois.

Reproduced with permission.)

Thus consistent positioning of the forelimbs, and especially the scapulae, is crucial to obtaining reproducible vectors
in serial ECGs. This was not known until the early s, while Lannek [] reported that in dogs, the mean manifest
QRS vector in the frontal plane could be highly variable. This finding was later confirmed independently by Cagan et al.
[, ], Hulin and Rippa [], and was studied systematically by Hill [, ].The following technique is recommended:
The dog is placed in right lateral recumbency.The head and neck are held flat on the table in line with the long axis of the
trunk. The forelegs are positioned parallel to one another and perpendicular to the long axis of the body so that the point
of the left shoulder (anterior aspect of the scapulohumeral joint) is vertically above the point of the right shoulder. The
complexes in lead aVL are often thosemost sensitive to changes in foreleg position.Therefore, in serial records, complexes
in lead aVL can be compared to verify the consistency in foreleg positioning.

To restrain the dogs on a table, the handler should face the right side of the standing animal with its head to his right
side, reach over the animal’s back, grasp the forelegs in his right hand and the hind legs in his left hand.The dog is then laid
on its right side, the head and neck pressed flat against the table with the right forearm, and its back restrained against the
handler’s body. The technician operating the electrocardiograph then attaches the electrodes and arranges the forelimbs
and head and neck as described. The handlers must avoid touching moist surfaces or electrodes in case AC interference
is introduced.
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⊡ Figure .

Frank’s orthogonal-lead system applied to the dog. R = , Q. (After Bojrab et al. []. © American Veterinary Medical

Association, Schaumburg, Illinois. Reproduced with permission.)

M1

C1

C1 C6

C2

C3

M3

M6M1

M4
C4 C5 C6

M2
M5 M6

1 mV

Precordial lead

Supplementary precordial lead

⊡ Figure .

The precordial-lead system proposed by Takahashi for clinical use. (After Takahashi []. Society of Veterinary Science, Tokyo.

Reproduced with permission.)
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The effect of foreleg position on the ECG. The upper tracing in each recording is lead II. The dogwas positioned in right lateral

recumbency. In column (a) the forelegs are parallel and at right angles to the long axis of the body. In column (b) the right

foreleg is pulled forward and the left foreleg pulled backward. In column (c) the right foreleg is pulled backward and the left

forward. Note the dramatic alterations in the QRS complexes and T waves in leads I, III, and aVL that falsely suggest changes

in ventricular excitation and recovery pathways. See also > Table ..

.. Electrodes

From the standpoint of their electrical characteristics, plate electrodes are superior to electronic alligator clips, while
needle electrodes are unacceptable for use in conscious dogs []. Electronic alligator clips are recommended, however,
because their somewhat inferior electrical characteristics compared to those of plate electrodes are offset by their conve-
nience in application and their tendency to remain in placewhendogs struggle.Theymust all be of the samemetal (copper
is preferred) to avoid offset voltages that can cause baseline instability. The serrations on the jaws should be flattened to
reduce discomfort and maximize the area of contact with the skin. The contact area (including both jaws of the clip)
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should be approximately . cm. The skin and hair under the electrodes are saturated with a conductive gel or solution.
The site of foreleg attachment must be well below the ventral thoracic surface (e.g., halfway between the olecranon and
carpus) to avoid the influence of precordial potentials.

.. Duration of Recording

It is generally possible to restrain untrained and unsedated dogs in the recommended recording position (right lateral
recumbency) for about min before struggling becomes excessive. Electronic ECG systems are available now that have
enhanced the ability to keep recording until the dog is relaxed. Such systems also allow the electronic storage of the ECG.
Because arrhythmias are sporadic events, if it is required to compare arrhythmia prevalence rates in groups such as in the
chronic toxicity testing, the duration of recording should be the same in each individual dog and a standard recording
time of min has been proposed for such studies []. However, it must be emphasized that such a duration actually
evaluates less than .% of the QRS complexes that a dog has in  h. Most normal beagles have approximately ,–
, beats in  h, and realizing that a -min recording only documents approximately – of these beats gives a
perspective for conclusions.

As is well known, for the comparison of the incidence of cardiac arrhythmias, -h monitoring of the ECG (Holter
monitoring) is optimal [–]. In veterinary practice, Holter monitoring is commonly performed. Despite its common
use clinically, an appreciation of the need for validation of the accuracy is lacking. When arrhythmias are infrequent,
the accuracy of modern analyzing systems is acceptable. However, when complex, frequent, and rapid arrhythmias are
present, the accuracy of the analysis suffers. Importantly, quality control and validation of the accuracy of the reports
is required, yet few labs have such oversight for canine recordings. Consequently, if Holter monitoring is required for
studies, confirmation of high standards in the evaluation of the recordings should be sought.

.. Artifacts

Since the occurrence of artifacts (see reference [] for a description of common artifacts) is nearly universal in dog
ECGs, they must be identified as such in screening for abnormalities. The most common artifacts that cause problems in
diagnosis are:

(a) Skeletal muscle movements
(b) Baseline drift (including oscillations associated with normal breathing and with panting)
(c) Fifty- or -Hz electrical inference (> Fig. .)

Somatic muscle artifacts appear in most ECGs taken from unanesthetized dogs.Three general types may be recognized:

(a) Somatic muscle tremor. The frequency of skeletal muscle tremor artifact is irregular, ranging from about  to Hz.
Often a constant baseline “jiggle” is caused in long stretches of the record. Typically, such trembling intensifies on
inspiration and diminishes on expiration so that it may wax and wane, or appear and disappear periodically.

(b) Intermediate frequency somatic muscle artifacts. These are caused bymore sporadic muscle twitching that are discon-
tinuous and occur at a frequency of about –Hz in tense subjects. Their amplitude is generally from . to .mV.
These artifacts are likely to distort electrocardiographic complexes and may mimic the morphology of P waves.

(c) Gross muscle movement artifact. High-amplitude deflections with rapid voltage change (high Vmax) may resemble
bizarre QRS complexes and mimic ventricular ectopic beats, or when rapid, paroxysmal ventricular tachycardia.
Their amplitudes are often from . to .mV or greater and may exceed the excursion limit of the electrocar-
diographic stylus. Rhythmic tail wagging sometimes transmits movement to electrode–skin–surface interfaces,
mimicking a run of ventricular tachycardia (VT), while panting can cause baseline oscillations with the frequency
and amplitude of those seen in atrial flutter or atrial fibrillation.
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⊡ Figure .

The ECG in (a) illustrates several artifacts caused by skeletal muscle movement in dogs. Five sets of three leads, each are

recorded automatically in each of four .-s panels. Baseline drift is present in all panels. Muscle tremor artifact at –Hz

and intermediate frequency muscle movement artifact at a frequency of about Hz are present in the limb leads. “Tail-wag”

artifact simulates paroxysmal ventricular rhythm in lead rV; this is caused by the movement of the rV electrode (which is

situated between the right thorax wall and the table surface) as the chest is moved synchronously with the wagging tail. The

R wave in lead V in the third panel from the left is clipped. In (b), the rV lead illustrates simulated ST-segment elevation

caused by the apex beat artifact in which the thrust of the heart against the chest wall at the fifth right intercostal space

moves the electrode. Note the variability in the ST-segment elevation and contour.
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Artifacts present should be identified and the records examined more closely if they:

(a) Resemble electrocardiographic abnormalities
(b) Interfere with interval measurement
(c) Distort many complexes

. The Normal Electrocardiogram

.. Values

Thechief sources summarizing normal values are Lannek [],Grauwiler [],Hill [, ], Ettinger and Suter [], Bolton
[], Hahn et al. [], Tilley [], and Detweiler []. A representative normal ECG is shown in > Fig. .. It should be
emphasized that there is breed variability in the normal values for the dog. Most dogs “fit” within the “established nor-
mals”; however, some breeds have their own particular standard. For example, giant large-boned dogs with a somatotype
similar to a Saint Bernard will have R waves of lower amplitude than dogs of similar weight such as a Great Dane. Also,
dogs such as the Saint Bernard can have P waves with a duration that exceeds the “usual” standard in most breeds. Most
research dogs are beagles; however, in recent years, pharmaceutical and device companies have requested largermongrels.
Obviously, this stresses the importance of pretrial electrocardiographic recordings for comparisons to be made.

Importantly, it should be stated that althoughmost of the differences in the ECGdiscussed are the result of the confor-
mation of the dog, there are likely differences in the current density of certain ion channels amongst breeds, particularly
those of repolarization.

... Amplitude

Because foreleg position affects limb-lead potentials, the limb-lead data fromHill [], who standardized foreleg position,
are given in > Tables . and > ..

... Intervals

Representative lead II time intervals are .–. s for P, .–. s for PR, .–. s for QRS, and .–. s for QT,
all at heart rate – bpm [, , ]. In > Table ., the available regression formulae are given, and > Table .
relates PR andQT intervals and heart rate in beagles.The values represented by these three sources do not agree, probably
because the authors used different criteria to determine where the time intervals begin and end.

Today the ECG measurement that garnishes the greatest attention is the QT interval. This duration measured from
the first depolarization deflection to the end of the T wave must be considered in the context of heart rate.Thus, the QT
interval is often corrected using formulas. The Bazett formula [] has historically been the one most commonly used
across species, although a variety of others have also been proposed [–]. However, the limitations and inaccuracies
of this formula should be stressed. The Bazett formula was specifically developed by Bazett to correct for the influence
of heart rate under specific conditions. Unfortunately, for decades, his original work was applied widely across species
and conditions that were not in the original intent for heart rate correction of the QT interval.The majority of formulas
either over or under correct the QT interval depending on the rate. This problem has been addressed with a proposal
to specifically adjust the QT to the HR [–]. The latter is the only one of many proposals for the evaluation of the
QT interval. Because the accurate interpretation of the QT interval is imperative to the evaluation of drugs, international
conferences have been held to address the proper approach in the pharmacological evaluations of drugs.
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⊡ Figure .

A ten-lead ECG from an -month-old male beagle recorded with the dog in right lateral recumbency with the forelegs held

parallel and at a right angle to the long axis of the body. The recording format for each .-s panel separated by .mV = 

divisions sensitivity standardization signal is shown. Panel  is the beginning of a rhythm strip of -s duration to complete

a standard (approximately) -min recording interval, which is the duration recommended for routine ECGs taken on groups

of dogs in toxicological studies. Note that the R waves in leads V and V are clipped (by .mV for lead V), because the

true amplitude determined when the baseline was adjusted exceeds the maximum positive excursion of the stylus. Because

such clipping often goes unnoticed, the true amplitude of R waves in these leads frequently present in young dogs (some-

times exceeding .mV) has been underestimated in the literature except by Lannek [], who recorded at half sensitivity

( divisions = .mV). The T-wave polarity in the dog changes with body position and age in addition to physiologic,

pharmacologic, and pathaologic alterations. See also> Fig. ..

.. P-Wave Amplitude and Configuration

The form and amplitude of P waves aremore variable in canines than inmost other animals.The variability is generally far
more pronounced in limb leads than in the conventional thoracic leads (rV, V, V, andV), where itmay beminimal or
absent.When the P wave varies in association with respiration (RR interval), it is referred to as a “wandering pacemaker.”
The P wave also may vary within a dog during serial recordings. The P-wave amplitude can change quickly with changes
in heart rate. The faster the heart rate, the taller the P wave. The T wave also changes with heart rate. Both are related to
the changes in parasympathetic/sympathetic tone.

... Wandering Pacemaker

As the heart rate speeds and slows with respiratory sinus arrhythmia, there are cyclic P-wave changes, both in form and
amplitude. These are most pronounced in the limb leads in which the P waves are usually of greatest amplitude (e.g.,
II, III, and aVF). Ordinarily, there is no change in the PR interval, except when the initial part of the P wave becomes
isoelectric, or having been isoelectric, becomes positive or negative.
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⊡ Table .

The amplitude of positive and negative P and T waves (in millivolts) from  normal dogs with standardized body and limb

positions []

I aVF V V rV

Positive P waves

Relative frequency . . . . .

Range .–. .–. .–. .–. .–.

Median . . . . .

Mean . . . . .

Variance . . . . .

Negative Pwaves

Relative frequency . .

Range .–. .–.

Median . .

Mean . .

Variance .

Positive T waves

Relative frequency . . . . .

Range .–. .–. .–. .–. .–.

Median . . . . .

Mean . . . . .

Variance . . . .

Negative T waves

Relative frequency . . . . .

Range .–. .–. .–. .–. .

Median . . . .

Mean . . . .

Variance . . .

The cause of these changes is currently attributed to shifting of the pacemaker within the sinoatrial node, induced
by variations of vagal tone (wandering pacemaker within the sinoatrial node). As is well known, experimental vagal
stimulation can move the apparent pacemaker site from the upper to the lower end of the sinoatrial node [–]. The
effect of such vagally induced shifts in pacemaker location in experimental dogs has been confirmed and related to P-wave
configurational changes in leads I, aVF, and V []. The pacemaker location was established by plotting wave-front
vectors from two sets of bipolar electrodes located close to the sinoatrial node. The inspiration was accompanied by an
increase in the heart rate and a shift in the pacemaker location toward the head of the sinoatrial node and the expiration
(or electrical stimulation of the right vagus or carotid sinus pressure) by slowing of the heart rate and movement of
the pacemaker location toward the tail of the sinoatrial node. The shift of the plotted pacemaker location amounted to
about . cm. With slowing of the heart rate, P waves increase slightly in amplitude in leads I and V and decrease (often
markedly) in lead aVF, frequently becoming notched or bifid in lead aVF. Rarely, P-wave polarity may reverse in leads III
(becoming negative) and aVL (becoming positive) during expiration. When pacemaker locations were determined [],
the P-wave in lead aVF was:

(a) Peaked when the pacemaker was located in the head of the sinoatrial node
(b) Of lower amplitude and bifid when the pacemaker was located in the middle area of the sinoatrial node and a low

amplitude
(c) Flat when the pacemaker was low in the tail of the sinoatrial node
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⊡ Table .

Amplitudes of the QRS complex (in millivolts) from  normal dogs with standardized body and limb positions

I II III aVR aVL aVF V V V rV

Q wave

Relative frequency . . . . . . . . . None

Range .–. .–. .–. . .–. .–. .–. .–. .–.

Median . . . . . . . .

Mean . . . . . . . .

Variancea . . . . . . . .

R wave

Relative frequency . . . . . . . . . .

Range .–. .–. .–. .–. .–. .–. .–. .–. .–. .–.

Median . . . . . . . . . .

Mean . . . . . . . . . .

Variancea . . . . . . . . . .

S wave

Relative frequency . . . . . . . . None .

Range . .–. .–. .–. .–. .–. .–. .–. .–.

Median . . . . . . . .

Mean . . . . . . . .

Variancea . . . . . . . .

aStandard deviations are not listed because of the number of asymmetrical distributions found in this series

⊡ Table .

Linear regression formulae for time intervals (R-R in milliseconds)

Grauwiler [] Lannek []

PQ (ms)  + . (R-R) ±  (SD)
QT (ms)  + . (R-R) ±  (SD)  + . (R-R) ±  (SE)

It appeared that in each dog there were several specific locations in the sinoatrial node for pacemaker activity, and that
a change in vagal tone caused a sudden shift in the location of pacemaker activity from one of these preferred sites
to another. This is in accordance with the view that major changes in sinoatrial node discharge rate result from, say,
suppression of a faster pacemaking cell and shift of pacemaking dominance to a slower discharging cell, rather than from
a slowing in rate of the original pacemaker cell. Stellate ganglion stimulation or norepinephrine injection can also cause
shifts in pacemaker site and alterations inP-wavemorphology [].Mapping studies [] have demonstrated three regions
of origin of atrial depolarization located at anterior, middle, and posterior regions of the anterior vena cava-right atrial
junction. The middle position was near the sinoatrial node.The anterior and posterior positions were – cm away from
the sinoatrial node area. Changes in P-wave morphology resulted from abrupt shifts in the region of earliest activation
among these three points, two of which were outside the sinoatrial node.The multiple points of origin of atrial activation
might represent a trifocal, distributed pacemaker or the epicardial exits of three specialized pathways that rapidly conduct
the impulse from a single focus. Higher heart rates and taller P waves in lead II were associated with the higher centers
of early activation, while lower rates and lower-amplitude notched P waves were linked with the lower centers of early
activation. Others have demonstrated that in the dog, the sinus node is long ( cm in length), providing multiple areas for
discharge that are influenced by autonomic tone and the affected spontaneous discharge rate. In summary, when ECGs
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⊡ Table .

Variation of PR and QT intervals with heart rate in the beagle ECG []

Interval (s)

Group number Heart rate (bpm) Sex Number of ECGs PR QT

 – Male  . ± . . ± .
Female  . ± . . ± .

 – Male  . ± . . ± .
Female  . ± . . ± .

 – Male  . ± . . ± .
Female  . ± . . ± .

 – Male  . ± . . ± .
Female  . ± . . ± .

 – Male  . ± . . ± .
Female  . ± . . ± .

 – Male  . ± . . ± .
Female  . ± . . ± .

 – Male  . ± . . ± .
Female  . ± . . ± .

Student’s t for groups  vs  Male .∗ .∗∗

Female .∗ .∗

Values for PR and QT intervals are the means and % range for the numbers of ECGs shown. The asterisks indicate the degree of significance
associatedwith the differences between the values for the lowest and highest heart-rate groups
∗p < .; ∗∗p < .

⊡ Table .

QRS patterns in various leads. For each lead the patterns are given in the order of frequency of occurrence. Patterns that are

encountered less often or rarely are placed in parentheses. Refer to > Fig. . and note how these patterns are altered by

changing forelimb position

Lead Pattern Lead Pattern Lead Pattern

I QR, qR, (qRS) aVR rS, rSr’, (qrS) rV RS, (Rs)

II qR, zRs, Rs, (QrS) aVL Qr, QR, (qRs) V Rs, qRs, (qR)

III qR, qR, Rs, (rS) aVF qR, Rs, (QrS) V Rs, qRs, (qR)

V Qr, rS, (qR, QR)

are monitored in the dog, the autonomic tone will alter the P wave, and thus, this parameter is not one which is likely to
be reliable in detecting differences between recordings that have impact on a study.

Given the above discussion, if the P wave is measured, it has not to our knowledge been stated which P wave to
measure on an ECG recording (e.g., tallest, shortest, average).This in itself is problematic. We have arbitrarily decided to
alwaysmeasure the tallest P wave. It should also be emphasized that in an evaluation, if the heart rate changes, the P-wave
values are likely to change as a consequence of rate, and not because of pathology of the atria.

.. QRS Complex

Typical QRS patterns in the various leads are given symbolically in > Table ..The QR pattern in lead I corresponds to
the high incidence of counterclockwise rotation of the QRS vector loops in dogs (see > Sect. .).
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.. ST-TWave

In dogs, the ST segment is seldom horizontal and often the onset of T is imperceptible. Except for leads rV and V,
the polarity of the T waves may be positive or negative. In > Fig. ., a series of ST-T patterns observed in lead II are
depicted. ST segment or ST junction (STj) deviations, especially in leads II, aVF, V, and V are common. These ST
deviations seldom remain consistent in serial records, but vary or disappear entirely from record to record. Also, the
degree of ST deviation often varies cyclically with the changing R ∼ R intervals of respiratory sinus arrhythmia. In this
case, the degree of deviation increases with shorter preceding R-R intervals. Recent work in serial recordings of beagles
and mongrels studied at Cornell University has demonstrated further that the polarity of the T wave is dependent on the
age of the dog. The younger the dog, the more likely the T wave is to be positive. The T wave does not “stabilize” in
the dog until approximately  months of age. This is an important notation for long-term studies in the dog in which
the evaluation of repolarization as assessed by the ECG is important. The T wave is changing during the first year of life,
so if a study is begun when the dog is – months of age, changes at  months of age must be assessed in conjunction
with the expected changes seen developmentally with a more negative T wave at the older age. Again, the importance of
control dogs is obvious for all studies.

.. UWave

When present, U waves are generally most prominent in leads rV, V, and V. They may vary in amplitude or disap-
pear in consecutive beats and are usually less than .mV in amplitude and concordant with positive T waves. The TU
interval approximates . s and U-wave duration approximates .–. s. The electrophysiological genesis of U waves
is controversial []. They have been attributed to:

(a) Purkinje cell repolarization potentials
(b) An afterpotential gradient from endocardium to epicardium created during ventricular relaxation []

Tall U waves appear in hypokalemia, and in humans, have been described in hypomagnesemia, and in patients receiving
digoxin, phenothiazines or tricyclic antidepressants []. U-wave inversion in humans has been described in hyperten-
sion, valvular, pulmonary, congenital, and ischemic heart disease []. In dogs, U-wave amplitude exceeding .mV
has been associated with hypertension and anemic heart disease, but this finding is not consistent and is therefore
diagnostically unreliable. U-wave values of . ∼ .mV may occur in otherwise normal dogs.

.. Evolution During the First  Months of Life

Consistent with the functional and morphological cardiovascular changes during the first few weeks after birth [–],
the mean (sometimes termedmodal) QRS vector moves from a rightward, cranial and ventral orientation to the leftward,
caudal and ventral direction [–].The principal cause of this change is that the two ventricles are of about equal mass at
birth, and this : ratio of right to left ventricular mass changes to a ratio of : or : [] depending on how the ventricles
are separated.

ThemeanQRS axis (derived from leads I and aVF) in the frontal plane is directed toward the right and either cranially
or caudally at birth. By the th week, the mean QRS axis is directed to the left and usually resides in the left caudal
quadrant of the frontal plane. In the transverse plane (leads I and V), the meanQRS axis changes from the right ventral
quadrant at birth to the left ventral quadrant at week . The shift in the sagittal plane is from a more cranial ventral
direction to a more caudal ventral orientation.

TheR/S ratio in the left precordial leads increases primarily between the first and secondweek. It is less than . at birth
and exceeds . at the sixth week. Later, this ratio becomes larger and may reach infinity because the S wave disappears.
There is little change in the R/S ratio in lead rV. In the frontal plane, the mean QRS vector shift may be from the right
cranial through the left cranial to the left caudal quadrant (i.e., clockwise), or from the right cranial through the right
caudal to the left caudal quadrant (i.e., counterclockwise).
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⊡ Figure .

Pattern code: A, increased Ta amplitude; B, left bundle branch block like pattern (LBBB-like); C, right bundle branch block like

pattern (RBBB-like); D, flat ST segment; E, covedST segment; F, archedST segment; G, ascendingST segment; H, descending ST

segment; I, depressed ST segment; J, elevated ST segment; K, STj depressed; L, STj elevated; M, QS complex; N, deep S wave;

, broad S wave; P, symmetrical T wave; Q, tall T wave; R, deep negative T wave; S, diphasic T wave: −/+ or +/−; T, notched T

wave:− or −t; U, flat T wave; V, dome-dart ST-T complex; W, diphasic P wave: −/+ or +/−; X, negative P wave; Y, flat P wave; Z,

absent P waves; AA, tall P waves: >.mV; BB, broad P waves: >ms; and CC, tall RV, V: >.mV.
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.. Classification

All canine ECGs fall into one of the following three general categories: normal, normal variant, or abnormal.

(a) Normal ECGs. These are ECGs in which all variables (heart rate, time intervals, amplitude and polarity of waves in
all leads, and rhythm) fall within the specified ranges given in > Tables .–..

(b) Normal variant ECGs. These ECGs have characteristics as described in > Table . without pathology of the heart.
(c) Abnormal ECGs. These include any electrocardiographic feature that is outside normal limits and is definitely more

prevalent in the presence of heart disease or cardiotoxicity.

.. Normal/Abnormal ECG Screening

Screening becomes necessary when records of large numbers of experimental dog ECGs are examined to eliminate any
dogs with abnormal or questionable ECGs. Since the beagle is the breed normally used in such studies (e.g., chronic
toxicity trials in preclinical drug testing), the criteria listed apply primarily to this breed, although they would apply
equally well to most mongrels and other breeds of similar size and conformation.

Since over % of experimental beagle ECGs will ordinarily be within normal limits, the initial goal in examining
pretest records is to identify the few abnormal records rapidly. This is done by quickly scanning the records for a series of
features that establish normality. The criteria should be conservative so that borderline records will be scrutinized more
closely.

... Normal Criteria

The following criteria are customized from our experiences in the interpretation of the ECG recorded from the beagle.
These criteria are not exactly the same as the normal published values for dogs in general.

(a) Intervals and rhythm
(i) Heart rate: – bpm (R-R interval –,ms)
(ii) P interval: less than ms
(iii) PR interval: greater than ms, less than ms
(iv) QRS interval: less than ms
(v) QT interval: less than ms
(vi) Sinus arrhythmia present
(vii) No abnormal arrhythmias

(b) Wave amplitudes and patterns
(i) T wave amplitude: .–.mV in any lead

(Flat T waves are not necessarily abnormal especially in leads I, aVR, aVL, and V)
(ii) ST deviation: less than .mV in limb leads and less than .mV in chest leads
(iii) ST-T complex: no dome-dart complexes
(iv) R wave:

● Less than .mV in limb leads rV and V

● Less than .mV in leads V and V

● More than .mV in II, III, and aVF
(v) QRS axis in frontal plane: −○ to +○
(vi) P wave: less than .mV
(vii) R/S amplitude ratio:

● Greater than . in rV; and
● Greater than . in V and V
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(viii) QRS: no rs, rS, Rs or RS patterns
(ix) S/QRS duration ratio: less than %

Records that do not meet these normal criteria require closer examination to determine if they are abnormal or normal
variants.

.. Normal Variants

A large number of electrocardiographic characteristics are sufficiently rare or puzzling to attract attention in records from
dogs not known to have cardiac disease. These are grouped together here as normal variants. They are based primarily
on findings in young dogs (– months old) of a single breed, the beagle [].

... QRS Complex

(a) Variant frontal plane QRS vector loop. This is also known as the “butterfly” QRS vector loop and requires a special
mention. In a small number of beagles and in some other breeds as well, the meanQRS frontal plane axis is negative,
ranging from −○ to −○ (> Figs. . and > .). The QRS complexes in thoracic leads are within normal
limits. In leads II, III, and aVF, the QRS pattern is characterized by having a small r wave (e.g., qrS or QrS pattern)
or aW-shaped pattern in which the “r” wave fails to reach the isoelectric line. In lead I, there is usually a deep Q and
pronounced R wave, the descending limb of which is slurred or notched as it approaches the isoelectric level. The
QRS in lead aVL is usually markedly positive. If a frontal plane vector diagram is constructed from leads I and aVF,
the early forces are directed counterclockwise to the right and craniad, then return close to their starting point before
passing counterclockwise to the left and craniad. Thus, two connected vector loops are formed vaguely resembling
butterfly wings, hence the name “butterfly” QRS vector loop (> Figs. . and > .).

This variant has neither been studied systematically nor investigated electrophysiologically. Since the thoracic lead
complexes are essentially normal with tall R waves in leads V and V and typical configuration in leads rV and V,
there does not appear to be an electrophysiological abnormality. It is obvious, however, that the vector forces producing
tall R waves in leads V and V do not do so in the limb leads. This pattern, when seen in –-month-old dogs, may
persist into adulthood, or within a few months or a year, tall R waves may appear in leads II, III, and aVF, while the chest
lead complexes remain the same.The hearts are normal at necropsy.

The conclusion that can be drawn from the information at hand is that these low-amplitude R waves in leads II, III,
and aVF and the “butterfly” QRS frontal plane vector loop result from the position of the heart in the thorax relative to
the limbs, such that the major vector forces during the inscription of QRS are directed largely craniad and ventrad. As
shown in > Figs. . and > ., the two components of the QRS frontal plane-constructed vector loops may be more
or less symmetrically disposed, with the initial part of the loop being directed toward the right arm and the final part of
the loop directed toward the left arm.

(b) Other QRS complex variants (see > Table . for most common variants):
(i) Circular frontal plane QRS vector loop
(ii) QRS slurring and notching
(iii) Delayed terminal forces causing broad SII, III, and aVF and broader RaVL; patterns variously (and often

erroneously) described as incomplete RBBB, left anterior fascicular block
(iv) Rr’ pattern in II, III, aVF, and rV unaccompanied by broad S waves (see also (v))
(v) “Foot” or slur terminating QRS
(vi) Variable SrV and V amplitude
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⊡ Figure .

Butterfly QRS complex. A vector diagram constructed from QRS complexes of leads I and aVF. The QRS complexes are each

traced on their respective zero potential lines, which intersect at zero potential in the center. The winged appearance of the

vector diagrams of the variant QRS complexes gave rise to the term “butterfly”QRS complex. Note that the QRS complexes

from leads I and aVF are drawn on their respective zero or isopotential lines which intersect at the middle of the triangle. To

view lead aVF in its conventional orientation as recorded, the diagram must be rotated ○ counterclockwise. To view lead

aVF in its conventional orientation, the diagrammust be rotated ○ (i.e., lead aVF appears upside down here). The positive

pole for lead I is toward L from its zero potential line and that for lead aVF is toward F, in the diagram.

6 s
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R L
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⊡ Figure .

Butterfly QRS complex: (a) leads I and aVF and (b) vector diagram constructed from the QRS complex as in leads I and aVF.

Note that theQRS complexes from leads I and aVF are drawn on their respective zero or isoelectric lines which intersect at the

middle of the triangle. To view lead I in its conventional orientation as recorded, the diagram must be rotated ○ counter-

clockwise. To view lead aVF in its conventional orientation, the diagram must be rotated ○ (i.e., lead aVF appears upside

down here). The positive pole for lead I is toward L from its zero potential line and that for lead aVF is toward F.
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... T wave and ST-T Complex: UWave

(a) T wave in V flat, diphasic −/+ or positive
(b) T wave in rV negative terminally or diphasic +/−
(c) Biphasic T waves in other leads
(d) T wave variable in amplitude and form (including polarity reversal) related to varying R-R intervals
(e) Tall-peaked T waves
(f) Dome-dart ST-T complex without QT prolongation
(g) Prominent U wave (>.mV)
(h) TU fusion

... PWave and Ta Wave

(a) P-wave reversal in limb leads except lead I (wandering pacemaker within the sinoatrial node)
(b) Notched P waves
(c) High-amplitude (negative deflection) Ta waves (>.mV; up to .mV in lead II)

... Amplitude

(a) ST deviation (with accompanying ST-segment deviation or followed by rapid return of ST segment to baseline level)
up to .mV in limb leads and .mV in chest leads. Variable deviation related to R-R-interval duration

(b) Amplitude variation of QRS and T waves with breathing cycle and R-R-interval duration
(c) Tall P wave in leads II and aVF (greater than .mV). Tall R wave in leads V and V(> .mV)
... Rhythm and Rate

(a) Bradycardia (– bpm)
(b) Tachycardia (rate >  bpm)
(c) First-degree AV block (PR > . s)
(d) Second-degree AV block

. Normal Rhythm

.. Sinus Rhythmand Rate

In the denervated heart of the dog, the sinoatrial node discharges regularly at an intrinsic rate of about – bpm
(see reference [] for literature). Parasympathectomy alone results in a persistently rapid rate of –bpm. In intact,
resting, and adult dogs, heart rates of – bpm are representative; with exercise, rates of – bpm are recorded;
and in newborn and young puppies, the range is – bpm. In ECGs, the heart rates tend to be more rapid than in the
resting dog owing to the effect of restraint. The ranges given in > Sect. .. and > Table . are characteristic of those
obtained from ECGs and show that the usual range in ECGs from beagles is –bpm. At the more rapid frequencies,
respiratory sinus arrhythmia is decreased or abolished.

.. Respiratory Sinus Arrhythmia

In resting dogs, the heart rate decreases and increases with the breathing cycle, owing to a waxing and waning of vagal
activity with respiration, although the primary reason is a central effect on the heart rate with variation in autonomic
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tone. The usual pattern is acceleration with inspiration and deceleration with expiration, but this relationship is not
absolute [].

The control systems that interact to cause sinus arrhythmia include the radiation of respiratory center activity to
medullary cardiovascular centers, the cardiac component of the Hering–Breuer reflex, the Bainbridge reflex (reflex car-
dioacceleration caused by increased stretch of the right atrium and great veins during inspiration), and the baroreceptor
reflex (reflex cardiac slowing when the blood pressure rises during the accelerating phase of sinus arrhythmia).The degree
of respiratory sinus arrhythmia decreases as vagal tone is decreased with exercise or excitement. The degree of sinus
arrhythmia can be expressed as an index I []:

I = (standard deviation of R-R × )/mean R-R.

This index is variable in serial records. For accuracy,  R-R intervals should be averaged for the calculation. Certain
drugs can decrease this index or abolish sinus arrhythmia altogether at heart rates where it is ordinarily present. Other
methods to evaluate heart rate variability have been studied extensively. These include time and frequency domains to
assess the balance of autonomic tone [].

In resting dogs, the rapid beats in respiratory sinus arrhythmias often occur in sets of two (bigeminy), three
(trigeminy), or sets of three beats with a fourth beat during expiration []. Sets of four or five beats are rare. These
cyclic changes in the R-R-interval duration are often accompanied by cyclic alterations in the amplitude of electrocardio-
graphic complexes and, sometimes, in the form (and occasionally, polarity) of T waves. In puppies, Lange [] found that
respiratory sinus arrhythmia does not appear before  weeks of age.

Usually, the respiratory sinus arrhythmia tends to becomemore pronounced (i.e., the disparity between R-R intervals
increases) as the heart rate slows. Rarely, this fails to occur and a slow heart rate with a relatively regular rhythm may be
present. Certain drugs appear to depress the brain stem and ameliorate or abolish respiratory arrhythmia in dogs (see
> Sect. ...).

Over the years, the breeding of beagles for research purposes has led to some dogs being particularly calm with slow
rates and more pronounced sinus arrhythmias.

. Normal Vectorcardiogram

Starting in  with the study of Horan et al. [], vectorcardiography became a useful investigation tool in canine
cardiology. Various lead systems have been employed: for example, the Wilson equilateral tetrahedral reference sys-
tem [, –], the Frank corrected lead system [, ] (> Fig. .), and the orthogonal-lead system of McFee
and Parungao [, , , –] (> Fig. .). Of these, the only lead system specifically corrected for the dog is
that of McFee and Parungao []. Rarely is vectorcardiography performed today in clinical veterinary patients, in
screening research dogs, or as a part of the evaluation of treatment. We continue a discussion of this method here
because, although not performed, it is a valuable concept to grasp in the often two-dimensional representation of
the frontal limb leads to which we are limited. In electrophysiology laboratories, extensive mapping has replaced the
vectorcardiogram.

.. Normal Values

Vectorcardiographic data from  mongrel dogs using the axial-lead system of McFee and Parungao are given
in > Tables .–. []. In these tables, the term prevalent direction or θ expressed in degrees is used (see
> Chap. ) rather than the mean of observed angular directions. This variable is an estimate of the average angle of
the prevalent direction, and the range of distribution of the individual points is given in the tables for –% of the
grouping.



The Dog Electrocardiogram: A Critical Review  

⊡ Table .

Angles and magnitudes of P, QRS, and T maximal vectors []

Maximal P vector Maximal QRS vector Maximal T vector

Frontal plane

Amplitude (mV)a . ± . . ± .. . ± .
Prevalent direction θ̂ (○)   

–% directional range (○) – – − to −
Horizontal plane

Amplitude (mV)a . ± . . ± . . ± .
Prevalent direction θ̂ (○)   

–% directional range (○) − to  − to   to −
Left sagittal plane

Amplitude (mV)a . ± . . ± . . ± .
Prevalent direction θ̂ (○)   

–% directional range (○) – –  to −
aMean ± standard deviation

⊡ Table .

Maximal projections of QRS vectors onW, Y, and Z []

Mean ± SD (mV) –% range (mV)

X axis

Initial right −.± . . to −.
Left . ± . .–.

Terminal right −. ± . . to −.
Y axis

Initial cranial −. ± . . to −.
Caudad . ± . .–.

Terminal cranial −.± . . to −.
Z axis

Sternal −. ± . −. to −.
Vertebral . ± . .–.

⊡ Table .

Spatial angles and magnitudes of instantaneous QRS vectors []

Magnitudec (mV)

Time after onset ofQRS (ms) α̂a (○) β̂b (○) Mean ± SD –% range

   . ± . .–.

   . ± .. .–.

   . ± . .–.

   . ± . .–.

   . ± . .–.

   . ± . .–.

a α̂, longitude or angular deviation from the left in the horizontal plane (○–○) for the spatial prevalent direction
b β̂, colatitude or angular deviation from the cranial (○–○) for the spatial prevalent direction
cMagnitude = (X + Y + Z)/
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.. P and T Vector Loops

With the lead systemofMcFee andParungao, the P loop is a thin ellipse pointing sternally and to the left.ThemeanP-wave
axis is within ±○ of the maximal QRS vector in % of the cases in the frontal plane, % in the horizontal plane, and
% in the left sagittal plane [].With theMcFee and Parungao lead system, the T loop is amoderately open ellipse with
the mean axis within ±○ of the maximal QRS axis in % of the cases in the frontal plane, % in the horizontal plane,
and % in the left sagittal plane. With the Frank system, the T vector loop is usually concordant with the QRS vector
loop in the frontal (%), transverse (%), and sagittal (%) planes []. Thus, the major T vector axis points either
cranially or caudally in the frontal plane, ventrally in the horizontal plane, and sternocranially or sternocaudally in the
left sagittal plane.

.. QRS Vector Loops

The incidence of counterclockwise rotation of QRS vector loops in frontal, left sagittal, and transverse (“horizontal”)
planes is very high with the three (Wilson tetrahedral, Frank, andMcFee) lead systems. For example, with theMcFee sys-
tem, counterclockwise rotation of QRS in the frontal, transverse, and sagittal planes, respectively, was –%, –%,
and –% [, , ]. These percentages are similar to those reported for the frontal and left sagittal planes (% and
%) with the Wilson tetrahedron reference system and in all three planes with the Frank system (%, %, and %,
respectively) []. This predominance of counterclockwise QRS rotation in the dog frontal plane is in sharp contrast to
the clockwise rotation more commonly found (%) in the humanVCG, which has a similar mean frontal axis. Since the
spread of excitation through the heart in both species is similar, the difference must relate to the differing orientation of
the heart within the thoracic cavity of man and dog.

Chest conformationhas a distinct effect on the electrical axis of the heart such that narrow-chested breeds (e.g., Dober-
man pinschers, German shepherds) have more ventrally oriented QRS axes in the transverse plane and more caudally
oriented QRS axes in the frontal plane than do broad-chested breeds (e.g., cocker spaniels and boxers) [].

Vectorcardiographic appearances have been reported in dogs with a variety of spontaneous and experimental abnor-
mal cardiac conditions such as right ventricular hypertrophy [, , , ], imperforate ventricular septal defect [],
congenital peritoneopericardial diaphragmatic hernia [], patent ductus arteriosus [, ], idiopathic cardiomyopathy
[], coronary occlusion and other localized myocardial destruction [, ], ventricular ectopic beats [], and bundle
branch block patterns [, –].

.. The Vector Diagram

Despite the knowledge gained from these various investigations, vectorcardiography has been little used in the routine
diagnostic cardiology in dogs. The vector diagram, however, derived from the limb-lead scalar ECG has a special use-
fulness in evaluating the QRS vector changes in the canine ECG [] (> Fig. .). This is because the normal range of
mean QRS axis values is broad and the normal limits for the various breeds have not been established statistically. For
example, in right ventricular hypertrophy, the usual counterclockwise rotation of the constructed QRS vector loops in
the frontal, transverse, and sagittal planes is reversed. In the frontal plane, early forces are usually directed cephalically
or caudally toward the left and late forces toward the right and cranially. In left ventricular hypertrophy, in contrast, the
QRS axis and loop are not usually altered in form or in direction of inscription.

.. Evolution During the First  Months of Life

With the Wilson tetrahedron system, the QRS loops shortly after birth are directed chiefly toward the right (frontal
and transverse planes) and cranially (frontal and sagittal planes); at week , the major orientation is toward the left
and caudally. The inscription of the QRS vector loops in all three planes changes from clockwise just after birth to a
counterclockwise rotation at week  [, ].
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⊡ Figure .

Vector diagrams in three planes constructed from limb-lead scalar ECGs (leads I, II, III, aVF, and V): (a) normal pattern and

(b) right ventricular hypertrophy pattern. Note that the direction of rotation is counterclockwise in the normal record (a) and

clockwise in right ventricular hypertrophy (b) in all three planes. (After Detweiler et al. []. © New York Academy of Sciences,

New York. Reproduced with permission.)

The direction of the T-wave vector loop at birth in some dogs produces negative T waves in rV and positive T waves
in V. This changes with aging, so that by the fourth to the eighth week, the adult pattern (positive T wave in rV and
negative T wave in V) is present in most dogs. Positive T waves in V may persist in some dogs beyond the third month
and become negative only between months  and . This T-wave polarity change from negative to positive in the right
precordial lead (rV) is opposite to that observed in human infants, where the right precordial T waves are generally
positive at birth and become negative after the first week after birth.

. ECG Descriptors and Pattern Code

A number of electrocardiographic features that change spontaneously or are altered by drugs and disease are often
described rather than quantified. Thus, wave contour, polarity, and amplitude characteristics require descriptive terms
that are sufficiently specific to convey the intended meaning. Many terms in use are part of the jargon of electrocardio-
graphy, and few have found their way into medical dictionaries. Consequently, changes in meaning, elimination from
use, or modification of terminology are continuing processes. The terms offered here have been found useful as descrip-
tors for various recognizable characteristics of the dog ECG. Some are self explanatory while others require definition or
examples. They are compiled here as an approach toward standardizing descriptive terms.
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.. Descriptors Applicable to All Leads

(a) Amplitude variable. Amplitude variation of any of the electrocardiographic waves (P, Q, R, S, and T) from beat to
beat. Example of use: P-wave amplitude variable from beat to beat in all limb leads.

(i) Related to previous R-R interval.The form and amplitude of P andTwaves and the degree of deviation of the STj
or ST segmentmay vary predictablywith changes in the R-R interval during respiratory sinus arrhythmia.The P-
wave changes have been discussed in previous sections. The changes in T waves and STj or segment deviations
occur because the degree of recovery of conductivity in the heart is time dependent and less complete with
shorter R-R intervals. When the R-R intervals are short enough, the conduction and recovery processes are
somewhat aberrant and the form of the ST-T complex changes.

(ii) Electrical alternation. While this may occur in diseased hearts, minor variations (e.g., of the S wave in one of
the chest leads) occurring in alternate beats are found in occasional records from the same dog and are not
associated with any other abnormality.

(b) Low amplitude. Although all wave amplitudes vary in serial records, this term is used when the recorded potential
is far below the average for a particular wave in a given lead. When cardiomyopathy is extensive, the entire QRST
complex may be of reduced amplitude. The term is relative and the amplitudes may not be below the normal range
when this term is applied. It is used primarily to describe P waves and R, R+S, or T waves. In the case of P and T
waves, their polarity must be indicated as positive (+) or negative (−).

(c) High amplitude. The reverse of (b)
(d) Polarity reversal. The term is used when P and T waves change their polarity from beat to beat or from record to

record in serial ECGs.
(e) STj deviation.The J (or junction) point is the sharp inflectionmarking the end of the QRS complex and the beginning

of the ST segment. It deviates to some extent from the baseline in normal records. Increased STj deviation may
accompany cardiac hypoxia, necrosis and epicardial inflammation. Depending on the polarity of the deviation, it is
described as elevation or depression of the STj.

(f) ST-segment deviation. This term is used when the entire ST segment is elevated or depressed above or below the
isoelectric line. The ST segments are seldom horizontal in dogs. They either ascend or descend from the STj to
the T wave and a clear inflection point separating the ST segment from the beginning of T is often not present.
Accordingly, it is necessary to measure the degree of ST deviation at some defined point in the ventricular complex.
It is recommended that this point be located .ms after the J point.

(i) Variable ST-segment deviation (see (a) (i) above)
(g) Coved ST segment. Concave upward
(h) Arched ST segment. Convex upward
(i) Ascending ST segment
(j) Descending ST segment
(k) Flat ST segment

The terms (g)–(k) are used alone or together with items (e) and (f).
(l) Dome-dart ST-T complex. A relatively stereotyped drug effect (rarely also seen in control records) consists of ST-T

complexes in which the ST segment and first limb of the T wave form a rounded arch.This terminates in a spike that
peaks and is followed by the terminal limb of the T wave.These dome-dart T waves are positive in leads rV and V,
and negative in lead V (see > Fig. .).

(m) Symmetrical T waves. Ordinarily, the first limb of the T wave has a more gradual slope than the final limb.
T waves that increase in amplitude may also become symmetrical (e.g., with excitement or during hyper-
kalemia).

(n) Concordant T waves.These have the same polarity as the predominant direction of the QRS complex and discordant
T waves have the opposite polarity.

(o) Prolonged terminal QRS forces. Delays in intraventricular conduction or heritable patterns of ventricular excitation
produce broad S waves.
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⊡ Figure .

Dome-dart T waves in leads rV and V accompanied by deep negative T waves in lead V and QT prolongation (. s). This

beagle dog was receiving toxic doses of a tricyclic antidepressant neuroleptic drug with antihistaminic and local anesthetic

properties. (After Detweiler []. ©CRC Press. With permission.)

(p) Prominent U wave. U waves are ordinarily absent or less than .mV in amplitude.They are regarded as prominent
when their amplitude exceeds .mV.

(q) R/S ratio. This amplitude ratio is usually greater than . in rV and greater than . in V and V. In disease (e.g.,
cardiomyopathy, focal cardiac hypertrophy), the ratio changes ordinarily by a reciprocal decrease in R and increase
in S amplitudes.

(r) High-amplitude Ta wave. The Ta waves are usually absent or of low amplitude. A distinct increase may be apparent
after certain drugs.

(s) Afterpotential. This is a distinct positive or negative potential change following the T wave that is of far greater
amplitude and duration than the U wave.

.. Pattern Code for Various Types of PQRST Complexes

Various influences including autonomic and electrolyte changes, drugs, and disease affect the contour of the ECG. For
descriptive purposes, frequently occurring patterns may be coded by capital letters as shown in > Fig. ..

. Electrocardiographic Abnormalities: Diagnostic Criteria

The diagnostic criteria for specific cardiac lesions in dogs are far less reliable than those for humans for several reasons:

(a) The database for normal ranges is small.
(b) The great variation in body size and chest conformation among the various breeds of dogs increases the morpholog-

ical extremes of electrocardiographic complexes in chest leads.
(c) The T waves are labile, change morphology spontaneously, and may reverse polarity in all conventional leads except

rV and V.
(d) ST-segment and STj-point deviation from isopotential is variable and in some normal dogs is large.
(e) Changes in the forelimb position produce marked swings in frontal plane vectors.
(f) Limb-lead P-wave morphology is normally extremely variable.
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.. Hypertrophy

The electrocardiographic criteria for chamber enlargement are rather reliable for right ventricular hypertrophy (RVH),
but unreliable for left ventricular hypertrophy (LVH) and for atrial enlargement.

... Right Ventricular Hypertrophy

The  electrocardiographic criteria for the diagnosis of RVH are given in > Table . []. Three or more of these
criteria were present in % of dogs with RVH, the corresponding false-positive rate being about % []. An example is
given in > Fig. ..

⊡ Table .

Electrocardiographic criteria inorderof relative frequency inwhich theyoccurred indogswith right ventricularhypertrophy

and in  normal dogs matched by breed, age, and sex []. The first column lists the rank order of  diagnostic electrocar-

diographic criteria for right ventricular hypertrophy. Two of the  criteria have the same rank order of , since their relative

frequencies (given in the fourth column) are the same. The numbers listed in the sixth columnare totals representing the num-

ber of abnormal dogs out of  which had three or more of the electrocardiographic criteria listed by rank order above and

row in which the number appears. Thus, for example,  dogs out of  had three or more of the six criteria listed under rank

orders –

Relative frequency Number of abnormal

in dogs with Relative frequency more dogs

right ventricular in normal with three or Relative

Rank Criteria Lead enlargement dogs a ECG abnormalities frequency

 S > .mV V . .

 Frontal plane QRS mean
electric axis from +○
clockwise to ○

I and aVF . 

 S > .mV V . .

 S > .mV I . 

 R/S ratio < . V . 

 Transverse plane QRS
mean electric axis from
+○ clockwise to −○

I and V . .

 QRS algebraic sum
> −.mV

I .   .

 S > .mV II .   .

 Sagittal plane QRS mean
electric axis from +○
clockwise to −○

aVF and V .   .

 A > .mV aVR .   .

 Positive T > .mV I .   .

 R’ II .   .

 .

aNone of the normal dogs had ECG abnormalities
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⊡ Figure .

Right ventricular hypertrophy electrocardiographic patterns and VCGs from a -month-old Dalmatian with congenital pul-

monic stenosis. The mean QRS axis is shifted far to the right (about − degrees), TrV is negative, TV is positive and the

vector loops rotate in a clockwise direction except for the final part of the figure-of-eight loop in the frontal plane (Wilson

equilateral tetrahedron lead system). (Courtesy of D. F. Patterson.)

... Left Ventricular Hypertrophy

Reliable criteria for the electrocardiographic diagnosis of LVH in dogs are not available. This is unfortunate since LVH
secondary to mitral insufficiency is the most common form of chamber enlargement seen clinically in dogs [].

The electrocardiographic findings compatible with LVH are tall R waves, wide QRS complexes, deep negative T waves
in leads II, III, aVF, and V and a mean QRS axis in the frontal plane directed toward the left. The reason these findings
are not diagnostic is that they may be present in normal dogs and absent in dogs with marked LVH []. The QRS axis
and loop are usually not altered in dogs with confirmed LVH. Young dogs between  and  months of age are especially
likely to have tall R waves, exceeding mV in leads II, III, and aVF, and exceeding mV in leads V and V. On the other
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hand, such tall R waves in older dogs in the presence of QRS intervals greater than . s, a frontal mean QRS axis of
less than ○, deep negative T waves in leads I, II, III, and aVF, and the notching or slurring of the QRS complex are
findings that indicate the possibility of LVH. In some cases of LVH, enormous R waves are present (e.g., .mV in lead
III) []. On the other hand, in a series of  Newfoundlands with congenital subaortic stenosis,  had normal ECGs
and the electrocardiographic features found in  cases with the most severe stenoses (atrial fibrillation in , ventricular
extrasystoles in , RII greater than .mV in , and notching of QRS in ) were not diagnostic of LVH [].

... Atrial Enlargement

Commonly in textbooks, a tall P wave is described as indicating right atrial enlargement and a wide P wave as indicating
left atrial enlargement. However, these criteria are too often incorrect. It is likely better to just assume that if the P wave
is either too tall or too wide that one of the atria is enlarged. Also, with atrial enlargement, the large P wave is sometimes
accompanied by exaggeratedTa waves [, ]. Tall P waves are common in certain breeds (e.g., greyhounds) and Pwaves
exceeding .mV are seen occasionally in young beagles as well as other breeds. Also, remember that a high sympathetic
tone with fast rates results in tall P waves. This is also true if adrenergic drugs or parasympatholytic drugs are given.

.. Bundle Branch Block

TheQRS interval is . s or longer in both right and left bundle branch block. In the right bundle branch block (RBBB)
(> Fig. .), the widest part of the QRS complex is directed downward in leads I, II, III, aVF, the left precordial leads
V and V, and V, while it is upright in lead aVL, the right precordial lead rV, and in aVR. In the left bundle branch
block (LBBB) this pattern is reversed.The widest part of the QRS complex is upright in the standard limb leads and aVF,
as well as the left precordial leads V, V, and V. It is negative in the leads aVR, aVL, and rV.

The electrocardiographic pattern of RBBB can occur in the absence of organic heart disease in dogs [, ]. Complete
RBBB (QRS complex > . s) or incomplete RBBB (same distribution of S waves but the QRS complex < . s) can exist
(> Fig. .). When an S wave is identified in the anterior leads and left precordial leads, the following are potential
reasons:

(a) Right bundle branch block (clinical and experimental)
(b) Left anterior hemiblock (experimental section of the left anterior fascicle of the left bundle branch [])
(c) Localized hypertrophy of the free right ventricular wall at the outflow tract [, ]

Although the ECG criteria for bundle branch blocks are generally accepted amongst veterinary cardiologists, there is
some descent as to their validity. Rosenbaum et al. [] found that in experimental dogs, a section of the left anterior
or the left posterior fascicles of the His bundle failed to produce characteristic changes in the limb-lead ECG when the
heart was in the normal position, although this could be achieved by placing the heart in a more “horizontal” position by
constructing a sling from the pericardium. Similarly, in a study by Okuma [], the changes in the limb-lead and leads
V and V of dogs caused by sectioning these fascicles were minor.

.. Bypass Conduction

(a) Preexcitation. Preexcitation occurs when the more distal heart is prematurely activated because supraventricular
impulses travel via an accessory pathway to the distal AV node or the ventricles. This additional path of conduction
is in addition to the normal conduction pathway. The accessory pathways are indeed anatomical structures []. In
the dog, preexcitation is usually associated with a short PR interval. If this preexcitation has episodes of supraven-
tricular tachycardia, the Wolff–Parkinson–White (WPW) syndrome is the most common diagnosis (> Fig. .).
This conduction disorder is rare in dogs, occurring in approximately  in , experimental beagles [] and in  in
, clinic patients []. Bypass tachycardias can be concealed such that during normal heart rates, the premature
activation is not identified by a short PR interval.
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⊡ Figure .

Right bundle branch block pattern from a -year-old male poodle with chronic mitral insufficiency, myocardial disease, and

congestive heart failure. The upper trace is lead aVR in each record. Note the RR’complex in lead rV; thewide part of theQRS

complex is negative in leads I, II, III, aVR, V, V, and V, while it is positive in leads aVR and aVL. Paper speed is mm s−.

. Rhythm Abnormalities

.. Supraventricular Arrhythmias

... Sinus Rhythms

The normal heart rate for dogs under clinical conditions is about – bpm. The heart rates given in data from dog
ECGs [] vary from  to  bpm. Such extremes would be abnormal if sustained, but when observed in a short ECG
strip, are frequently not representative of the unperturbed heart rate. Heart rates determined from the ECG represent
values obtained under some degree of duress.They must be interpreted with care.
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⊡ Figure .

Wolff-Parkinson-White syndrome in a research beagle control record. The time intervals are: PR, .; QRS, .; and PJ, . s.

The delta wave is positive in all three precordial leads.

Sinus bradycardia and tachycardia. Heart rates in individual ECGs below  and above  bpm may be arbitrarily
designated bradycardia and tachycardia, respectively.

(a) Sinus bradycardia. Sinus bradycardia can be found occasionally in otherwise normal dogs. Long and associates
[, ] demonstrated a substantial reduction in the average heart rate of groups of dogs (e.g., from a mean of
 bpm upon first examination to  bpm for a group of  dogs) with restraint for  h in a quiet, isolated environ-
ment. Under these circumstances heart rates as low as  bpm were observed. Sick sinus syndrome is a disorder that
is characterized by sinus bradycardia that often has long sinus pauses that can extend for more than  s and result in
syncope. Moreover, some dogs are afflicted with episodes of supraventricular tachycardias in addition to the brady-
cardia and pauses. Sick sinus syndrome is most common in miniature schnauzers, cocker spaniels, dachshunds, and
West Highland white terriers.

(b) Sinus tachycardia. It can be physiologic, in response to a pathologic condition or actually pathologic in and of
itself. During the recording of an ECG in some dogs, the heart rate can be as high as  bpm, but rates exceed-
ing – bpm are suspect. Based on Holter recordings, normal healthy dogs can obtain heart rates as high as
 bpm for very brief times (< s) associated with excitement, fear, or acute pain. Kennel activities such as feeding
time and the presence of strangers are likely to induce rapid heart rates in groups of dogs, even though the ECGs
are taken at a distant location. Sinus tachycardia is expected in certain disease states; for example, anemia, fever,
hemorrhage, shock, and congestive heart failure. As mentioned before, it has been found in toxicological studies that
sustained (e.g., several hours daily over several days) sinus tachycardia exceeding – bpm results in myocar-
dial damage with lesions (hemorrhage and necrosis, followed by fibrosis) in left ventricular subendocardium and
papillary muscles.
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⊡ Figure .

Atrial arrhythmias: (a) atrial premature beats. Twopremature atrial beatswith deeply inverted Pwaves are present, one in the

middle and one at the end of the record (lead rV of an eleven-year-old male cocker spaniel with mitral insufficiency). Part

(b), a run of atrial tachycardia occurs after the seventh complex The P waves vary in shape from beat to beat, the PR interval

is prolonged (. s, first-degree AV block) and P waves are partially buried in the preceding T waves during the tachycardia

(lead rV of a nine-year-old male boxer with aortic body tumor infiltrating the right atrium). Part (c), atrial fibrillation. The

ventricular rate has been slowed to  bpm with digoxin therapy (lead V of a thirteen-year-od male Doberman pinscher

withmitral insufficiency and congestive heart failure).

... Atrial Rhythms

(a) Atrial extrasystole (see > Fig. .a). Premature atrial complexes are also known as atrial extrasystoles. They can
originate from any location above the AV node. They may be singles, couplets, or triplets. If excessively premature,
atrial extrasystoles can arrive at the AV node during the refractory period and not result in ventricular activation. In
such cases, only a nonconducted P wave is identified.(b) Atrial tachycardia (see > Fig. .b). As with other atrial
arrhythmias, the normally variable Pwaves complicate this diagnosis. Paroxysmal atrial tachycardia (PAT) with (AV)
block occurs in digitalis intoxication in dogs especially when complicated by hypokalemia []. Such arrhythmias
secondary to digitalis intoxication are far less common today because dosing (including the total dose used) is more
cautious than in the past.

(c) Atrial flutter. It occurs at an atrial rate of usually – bpm in dogs. Although mechanistically the atrial flutter
may vary from atrial tachycardia, difficulty can exist in clearly separating the two rhythms. Atrial flutter classically is
characterized by undulating waves (F wave) that result in no baseline.There may be : AV block which results in a
constant RR interval, although more commonly the conduction is varied and an irregular RR pattern prevails.

(d) Atrial fibrillation. It occurs at an atrial rate of – bpm in the dog. See > Fig. .c. The atrial rhythm results
in fine undulations of the baseline identified as “f waves.” Classically atrial fibrillation is a tachyarrhythmia in which
the RR interval is very irregular.

... Atrioventricular Junctional (Nodal) Rhythms

While studies in the rabbit [] indicate that there are no pacemaker cells in the AV node, pacemaker cells have been
found in the AV node of dogs []. Because of earlier findings in the rabbit, the term atrioventricular nodal rhythms
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was changed to AV junctional rhythms or His-bundle rhythms since pacemaker cells are found in the region of the AV
node, especially in the His bundle []. Because the precise origin of these ectopic beats cannot be determined in the
ECG, the more general term, AV junction, is preferable. The AV junctional escape beats occur as a subsidiary pacemaker
when the sinus rate falls below  bpm.The inherent escape rhythm rate of the AV junctional region is – bpm. Single
escape complexes can occur after long sinus pauses or after AV nodal block. The AV junctional escaperhythms occur as
a sustained rhythm to “rescue” the heart when the sinus node fails to fire sufficiently or the AV node is blocked.

.. Ventricular Rhythms

... Ventricular Escape Rhythm

When the sinus node and AV junctional subsidiary pacemakers fail to fire, the heart is rescued by a ventricular escape
beat or, if sustained for more than three complexes in a row, a ventricular escape rhythm. For most dogs, the rate of the
secondary pacemakers from the Purkinje system in the ventricle is between  and  bpm.These can be seen on occasion
during Holter recordings of normal dogs that are sleeping.

... Ventricular Extrasystoles

Ectopic premature complexes originating from the ventricle are termed as: () ventricular extrasystoles, () ventricular
premature complexes, or () premature ventricular complexes. Their prevalence in control records from beagles varies
from .% to .% [], which approximates to that reported in humanECGs []. Accordingly, the occurrence of ventric-
ular extrasystoles in an occasional animal may not be related to drugs or disease.When ventricular extrasystoles alternate
with normal complexes, the term to describe the pattern is ventricular bigeminy. See > Fig. ..

... Ventricular Parasystole

For this and more complex arrhythmias, long recording times of the cardiac rhythm are required. Of the electrocardio-
graphic criteria for parasystole, the most controversial is the mathematical relation of the interectopic intervals. As this
type of ventricular rhythm has been studied, the initial “rules” to make this diagnosis have been altered as the complexity
has been more fully understood. In the simplified understanding of ventricular parasystole, the ventricular ectopic pace-
maker discharges with complete regularity, and the interectopic intervals (the intervals between two consecutive ectopic
beats that are separated by intervening sinus beats) are nearly an exact multiple of the ectopic cycle length (the time
interval between two consecutive ectopic beats without any intervening sinus beats). This is the case in humans with
this arrhythmia [], but is more difficult to identify in dogs. The ectopic cycle length can vary for a variety of reasons
including:

(a) Changes in the fundamental discharge rate
(b) Delay in conduction from the ectopic focus to responsive myocardium

In dogs, the most likely cause of alterations in the ectopic cycle length is the presence of sinus arrhythmia associated with
the parasystole. It has been demonstrated experimentally [–] that a parasystolic focus is protected, but not insu-
lated by a surrounding area of depressed excitability, and can bemodulated by electrical events in surrounding tissues; the
ectopic cycle length can be lengthened or shortened by electrotonic influences []. In man, the parasystolic focus is sel-
dom completely regular and can be altered by vagal reflexes (e.g., carotid sinus pressure), while the timing of normotopic
beats during interectopic intervals [] and the ectopic cycle length can change abruptly without intervention []. Also,
in the intact heart, neurogenic, endocrine, and hemodynamic factors can change the discharge rate of parasystolic foci
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Ventricular bigeminy. This arrhythmia appeared in a control group beagle bitch in a routine ECG takenonday  of a chronic

drug trial. A record taken  days later was normal and no cardiac lesions were observed at necropsy  days later.

[]. Further, the human heart can give rise to coupled ventricular extrasystoles and ventricular parasystole at different
times from the same focus [].

... Ventricular Tachycardia

Ventricular tachycardia (VT) is a rapid succession of impulses originating from below the AV node.The rate of VT is one
which is greater than the inherent rate of the Purkinje fibers in the ventricle which is approximately  bpm. In the dog,
the usual rate of VT can be one that approximates a normal sinus rhythm (named idioventricular tachycardia) or be as
rapid as  bpm. The latter rate usually can be maintained for less than a second.

The causes of VT in the dog are varied and include noncardiac and cardiac diseases. Noncardiac diseases include
trauma both directly to the heart and indirectly such as to the cranium, gastric torsion, neoplasia, and varied causes of
hemodynamic compromise. Several breeds have inherited ventricular arrhythmias that can cause suddendeath [–].
Boxers are afflicted with arrhythmogenic right ventricular cardiomyopathy [–]. This disease results in a distinc-
tive VT that is characterized by a positive QRS complex VT in the anterior (leads II, III, and aVF) leads since the
arrhythmia originates from the right ventricle. Rate of the VT in the boxer is very high (frequently –bpm)
and often results in syncope when it is sustained. Some boxers die suddenly while others do not, either due to treat-
ment or chance, but do develop congestive heart failure as the disease progresses. German shepherds are afflicted with
inherited ventricular arrhythmias that primarily are manifested in young dogs between the ages of  and  weeks.
Sudden death can occur without prodromes that give evidence of the disease [? –]. Most commonly, the VT
in the German shepherd is usually characterized as a nonsustained polymorphic rapid ventricular tachycardia. Ven-
tricular tachycardia also is documented in Dobermans with dilated cardiomyopathy and other dogs with myocardial
failure.
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Multiform ventricular flutter (torsades de pointes). This arrhythmia was induced during a subchronic toxicity study with an

experimental class I antiarrhythmic agent in an experimental beagle. The ventricular rate varies from  to  bpm.

Drugs can induce VT in dogs with structurally normal hearts, but more commonly when ischemia or other disorders
are present. When drugs are screened, the development of VT is considered a marked adverse response to a drug.

(a) Torsades des pointes. Torsades des pointes is a specific type of VT that is characterized by a rapid polymorphic VT that
shows the complexes changing polarity and morphology as though around a line similar to the twisting of a fence
(thus the name).This particular arrhythmia has been the reason for extensive studies ofmany drugs, both cardiac and
noncardiac to assure that the investigated drug does not induce torsades des pointes. This rhythm is induced most
likely because of the drug’s effects on repolarization currents that result in prolongation of the QT interval. Many
drugs have been identified to induce prolongation of the QT and torsades des pointes, and an international registry
exists for the logging of cases of prolonged QT (see www.qtdrugs.org). Examples of drugs known to prolong the
QT interval include quinidine, disopyramide, lidocaine, procainamide, prenylamine, phenothiazines, and tricyclic
antidepressants []. It can be induced experimentally by burst pacing hearts with coronary occlusion in dogs, given
mg kg− of quinidine [] (> Fig. .).

... Atrioventricular Dissociation

The term AV dissociation often should not be considered an “arrhythmia,” but only the result of an arrhythmia []. AV
dissociation occurs when the atria and ventricles are depolarizing independently.This general category includes arrhyth-
mias such as the third-degree heart block and ventricular tachycardia. Isorhythmic dissociation (same rhythm rate but
not associated) occurs when the rates of the sinus and ventricular discharge are almost exact (> Fig. .).
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⊡ Figure .

Isorhythmic atrioventricular dissociation: starting with the second complex, the p waves are seen to separate sequentially

from the Q wave then move forward to fuse with the Q wave again, decreasing its amplitude for three beats, after which it

moves further forward to fuse with the R wave, increasing its amplitude in the final five complexes (accrochage). Lead V of

a six-year-old male Labrador retriever with cor pulmonale caused by heartworm infestation and congestive heart failure is

shown. The arrhythmia was caused by digoxin intoxication.

.. Atrial and Atrioventricular Conduction Disorders

... Intra-atrial Conduction Disorders

(a) Sinoatrial block. Although this arrhythmia occurs spontaneously in dogs [], the diagnosis of SA block usually
cannot be made with certainty at resting heart rates because of the ubiquitous presence of sinus arrhythmia.

(b) Sinus arrest, sinus standstill. This electrocardiographic diagnosis indicates that the sinus P waves are absent for an
interval that should have included several heartbeats. Such periods of pacemaker arrest are occasionally caused by
reflex vagal effects (carotid sinus reflex, vasovagal reflex from the esophagus as induced by passing a stomach tube,
etc.) or drug effects that increase baroreceptor sensitivity, and cause central vagal nucleus stimulation (e.g., digitalis,
morphine, tranquilizers). In the clinic, it is observed sometimes in the presence of intracranial tumors, atrial disease,
and as a hereditary abnormality in certain breeds [].

(c) lntra-atrial block.This term is applied when there is evidence of a conduction delay in the atria causing widening and
deformation of the P waves beyond normal limits of variation. As discussed before, the almost universal respiratory
sinus arrhythmia is accompanied by marked P-wave variation in amplitude in certain limb leads. The duration of P
waves, however, varies little.The notched P waves, in the absence of increased P-wave duration beyond . s, are not
abnormal per se. Conduction defects are indicated when the P-wave duration increases beyond . s in limb leads.
Drugs that slowmyocardial conduction, such as type I antiarrhythmic agents, are likely to delay atrial depolarization.
Hyperkalemia above .mEq − will widen P waves and, at higher levels, abolish the P waves entirely. Widening of
P waves sometimes accompanies atrial enlargement.

... Atrioventricular Block

(a) First-degreeAV block. In this case, the PR interval is prolonged beyond . s and rarely exceeds . s.The normal PR
interval shortens with increasing heart rate (> Table .). When sinus tachycardia is present (i.e., at rates exceeding
 bpm), the PR interval ordinarily is shortened to less than . s, so that PR intervals greater than this may be
considered first-degree AV block at more rapid heart rates. Not infrequently, the PR interval varies in first-degree
AV block, so that only some of the intervals exceed these upper limits.

(b) Second-degree AV block. The block may be sporadic or frequent, regular or irregular. It may be preceded by progres-
sively increasing PR intervals, fixed PR intervals, or PR intervals that lengthen and then shorten.The ratio of blocked
to conducted beats is only rarely constant in dogs, probably because of the superimposed respiratory sinus arrhyth-
mia that is usually also present: Type I second-degree AV block (Wenckebach phenomenon orMobitz type I) is more
common in dogs than type II. Type II second-degree AV block (Mobitz type II) occurs in otherwise normal dogs
only sporadically and often at fairly rapid heart rates. Although this conduction disorder (see >Chap. ) is reputed
to occur in man only in the presence of organic heart disease [], this is not true in dogs. Most likely, it occurs in
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dogs as a more-or-less physiological phenomenon when, for some reason, there is a sudden, transient increase in
vagal tone that blocks AV conduction for just a single cardiac cycle. When encountered, however, the presence of
organic heart disease should be ruled out by further cardiac examination. In some dogs, type I second-degree AV
block develops at slower sinus rates, when type II has occurred as an isolated event at a more rapid rate.

Except for type II (Mobitz) second-degree AV block in dogs, first-degree and second-degree AV blocks are
generally simply normal physiological variants.

(c) Third-degree AV block. Third-degree AV block is a common bradyarrhythmia in the dog that demands the implan-
tation of a permanent pacemaker. Although underlying myocardial disease that will eventually affect hemodynamic
function exists, most dogs respond well to this treatment. Usually, the atrial rate is rapid (e.g., –bpm) and the
ventricular rate is slow (e.g., – bpm). Syncope or weakness is a common clinical sign. If not treated, heart failure
or sudden death will result in spontaneous cases [].

In experimental AV block, following the crushing of the His bundle, ventricular rates were  ±  bpm after surgery
and reached a plateau by day  at  ±  bpm []. This rate continued to the end of the -year observation period. One
to  weeks after creating the AV block, other authors have reported similar rates, for example, Hurwitz [] found an
atrial rate of – bpm and a ventricular rate of – bpm; Reynolds and DiSalvo [] found a ventricular rate of
 ±  bpm; and Robinson et al. [] gave an atrial rate of  ±  bpm and a ventricular rate of  ±  bpm.

.. Frequency of Arrhythmias in the Human and the Dog

The ideal way to evaluate the frequency of arrhythmias in any species is with a -h Holter. However, with a large number
of subjects, an appreciation of the number of arrhythmias in a population can be gleaned. It must be understood that
if the arrhythmia number is restricted to ECG recordings for a brief period, also in the situation whereby an animal is
stressed by the procedure, the amount of arrhythmias will be different than in circumstances that do not provoke the
autonomic nervous system as much. These latter conditions would include the -h Holter and telemetry recordings.
Consequently, comparisons must be made with the same techniques. Also, the age of the animal has a bearing on the
arrhythmia number.

Comparable electrocardiographic series in the dog and the human are not available. The most relevant data from
the human that might be compared with data from young experimental beagles of both sexes are the findings among
, asymptomatic young adult male air force officers from whom -lead records were taken []. The dog ECGs are
from pretest records on , young (usually –months old) experimental beagles fromwhich pretest records were taken
before being used in toxicity trials. In about % of the beagles, two ten-lead ECGs taken several days apart were available.
The overall arrhythmia prevalence rates in the two groups were similar (. per thousand for the human against . per
thousand for the dog). The prevalence of ventricular ectopic beats for the human (. per thousand) was about the same
as for the dog (. per thousand). Note that the first-degree AV block is more common in the human than in the dog,
while the reverse is true for the second-degree AV block. Ventricular parasystole may be more prevalent in beagles than
in humans, as may be ventricular escape rhythms, and electrical alternans. Wolff–Parkinson–White syndrome and the
bundle branch block may be more common in humans. However, because of the disparities between the data and their
collection and analysis, comparison is, although interesting, of questionable validity.

. Comparing Serial Electrocardiogram Records

Either in clinical heart disease or in experimental cardiotoxicity, serial ECGs may permit the recognition of
electrophysiological changes that presage definite electrocardiographic abnormalities. This requires that the latest record
from each dog should be compared with the previous records to detect subtle changes that are not necessarily outside nor-
mal limits. Ideally, adequate numbers of dogs are included in control and treated groups such that a statistical evaluation
can be made; however, often studies are undertaken with very low numbers of animals (particularly pilot investigations),
and this necessitates comparisons among dogs for treatment effects. Because of the variability in recording the ECG,
however, enough of a difference must be documented in order to say that the change is less likely to be due to chance.The
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following is a list of changes that, if exceeded, require further examination. Note that the following are suggested from
experience and not based on the variability analysis. In toxicity trials, their significance is increased if several individuals
in a dose group are similarly affected. It should be emphasized that these differences are based on testimonial experi-
ence of the author. Ideally, studies to document repeatability and variability between recordings for each study group are
needed for precision. However, these can serve as a beginning for comparisons.

(a) Increases in time intervals
P wave + ms
PR interval + ms (when not rate related, see > Table .)
Second-degree AV block
QRS interval + ms
QT + ms (when not rate related, see > Table .)

(b) QRS frontal plane axis: change of ○

(c) Increases in amplitude
R-wave amplitude increased by .mV
T-wave amplitude increased by %
ST-segment deviation greater than .mV

(d) Sinus arrhythmia index (I =  [R-R standard deviation/mean R-R]):
substantial decrease in the absence of a commensurate increase in heart rate

(e) Contour and polarity
P reversal in any limb lead
ST-segment slurring

Reversal of T-wave polarity (caution is advised when the evaluation involves a very young dog and also when a dog
is close to  year of age)

. Cardiotoxic and Drug Effects on the Electrocardiogram

An important sphere of canine electrocardiography is the detection of myocardial injury and of altered regulation of
cardiac activity in drug trials, nutritional studies, immunopathological responses, and in the veterinary clinic. Although
the injurious agents are legion, the types of electrophysiological changes possible are limited, so that the diagnosis of
specific chemical or biological agent effects is not possible through electrocardiography. Certain classes of drugs and
chemicals, however, produce characteristic constellations of electrophysiological changes, so that when the test agent is
known or suspected, its presence may often be predicted from the electrocardiographic findings.

Reviews of cardiotoxicity and myocardial injury include those of Bohle [], Wenzel [], Selye [], Chung
and Dean [], Davies and Gold [], Bristow [], Balazs [], Van Stee [], and Spitzer []. Reviews dealing
principally with electrocardiological drug effects include those of Scherf and Schott [], Bellet [, ], Surawicz and Las-
seter [], Surawicz [, ], VaughanWilliams [], Singh et al. [], Schamroth [], Detweiler [], Harrison [],
and Lazdunski and Renaud [].

.. Drug Effects on TransmembraneAction Potentials and ECG Changes

The relationship between transmembrane action potential changes and electrocardiographic changes is known for a
number of drugs and electrolytes. From simultaneous records of ventricular transmembrane potentials and ECGs, the
influence of transmembrane potential (TMP) effects on the ECG can be shown [].

(a) When the slope of phase  of the TMP is decreased, conduction velocity is slowed, and in the ECG the QRS increases
in duration (e.g., quinidine and other type I antiarrhythmics).
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(b) The duration of the TMP approaches that of the QT interval, so that shortening or lengthening of TMP duration
has a directly corresponding effect on the QT interval (e.g., digitalis glycosides shorten and hypocalcemia lengthens
the TMP).

(c) Lengthening of phase  of the TMP lengthens the ST segment of the ECG and shortening phase  has the opposite
effect (e.g., hypocalcemia prolongs and digitalis shortens the ST segment).

(d) Increased velocity of repolarization during phase  of the TMP reduces or abolishes this plateau and the ST segment
of the ECG is abbreviated (e.g., digitalis glycosides).

(e) A more acute transition from the slope of phase  to that of phase  of the TMP, together with increased slope of
phase , produces symmetrical peaking of the T waves in the ECG (e.g., hyperkalemia).

(f) A less acute transition from the slope of phase  of the TMP to that of phase  such that the repolar-
ization configuration approaches a straight line and causes reduction of the T-wave amplitude in the ECG
(e.g., barbiturates).

(g) Prolongation and decreased slope of phase  of the TMP exaggerates the U wave of the ECG (e.g., hypokalemia).

... Drug Effects on the ECG

There are some electrocardiographic alterations that are somewhat less well known [, ].This consists of a character-
istic configurational change in the form of the ST-T segments in lead rV especially and sometimes also in leads V, V,
and V. In the precordial leads (rV, V, and V), the ST segment and first portion of the T wave form a convex upward
curve and the terminal portion of the T wave forms a positive spike, hence the descriptive term “dome-dart T waves.”
In lead V, the ST curve is concave upward and the terminal spike is negative; that is, more or less the reciprocal of the
configuration in lead rV.This morphological change is usually accompanied by QT-interval prolongation. The duration
of QTmay vary, depending on the length of the preceding R-R interval in sinus arrhythmia (e.g., from . to . s, with
the longer QT intervals following the shorter R-R intervals).

This combination of electrocardiographic effects has been observed in toxicological studies with tricyclic antide-
pressants, phenothiazine derivative and butyrophenone derivative antipsychotic agents, and certain antihistaminic
compounds. When the various pharmacological properties of these test agents were known, they combined the cen-
tral nervous system, antihistaminic, and local anesthetic actions. Often, however, only their central nervous system or
antihistaminic effects had been identified at the time of the toxicity trial.

One of these experimental drugs, a butyrophenone derivative neuroleptic, in addition to dome-dart T waves and QT
interval prolongation, produced cardiac slowing, first-degree and second-degree AV block, left and right bundle branch
block (LBBB and RBBB), and ventricular ectopic beats. Marked sinus arrhythmia was present and the LBBB and RBBB
appeared sporadically following short R-R intervals. Frequently, the PR intervals preceding these bizarre complexes were
not prolonged beyond normal limits. Ventricular reentrant beats with RBBB configuration followed occasional RBBB
beats, and LBBB reentrant beats followed occasional LBBB complexes. Since BBB occurred in the absence of prolonged
PR intervals, sometimes it appears that the depression of conduction was relatively greater on the bundle branch Purkinje
fibers than on the atrioventricular junctional tissues.

... The QT Interval

The important thing about QT prolongation is not its possible relation to negative inotropy, but rather its relation to
arrhythmia vulnerability. It is one manifestation of increased inhomogeneity of ventricular refractory periods. The long
QT syndrome has been an extensive study and the measurement of the QT interval, the subject of thousands of papers.
Moreover, the correct evaluation of the QT interval in the dog for toxicological studies is one for continued discussion
[–], and drugs that prolong the QT interval are associated with sudden death []. Evaluation of the QT interval is
a mainstay for drug studies; however, adjusting for the QT interval relative to heart rate remains problematic for studies
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that involve small numbers of animals with brief recordings. The formulas derived for use in humans are not suitable for
the dog [, ]. Full conferences have been held with this as the focus of attention. As this is a changing field of standards,
it is advised to search via the Internet for the latest information at the time of design for studies in the dog for which the
QT interval is an integral part of the examination.

... ST-T and T-Wave Changes

The T waves in dog ECGs are markedly labile. They may be either positive or negative in most leads, and their polarity
may change from record to record taken sequentially. The exceptions are lead rV in which the T waves are almost always
positive and lead V in which they are almost always negative. This characteristic of lead V applies only if the records
are taken with the dogs in right lateral recumbency since, for example, V is frequently positive in beagles placed in the
supine position.

The contour, slope, and deviation from the isopotential line of the ST segment in dog ECGs are also quite variable and
change spontaneously from record to record taken at different times. Serum electrolyte alterations and cardioactive drugs
often reveal their presence by changing the relative durations and contours of the ST segment and T wave. Depending on
the magnitude of the change induced, such drug effects may merely alter the form of ST-T complexes in a characteristic
way, but not produce a distinctly abnormal record. Thus, the complexes may be judged to be within normal limits of
form and duration for the dog ECG, but because similar changes occur in several animals in a given dose group they
can be attributed to drug action. For example, some drugs cause the ST-T complexes in several leads to assume a similar
contour and polarity. Reversal of T waves in rV and V is a reliable sign of left ventricular subendocardial and papillary
muscle damage (e.g., ischemia, hemorrhage, necrosis) in the dog and, when present in toxicity trials, is accompanied by
demonstrable histological lesions in myocardial tissue or small intramural coronary arteries in these regions in about
% of the cases [].

. Interpretative Statements

When evaluating ECGs for drug studies, the interpretation is important not only to point out any relevant changes, but
also to stress when the changes are unclear because of the vulnerability of the ECG.This is important when a small number
of dogs are being studied.The interpretation should include an electrocardiographic diagnosis and relate this to possible
electrophysiological mechanisms. It should not go beyond the scope of electrocardiography into possible cardiodynamic
or hemodynamic consequences or effects on other organs and tissues.This correlative step can be made only after all the
clinical or toxicological information has been assembled.

The interpretative statements should cover the following three areas:

(a) Electrophysiological characteristics detected by the ECG. This will include changes in conductivity and rhythmic-
ity and speculations about the anatomical sites and possible effects on the transmembrane action potentials of the
cardiac cell.

(b) Description of electrocardiographic features thatmayormaynot be related to heart disease, cardiotoxicity, or physio-
logical state.Thesemay have a low order of significance in themselves, butmay relate to other clinical or toxicological
findings. Examples are nonspecific contour changes in ST segments and T waves in various leads.

(c) The likelihood that heart disease or a cardiotoxic effect is present because the physiological state of the heart has been
sufficiently altered or because pathological myocardial lesions may be present.
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. Introduction

The purpose of this chapter is to summarize the characteristics that distinguish electrocardiograms recorded from
different mammalian species rather than reviewing the contributions of experimental animal research to cardiac
electrophysiology.

In , using the capillary electrometer,Waller [] was the first to obtain electrocardiograms frommammals (human,
horse, dog, cat, and rabbit). Since that time, aside from the enormous literature on animal experimentation, amodest liter-
ature has accumulated on applied mammalian electrocardiography, written by investigators interested in the comparative
aspects of electrocardiography, the use of electrocardiography to record cardiac activity in various types of laboratory
animal experiments, and the application of electrocardiography in veterinary medicine. While these investigations were
generally not designed to add to themainstream of basic electrocardiographic thought and concept, they have been useful
in providing a database for the interpretation of animal electrocardiograms in veterinary medicine and in a large variety
of animal research applications in which electrocardiograms are monitored to detect the effects of various experimental
interventions on the heart. In more recent years, the mouse has emerged as a vital animal for investigation. Although the
surface electrocardiogram is frequently assessed, more detailed electrophysiologic studies have been at the forefront.

Among prominent physician cardiologists, whose interests and work have given impetus to study in this field, are
Tawara (anatomy of the conduction system []), Paul Dudley White (elephant [] and whale [] electrocardiograms),
Rudolph Zuckermann (atlas of animal electrocardiograms []), Bruno Kisch (electrocardiographic and electrographic
studies in animals []), Eugene Lepeschkin (literature survey and analysis [, ]), Pierre Rijlant (pacemaker function
[]),Thomas Lewis (atrial fibrillation in horses [, ]), Luisada (electrocardiograms and phonocardiograms of domestic
animals []), and Jane Sands Robb (comparative anatomy, histology, embryology, and electrophysiology []).

Veterinary electrocardiography had its beginnings with studies in the horse. As a prelude to this, the first normal
equine electrocardiogram published () was a record, which von Tschermak obtained from Einthoven []. Shortly
thereafter, Lewis () published three abnormal records from a horse with atrial fibrillation []. In , Kahn [] pub-
lished  records taken from six horses and in the same year, Waller [, ], in two short notes, briefly discussed the
cardiac electrical axis of the horse and the relationship between the duration of mechanical systole and the electrocar-
diogram. Also in , Norr published his inaugural dissertation on the electrocardiogram of the horse and a companion
article in the Zeitschrift fur Biologie []. Norr was to become the leading figure in veterinary electrocardiography for the
next  years [–], contributing by himself or through his students to the literature on animal electrocardiography and
comparative pathophysiology of the circulation.

Following these beginnings, until the early s, in addition to Norr and Kahn, only about  authors contributed
articles on the electrocardiogram of the horse, recommending some five different lead systems []. During this period,
only a handful of veterinary authors published articles on the canine electrocardiogram [] and that of other domestic
species [].

During the s, owing to World War II and its aftermath, scientific publication of all kinds diminished. Notable
among the few publications that appeared were those of Sporri (ox, guinea pig [, ]) in Switzerland; Alfredson and
Sykes (cattle []) in the United States; Charton, Minot, and Bressou (horse [–]) in France; Kelso (lamb []) in
Australia; Krzywanek andRuud (swine [, ]) inGermany; andVoskanyan and Filatov (horses, cattle [, ]) in Russia.
Roshchevsky [] creditedVoskanyan with having developed the clinical use of electrocardiography in cattle in the Soviet
Union in –. This decade was followed by a -year period of ever increasing publications on applied electro-
cardiography in veterinary medicine, toxicological studies, and records from nondomesticated mammals. Modern day
electrocardiography is becoming more “paper-free” with the advent of electronic electrocardiograph systems. These sys-
tems can store continuous recordings and post-process the leads shown, with adjustable filtering, speed, and gain on the
display. Storage of recordings can be facilitated with electronic retrieval, and data bases are searchable by identification
and diagnosis.

. Literature Reviews

Today, internet searching for electrocardiographic data on numerous species is the standard. Wide searches can result
in hits not only from published papers but also from other sources of information indexed on the web. Although such
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means are the standard, some referencesmay bemissed from the past. From a historical perspective, the leading sources of
references, listed chronologically, in comparative mammalian electrocardiography are the reviews written by Lepeschkin
[, ], Grauwiler [], and Roshchevsky [, ]. The following summarizes some of these early and important works.

Lepeschkin, in his book published in  [], covered publications on invertebrates, fish, amphibia, birds, and mam-
mals, citing over  references published from  to  as well as publications prior to  cited in his previous
book []. Grauwiler [] cites some  publications on mammalian electrocardiograms covering the period –.
Fourteen classes ofmammals are represented frommonotremes to primateswithmany illustrations of electrocardiograms
and tables of electrocardiographic data for each of the  species.

Comparative electrocardiography was reviewed in the publications of Roshchevsky [, ]. His earliest effort []
covers the entire animal kingdom and cites over  references. Electrocardiographic, anatomical, heart rate/bodyweight,
and related data are reported. Roshchevsky’s monograph [] emphasizes the spread of ventricular excitation through
analysis of intracardiac (endocardial), intramural, and epicardial electrograms, body-surface mapping, vectorcardio-
graphy, and the study of various electrocardiographic lead systems. This publication extended an earlier monograph
published in  []. Monographs on comparative electrocardiology edited by Roshchevsky include the Physiolog-
ical Basis of Animal EIectrocardiography () [] and proceedings of the first () [] and second () []
International Symposia on Comparative Electrocardiology held in Syktyvkar, Komi Republic, USSR.

In , Kisch and his coworkers [] summarized their studies of electrograms recorded from vertebrate hearts,
including those of the rabbit, cat, dog, calf, and human. Data are given on electrocardiographic time intervals, heart rate,
and pattern of ventricular excitation from unipolar epicardial and endocardial ventricular electrocardiograms recorded
from five mammalian species.

In , Zuckermann, as part of the third edition of his textbook on electrocardiography [], published an extensive
atlas of animal electrocardiograms from arthropods, fish, amphibians, reptiles, birds, and mammals.

Other more recent review publications that contain extensive bibliographies and illustrations, which are not listed
in the bibliographies of the works already cited, are on the following animals: horse [], dog [–], monkey [],
and rat []. > Table . lists some influential publications on mammalian electrocardiography that appeared between
 and . Today, the internet serves as a means to identify electrocardiographic data for many species. Still, com-
pared to the data for other commercial studies on animals, not much data are available to the public on animals used in
nonacademic research.

. Classification of Mammalian Electrocardiograms

.. Bases for Classification

Mammalian ECGs from different species can be classified in accordance with the following general characteristics:

. Relative duration of QT interval and ST segment
. QRS-vector direction and sense
. Constancy of T-wave polarity (T-wave lability) [, ]

These differences, in turn, are determined by three electrophysiological properties that are genetically governed: the rel-
ative duration of the ventricular cell action potential as determined by the presence or absence of phase  (plateau);
the pattern of spread of excitation throughout the ventricles; and constancy of the pattern of repolarization, that is, the
constancy of the ventricular gradient.

.. QT Duration and ST Segment

Many species (rodents, insectivores, bats, and kangaroos) have short QT intervals relative to the duration of mechanical
systole []. The ST segment is essentially absent. The QRST complex consists of rapid QRS deflections that merge with
the slower T wave, and its duration is about half that of mechanical systole.The transmembrane action potentials of these
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⊡ Table .

Contributions important to the development of comparative mammalian electrocardiography

Year Subject Author Reference

/ First horse ECG (capillary electrometer). Waller []

 Einthoven provided horse ECG for veterinary textbook. von Tschermak []

 Visual proof that fibrillating atria produce f waves in ECG (from horses
with atrial fibrillation)

Lewis [, ]

 Veterinary clinical electrocardiography initiated. Nörr []

 Fetal electrocardiograms obtained frommares. Nörr []

 First elephant ECG Forbes et al. []

 Cardiac arrythmias in horses. Nörr []

 Atrial fibrillation in dogs and horses. Roos [, ]

 Electrocardiographic monitoring in chronic rat (nutritional) studies. Agduhr, Drury et al. [, ]

 Respiratory sinus arrhythmia in canidae (dog, fox). Nörr []

 Electrocardiography in dairy cattle. Alfredson, Sykes []

 Clinical chest leads for dogs (rV, V, V). Lannek []

 Survey of animal electrocardiography. Lepeschkin []

 Comparative electrocardiography in mammals. Kisch et al. []

 First whale ECG King et al. []

 First WPW in lower animals (cow). Spörri []

 His-bundle potentials recorded (dog). Scher []

 No ST segment and QT shorter than mechanical systole in adult mouse. Richards et al. []

 Ventricular activation pattern in the dog. Scher []

 QT shorter than mechanical systole and ST segment absent in adult
Bennett Kangaroo but not in young in pouch.

Spörri []

 Clinical electrocardiography in horse and cattle. Brooijmans []

 Right ventricular hypertrophy pattern in dog. Detweiler []

 Electrocardiography in cattle. Roschchevsky []

 Atlas of animal ECGs. Zuckerman []

 ECG finback whale. Senft, Kanwischer []

 Lead V introduced in dog. Hamlin, Hellerstein []

 Large atrial mass favors atrial fibrillation. Moore et al. []

 Survey of mammalian ECGs. Grauwiler []

 Monkey ECG. Malinow []

 Definitive criteria for right ventricular hypertrophy in the dog. Hill [, ]

 First journal of animal electrocardiography published (Japan). []

 Accessory AV (Kent) bundle conduction identified in WPW syndrome
(monkey, dog).

Boineau, Moore []

 First monograph on canine cardiology. Ettinger, Suter []

species do not have a distinct plateau,which explains the absence of the ST segment (> Fig. .).This is in contrast to the
QRST complex of the remainder of mammals that have an ST segment, a QT interval equivalent to mechanical systole,
and an action potential with a distinct plateau. The reason for the differences in the QT interval, ST segment, and the T
wave rests in the differences in the specific ion channels that are responsible for repolarization in these varied species.
The differences in the ion channels are important not only to understand from the point of recognizing the different ECG
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Schema of atrial and ventricular transmembrane action potentials (TMAP) and the ECG, drawn on the same time scale. In

(a), the five phases of the dog TMAP are shown; , initial rapid depolarization or spike; , initial rapid repolarization; , slow

repolarization or plateau; , final rapid repolarization; , resting or diastolic transmembrane potential. The rat TMAP is shown

in (b). Note that the rat and dog atrial and the rat ventricular TMAPs have no plateaux. The TMAPs drawn with the solid line
represent excitation of ventricular cells early during the QRS interval; those drawn with a dashed line represent excitation of

ventricular cells later during the QRS. Note that in the dog the plateaux of the TMAPs overlap so that there is little difference

in charge between groups of cells. This period of overlap coincides with the isopotential ST segment of the ECG. The T wave

of the dog ECG is generated during the final rapid repolarization, phase , when at any given instant in time the charges of

differentmasses of cells are not the same. In the rat, the ventricular TMAPs do not have a plateau and there is no period during

repolarization whenmost cells are isopotential. Thus, no ST segment appears in the ECG.

patterns, but also for comparative medicine and the effects of drugs. The latter is vital in understanding the impact that
ion channel type has on the response to a pharmacologic intervention that may have little or no effect in one species,
yet have a profound consequence in another. This point is of particular importance with regard to the screening for QT
prolongation [].

.. Ventricular Activation Patterns

The ventricular activation patterns of various species fall into two general classes of QRS-vector direction and sense
[, ] as follows:

. Class A includes those animalswith QRS vectors which, generally, are directed along the long axis of the body, caudally
and ventrally, and produce a largely negative deflection in lead V and a positive deflection in lead aVF; for example,
dogs, humans, monkeys, cats, and rats.
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. Class B includes those animals with QRS vectors which, generally, are directed from sternum toward the spine and
which produce largely positive deflections in lead V and negative deflections in lead aVF; hoofed mammals and
dolphins, for example.

These differences are associatedwith the distributive characteristics of the Purkinje network. In animals belonging to class
A, it is primarily a subendocardial network. In class B animals, the Purkinje network is more elaborate and penetrates
deeply into the ventricular myocardium.

.. T-Wave Lability

In humans, primates, and many hoofed mammals, T wave amplitude and polarity tend to be fairly constant in serial
records. In dogs and especially in horses, T wave vectors are quite labile. The T waves vary in polarity and amplitude in
limb leads and some thoracic leads in serial records, and sometimes change during the course of recording of a given
lead. In the dog, there are two conventional thoracic leads in which the T wave polarity is remarkably consistent: the T
wave is normally positive in lead rV (this lead approximates that of V in humans and negative in V in about % of
individuals [, ]).

.. Effect of ECG Characteristics on Choice of Lead Systems and Terminology

For animals having QRS vector and sense of class A in > Sect. .., the conventional limb leads are oriented favorably
for recording QRS potentials in the frontal plane projection. In animals with class B QRS vectors, on the other hand, the
major QRS-vector forces are directed more-or-less perpendicular to the frontal plane and limb leads are not favorably
disposed for recording these potentials. Hamlin and Smith’s [] use of leadV to compare species made this amply clear,
but not until there had been a great deal of experimentation to find favorable lead systems, especially in large domestic
animals (reviewed by Roshchevsky [, ]). Today the base-apex lead is themost common lead used in horses and cattle.

The discovery that another group of mammals has virtually no ST segment in the electrocardiogram caused another
terminological dilemma, since ST-segment deviation is an important diagnostic term in classical electrocardiography.
Actually, a flat or isopotential ST segment is abbreviated in limb leads in many mammals with the ST segment of class
A (e.g., the dog) and is virtually absent in precordial leads of all species. The presence of a stable isoelectric ST segment
depends on two factors: first, the occurrence of a distinct plateau and consequent long duration of the transmembrane
action potential and second, in large hearts, the presence of a rapid conduction system that spreads the excitation quickly
so that the plateaus of many ventricular cells overlap in time. Ventricular ectopic beats, for example, result in slowing
of the depolarization throughout the ventricle such that synchrony of the plateau period in various parts of the heart is
reduced and the ST segment is consequently abbreviated.

The terminological dilemma arises because the same perturbations that produce ST segment deviations in species
with a distinct ST segment (for example, regional ischemia or hypoxia, “injury current”) produce a similar shift of the
slow-wave portion of the QRST complex in species with no ST segment (e.g., the rat). The phrase ST deviation is so
ingrained in diagnostic electrocardiographic parlance as a term with definite diagnostic significance that it represents a
concept.Therefore, it has been suggested that the term should be placed in quotation marks (e.g., “ST” segment elevation
or depression)whenused to indicate the effect of an injury potential on the immediate post-QRSportion of the ventricular
complex in species lacking an ST segment [].

Finally, for species with labile T waves in normal electrocardiograms (e.g., dog and horse), the significance of T-
wave reversal in most leads in disease or cardiotoxicity cannot be evaluated. Fortunately, in the dog the T waves in leads
rV (V) and V are consistent in polarity and these leads can be used to detect T wave reversal associatedwith myocar-
dial damage. No such leads have been established for the horse. Additionally, in dogs, rV (V) may be a more reliable
lead than lead II for the measurement of the QT interval because of the more consistent T wave morphology.
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. Technique

.. Electrocardiographs, Lead Lines, and Electrodes

Since the time of Einthoven, electrocardiographs have been designed primarily to record the cardiac potentials of humans.
As the electrocardiograms of smaller mammals have frequency components that are higher than those of humans, elec-
trocardiographs of an earlier era were found to have an inadequate frequency response for these small species [, ]. In
the rat electrocardiogram, frequency components up to Hz have been reported [] but little distortion occurs when
recording with equipment having a frequency response of Hz []. Most modern electrocardiographs are reputed
to approach an upper frequency response limit of Hz. Electronic electrocardiographs now permit a longer record-
ing time, as well as post-processing of rate, amplitude, filtering, and speed. The advantage for data storage and review
is far superior performance compared to the use of paper recordings. However, these machines are often equipped with
optional electronic filters that reduce response to well below that needed to record electrocardiograms of small mam-
mals with fidelity []. Thus, to avoid distortion, an understanding of the filtering methods must be appreciated by the
operator.

Lead lines connecting the animals to the electrocardiograph must be flexible, made of shielded cable and long enough
to accommodate the size of the subject. Fine-wire extensions that are not shielded are satisfactory when dealing with very
small species. The major problem to avoid is any tugging on the electrodes by swinging lead lines since this will shift the
electrodes at the skin interface and cause baseline artifacts in the electrocardiogram at frequencies or harmonics of the
lead-line motion that can vary from slow drift to rapid waves that mimic atrial flutter or fibrillation.

There has been considerable experimentation with electrodes in animal electrocardiography over the years but few
studies of the electrical conductive properties of the various types recommended. One exception is the study of Almasi
et al. []. Clip electrodes, such as electronic crocodile clips, are satisfactory if the total area of contact is ∼ cm. Clipping
the fur and applying patches similar to the method used in humans is better for intermediate length recordings. The
conductive properties of copper are superior to those of stainless steel. Importantly, the medal used for the different leads
should not be mixed but uniform.

.. Restraint

... Physical Restraint

For farm animals, the usual methods of tethering or use of stanchions are satisfactory. The main requirement is adequate
control of foreleg position. Formonkeys, flat restraint boards, V-boards or cradles (supine position), andmonkey “chairs”
(sitting position) are commonly used. Dogs and cats can generally be handled.The use of slings or support in a “begging
position” [] is not recommended. For small laboratory animals (rat, guinea pig, etc.) a variety of restraint devices have
been used including the usual commercially available laboratory animal holders. Some investigators have constructed
special holders for rats and guinea pigs, which confine the animal so that each limb dangles in separate beakers of saline
[] or each foot rests on electrodes covered with conducting paste []. A simple method is to attach the electrodes,
cover the animal with a cloth to exclude light and visual stimuli, and hold by hand. For example, satisfactory records were
obtained frommoles by restraining by hand in a cloth, or by allowing freedom in a box containing earth underwhich they
burrowed and became quiet []. For extended studies, implantable recorders are now possible for long-term recording
of quality data in very small mammals.

... Chemical Restraint

Whenever possible, anesthetics, narcotics, or tranquilizers should be avoided because all such agents affect heart rate,
rhythm, and electrocardiographic time intervals while some are arrhythmogenic. On the other hand sedation may be
required in order to obtain a quality recording. The final decision depends on the question to be answered.
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.. Positioning

In all quadrupeds, it is necessary to control foreleg position to obtain consistent direction and magnitude of cardiac
vectors from limb-lead scalar electrocardiograms. It must be emphasized that this precaution applies to large domestic
animals as well as small laboratory species [].

.. Leads and Lead Systems

... Limb Leads

Since the time of Waller [, ] limb leads have been recorded in animals for scalar electrocardiograms and calculation of
vector forces. They were used in Einthoven’s laboratory for horses and dogs []. For years, some investigators rejected
limb leads, considering them unsuitable for various quadrupeds. This was on the spurious ground that the heart is not
in the center of an equilateral triangle as in man, not realizing that Einthoven’s triangle concept relating the potentials of
the three bipolar limb leads depends on Kirchhoff ’s second law of circuits rather than the geometry of the thorax or the
location of limb attachment to the thorax.

Nörr [] andKahn [], on the other hand, favored chest leads over limb leads for sounder reasons. Both investigators
considered limb leads unsuitable for horses because the electrocardiographic waves were small and variable compared to
those of man. For species belonging to the QRS vector and sense class A (primates, carnivores, certain rodents, etc.), the
limb leads have always been considered satisfactory.

... Chest Leads

In accordance with the aforementioned, Nörr [] and Kahn [] devised two similar bipolar electrode positions for the
horse. Both placed one electrode on the ventral thoracic surface near the region of the ventricular apex. Nörr located the
other electrode on the right anterior breast at the level of the scapulohumeral joint (point of the shoulder) while Kahn
placed the other electrode on the right side of the base of the neck at the level of the middle of the anterior border of the
scapula. The direction of the deflection was positive when the electrical vector was directed toward the anterior breast
or neck electrode and vice versa. Nörr [] later chose for cattle a location for the neck electrode similar to that used by
Kahn for horses because of the more vertical anatomical axis of the ox heart.

Later, in , Lautenschlager [] investigated thoracic bipolar lead combinations systematically in horses and cattle
by mapping a grid over the entire trunk, dividing the surface (right and left sides) into  squares measuring  ×  cm.
His essential conclusion was that electrode positions like those used by Kahn for horses and by Nörr for cattle were most
suitable; that is, one electrode at the cardiac apex region on the left side of the chest at the level of the olecranon, and the
other electrode on the right side at the base of the neck in the region of the right scapula.This bipolar thoracic lead, often
referred to as a base-apex (or apex-base) lead because the electrodes are placed on the body surface where an extension of
the anatomic longitudinal axis of the heart would meet the skin, has been used as a monitoring lead in hoofed mammals
and is recommended by the Japanese Association of Animal Electrocardiography for use in dogs [].

Since , a large number of lead systems have been devised for domestic hoofed mammals in which the three
limb-lead electrodes have been placed in some triangular configuration on the torso. These have all been detailed in
Roshchevsky’s book on hoofed mammal electrocardiography []. Sporri’s [] modification of these systems has had
wide use in many species, including small animals such as the rat [], since his  publication. In this system, the
Lautenschlager base-apex lead, that is, right arm electrode at the base of the neck (cervical) on the right side paired with
the left leg electrode placed in the region of the cardiac apex (apical) on the left ventral chest wall at the level of the
olecranon, is recorded when conventional electrocardiographs are switched to the lead II recording position.The left arm
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electrode is placed on the back over the last thoracic vertebra. When lead I is recorded a longitudinal lead is recorded
between the neck and the last thoracic vertebral electrodes and when lead III is recorded, the recording is between the
cardiac apical and last thoracic vertebral electrodes. Sporri’s designation for these leads is as follows:

. Lead D for dorsal (neck to thoracic vertebral electrode, lead I electrodes)
. Lead A for axial (neck to cardiac apical electrode, lead II electrodes) and
. Lead J (or I) for inferior (sacral to cardiac apical electrode, lead III electrodes)

This D, A, J lead system, therefore, is equivalent to lead II (dorsal () lead) and two precordial leads with the different
or “exploring” electrode at the cardiac apex region and the distant electrode at the base of the neck (axial (A) lead) or
posterior thoracic region (inferior () lead). A variant of this system is to place the left arm electrode at the cardiac apex
and the left leg electrode at the last thoracic vertebra (Sander []).

In , Brooijmans [, ] proposed a thoracic unipolar lead system (employingWilson’s central terminal) in which
nine (horse) or seven (cattle) equidistant chest leads encircle the chest vertically at the sixth (horse) or fifth (cattle)
intercostal space and five (horse) or four (cattle) electrodes encircle the anterior chest in the horizontal plane. A more
complicated thoracic lead systemwith  lead positions was studied by Sellers et al. [] for dairy cattle. None of the more
elaborate chest-lead systems has come into use.

Other triangular thoracic lead systems for large hoofed mammals have been proposed to represent the electrical
forces of the cardiac cycle as projected on the frontal (F), transverse (T), and sagittal (S) planes. Roshchevsky [, , ]
devised such a system for hoofed animals (cattle, reindeer, etc.) in which the frontal plane is defined by placing the right
arm electrode at the right scapulohumeral (shoulder) joint, the left arm electrode at the left shoulder joint (lead IF), and
the left leg electrode on the ventral abdominal midline at the level of the th (last thoracic) vertebra (leads I IF and IIIF).
The sagittal plane is defined by placing the right arm electrode at the cranial end of the manubrium sterni, the left arm
electrode on the withers at the fourth vertebra (lead IS), and the left electrode on the ventral abdomen at the same site
as for the frontal plane (leads IIS and IIIS). The electrocardiograph is then switched to obtain six leads in each plane
(that is, IF, IIF, IIIF, aVRF, aVLF, aVFF, for the frontal plane and IS; IIS; IIIS, aVRS, aVLS, aVFS, for the sagittal plane).
Roshchevsky, from his detailed studies of the cardiac potential over the torso surface of ungulates, considered the sagittal
lead systemmost suitable and it was adopted by [], for clinical studies with cattle. Sugeno et al. [] also adopted a three-
lead triangular recording system with one lead at the cardiac apex for their earlier studies. Too et al. [] investigated a
three-bipolar-lead sagittal system in cattle (placing the right arm electrode at the cardiac apex, the left arm electrode at
the scapulohumeral joint, and the left leg electrode at the withers) and a bipolar transverse three-lead system (placing the
right arm electrode on the right olecranon, the left arm electrode on the left olecranon, and the left leg electrode at the
withers). Kusachi and Sato [] experimented with four bipolar systems in horses, finally recommending one in which
three electrodes were placed on the right foreleg, left foreleg, and withers, respectively.

In horses, Lannek andRutqvist [] introduced a unipolar thoracic read system (employingWilson’s central terminal)
patterned after the system Lannek had used in the dog []. This system, with the addition of leads V and CVRU, has
been used in horses and cattle[, ]. These chest leads are as follows:

. Lead CT in which the exploring electrode was placed on the right side of the thorax – cm above a horizontal line
through the highest point of the olecranon and behind the posterior edge of the triceps brachii muscle

. Lead CT, where the exploring electrode was placed on the left side of the thorax at the same height as a horizontal
line through the highest point of the olecranon and behind the triceps brachii muscle

. Lead CT, where the exploring electrode was placed on the left side of the thorax about  cm above the CVLL (or
CT) electrode

From this system the following thoracic unipolar leads evolved []:

. Lead CVRU, with the electrode on the right side of the thorax at the sixth rib at the level of a horizontal line drawn
through the point (scapulohumeral joint) of the shoulder

. Lead CVRL, with the electrode on the right side of the thorax, just above the highest point of the olecranon, behind
the triceps brachii muscle at the sixth rib
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. Lead CVLL, where the electrode is on the left side of the thorax at the same height as a horizontal line drawn through
the highest point of the olecranon, behind the triceps brachii at the sixth rib

. Lead CVLU, with the electrode on the left side of the thorax directly above CVLL at the level of a horizontal line
drawn through the point of the shoulder

. Lead V, where the electrode is placed over the vertebral column vertically above CVLL (at about the dorsal spinous
process of the seventh thoracic vertebra)

In primates, two systems of thoracic leads have emerged. The most common practice is to use counterparts of the six
precordial leads employed in humans [, , ]. Atta and Vanace [] introduced a precordial three-lead system for the
rhesusmonkey (Macacamulatta)with electrodes placed as follows:MV fourth right intercostal space at themidclavicular
line;MV, fourth left intercostal space at themidclavicular line; andMV, fifth left intercostal space at the left,midaxillary
line. These leads correspond roughly to leads V, V, and V in humans []. A thoracic lead system found satisfactory
for squirrel monkeys (Saimiri sciurcus) was devised by Wolf et al. []. The precordial electrodes were placed as follows:
V over the third rib  cm to the right of the midline; V, over the ninth rib  cm to the left of the midline; and V over
the eighth rib at the midaxillary line.

In drug studies, lead V is often added to these precordial leads []. For cynomolgus monkeys (Macaca fascicularis)
used in drug studies, the Atta and Vanace [] system is often used []. Often however, for primates the system used for
humans is used.

... Orthogonal Leads and Cardiac Vectors

Hamlin and associates [, ] used leads I, aVF, and V as X, Y , and Z leads, respectively, to define three recording
planes that could be considered somewhat orthogonal to one another: frontal, leads I and aVF (or Z and Y); sagittal, leads
V and aVF (or Y and Z); and transverse, leads I and V (or X and Z). While arguably a nonorthogonal system in the
true sense, this approach was useful and led to the current classification of mammalian electrocardiograms on the basis
of QRS direction and sense [].

Hamlin et al. later modified the orthogonal lead system of McFee and Parungao for dogs for use in studies with the
horse [] andminiature pig []. Roshchevsky [] similarly employed anuncorrected lead system to obtain approximate
orthogonality in cattle. The lead pairs for each axis were: X, right scapulohumeral joint to left scapulohumeral joint; Y ,
cranial end of themanubrium sterni to the ventral abdominalmidline a handsbreadth in front of the navel; andZ, between
the withers and the left foreleg.

Holmes et al. [, ] developed an orthogonal system as did Grauerholz [] for vectorial evaluation of the horse
electrocardiogram.

Grauerholz adopted the lead system of Baron []. The lead pairs for each axis were: X, right scapulohumeral joint to
left scapulohumeral joint; Z, middle of the back, halfway between the forelimbs and hindlimbs to a point vertically under
this on the abdominal midline; Y , determined trigonometrically from the Z-axis lead and a lead between the dorsal back
electrode of lead Z and the right shoulder electrode of lead X on the right scapulohumeral joint.

... Cardiac Electric Fields and Generation of Cardiac Potentials in HoofedMammals

In hoofed mammals (horses, cattle, sheep, swine) that are categorized by the QRS direction and sense into class A, reliable
electrocardiographic criteria for the diagnosis of left and right ventricular hypertrophy and bundle branch block have not
been established. It seems that the most likely reason for this is that the elaborate Purkinje conduction system is capable
of maintaining an orderly spread of excitation despite considerable disruption of the ventricular myocardium by disease
in these species.



  TheMammalian Electrocardiogram: Comparative Features

... Vectorcardiography

Vectorcardiography is not commonly used today.Mapping systems that evaluate the endocardial, epicardial, and even the
transmural patterns of initiation and propagation of depolarization and repolarization are used in electrophysiological
studies. Historically, the vectorcardiographic approach inmammalian electrocardiology was used primarily to determine
the direction of electrical forces responsible for the form of the electrocardiogram in various species and for the study
of appropriate lead systems [, –]. In the horse, for example, such vectorcardiographic investigations have used a
Duchosal or similar cube system [, ], a form of tetrahedron [], a triangulation of leads in the horizontal (frontal)
and transverse planes [], or some similar arrangement. Holmes et al. [, ] first experimented with an XYZ system
in which the X lead consisted of five electrodes on the left and five on the right side of the chest, distributed over the
shoulders and forelimbs so as to cover the heart area anatomically []. In a second study, these multiple electrodes were
replaced with two malleable tin plates (.mm thick) that could be molded to the body surface, covering an equivalent
area []. The Y lead consisted of an electrode at the xyphoid and one at a point on the anterior chest on the midline
between and on the level of the points of the shoulders (scapulohumeral joints). The Z lead consisted of two electrodes,
one just to the left of the withers and the other on the upper left foreleg []. The resultant vector loops were displayed
using an XY plotter [].

... Fetal Electrocardiography

Fetal electrocardiography has been practised inmares since  []. In this species, the fetal QRS complexes may appear
in limb leads II and III in advanced pregnancy (for instance, about  month before birth) and P and QRS complexes
identified in abdominal leads []. Inmiddle gestational stages (for example,  days or so), in both cows andmares, the
fetal QRS complexes may be detected with appropriate abdominal and rectal leads [].

In the mare the most favorable bipolar electrode positions are on the back at the midline in the midlumbar position
and  in. (∼ cm) anterior to the udder on the midline of the ventral abdominal wall []. In the cow, favorable bipolar
electrode positions are the right side of the lower abdomen or flank paired with an electrode located on the right side
of the anterior abdomen or right paralumbar fossa region, or paired with a rectal or vaginal electrode []. The superi-
ority of right-sided abdominal leads in cows has also been confirmed by other investigators (for example, Golikov and
Vershinina []).

In pregnant ewes, fetal electrocardiograms from abdominal lead positions as used in cattle were obtained in only one
of five animals tested [].

As in other species, the heart rate of fetuses in cows and mares tends to decrease as pregnancy advances (for instance,
in cows, fetal heart rate varies from about  beats per minute [bpm] at – days of pregnancy to about  bpm at
days – of pregnancy and in mares, fetal heart rate varies from about  bpm in midstages of pregnancy to about
 or  bpm toward the end of term) [, , ].The fetal heart rate, however, is not stable and may vary from moment
to moment independent of the maternal heart rate, possibly on account of fetal movement.

There has not been a great deal of clinical application of fetal electrocardiography in veterinary medicine although
it is useful in cows and mares for monitoring fetal well-being, for making the diagnosis of fetal death after the midstage
of gestation and, by identifying three spike rhythms (maternal and two fetal QRS complexes), for the diagnosis of twin
pregnancies [, ]. In the case of twin pregnancy in cows, different bipolar lead positions were found best at different
stages of pregnancy: at months, vertical right-sided or longitudinal right-sided bipolar abdominal leads; at sevenmonths
bipolar leads between rectum or flank and midabdominal line on each side of lower abdomen; and at  months, bipolar
leads from the right side to the left side of the lower abdomen [].

Fetal electrocardiography has found another interesting application in teratological studies of toxins with rats [, ].
In this case, pregnant rats from the group used in a teratological study are selected and anesthetized. The fetuses are
delivered surgically, and three-bipolar-lead electrocardiograms are recorded with intramuscular electrodes attached to
both shoulders and one thigh of the fetus (leads I, II, III)while placental attachment ismaintained. Since fetal andmaternal
rat electrocardiograms have different electrophysiological properties and sensitivity to such drugs as cardiac glycosides,
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simultaneous recording of maternal as well as fetal electrocardiograms should have other applications in toxicology and
pharmacology [].

.. Types and Duration of Recording

... Clinical Records

Electrocardiography for the diagnosis of disease in clinical medicine is commonly used in veterinary practice. Here, the
selection of leads and duration of records will depend on the purpose being served. In the veterinary clinic the leads
selected will depend on their usefulness in diagnosis for the species being examined; in dogs, for instance, the six- or
-lead system can be used. If the detection or diagnosis of an arrhythmia is needed, the records may be quite long,
depending on the tractability of the subject, the patience of the investigator, and the pertinence of the findings, such as
for clinical diagnosis in a veterinary clinic. In an epidemiological study of , dogs from a clinic population, cardiac rate
and rhythm were monitored over min by auscultation, palpation of the precordium, palpation of the femoral pulse, and
a short casual single-lead electrocardiogram [].This standardized examination procedure permitted an analysis of the
incidence of abnormal arrhythmias in a clinical population of dogs under these circumstances []. It should be stressed
that today -h ambulatory electrocardiographic monitoring is vital in the detection of arrhythmias and the management
of treatment in these animals.

... Serial Records

Repeated electrocardiograms taken at predetermined intervals are useful in following clinical cases and in monitoring
experimental investigations such as chronic or subchronic toxicity studies [, ]. In the case of toxicological studies, one
important question is whether the test animal has arrhythmogenic properties. Since arrhythmias are typically episodic or
sporadic events, it is important that the duration of heart rhythm monitoring be standardized for groups and individuals
within groups in such studies. Ideally, this would require continuous monitoring over  h.

.. Telemetry and HolterMonitoring

Electrocardiographic telemetry is almost as old as the electrocardiograph itself. Einthoven, in , reported using the
wires of the Leiden telephone system to transmit electrocardiographic signals from a hospital patient to his laboratory,
a distance of about . km [, ]. From these early beginnings, remote recording of the electrocardiogram devel-
oped along two general lines: telemetry by telephone and radiotelemetry [] and then, the early Holter monitors ( h
electrocardiographic monitoring) [].

Extensive use of radiotelemetry for measuring biological variables began with the availability of transistors in 
[] and a strong stimulus for work in this area was the telemetering of biological data from a dog in Sputnik II by the
USSR in  [].

Radiotelemetry was soon applied to unrestrained domestic [–], wild [] and laboratory [, , ] animals
and veterinary patients []. With miniaturization and other technological advances, totally implantable biotelemetry
systems are now available that record seven channels of physiological data and are small enough (for example, . × .×. cm) to insert into animals the size of infant bonnet monkeys [–].

Holter monitoring is commonly used in the clinical care of veterinary patients in order to diagnose arrhythmias,
determine their frequency, and verify a successful treatment. In some studies, continuous  h ECG monitoring may be
of value in determining whether arrhythmias develop as a result of a drug. It is not realistic to think that the brief rhythm
strips of a routine ECG, whether it is a casual or serial ECG, could identify accurately the frequency of arrhythmias in
response to a drug. Conversely, in the evaluation of the response to therapy for arrhythmias, it is essential that a -h
Holter be used to most fully determine the benefits or proarrhythmic effects.
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. Interspecies Correlations

Electrocardiography is a routine examination undertaken as part of many investigations that seek to evaluate drugs for
safety. Moreover, selected species are used in research of all types, including those specific to the cardiovascular system.
Themost common biomedical research animals today include the mouse [], rabbit [], dog [], minipig [], and
nonhuman primates [, ].

.. Body Size, Heart Rate, and Time Intervals

Many biological variables are related to the size of animals and such allometric relations have been described for various
measures of cardiac function including the electrocardiogram []. The resting heart rate is related to body size, which
is in turn related to metabolic rate, while both heart rate and metabolic rate are regulated by autonomic balance and
humoral agents. Broadly considered, the heart weight of mammals is nearly proportional to body mass (approximately
.% of body mass) and heart rate per minute is inversely related to both [–]. The relationship between heart rate
and body weight can be expressed by equations, in which HR is heart rate per minute andW (in kg) is body weight. Two
such equations proposed (see [] and [], respectively) are in essential agreement:

HR =  ×W−.

HR =  ×W−.

Individual species or strains may, however, differ substantially from such generalized relationships because of special
physiological adaptations. For example, the resting heart rate of the horse ranges from  to min− while that of dairy
cattle is –min−; the heart rate of the domestic rabbit is –min− while that of the hare is –min− [].
Likewise heart weight/body weight ratios may differ in species or strains of the same general size; the wild hare heart
weight/body weight ratio is four times that of the Texas jackrabbit and . times that of the domestic rabbit [, ];
that of wild rats is twice the value of laboratory rats []; the adult greyhound heart weight/body weight ratio is about
. times that of the mongrel []; and thoroughbred race horses have larger hearts than other breeds []. With these
exceptions to allometric generalizations in mind, it is useful to examine such electrocardiographic relationships [].

The nearly universal positive correlation between the R-R interval (heart rate) and PR, QRS, and QT durations
observed with changes in heart rate in an individual is seen to be preserved in the intraspecies correlation, that is, as heart
rates increase and heart sizes decrease, PQ, QRS, and QT intervals decrease linearly, although there are some species
that do not fit the regression lines, for example, dolphin and draft horse for QT and draft horse for QRS. The ratio of
QRS/QT duration is seen to be about the same among the different species at about .–. while that of PQ/QT is
approximately ..

.. Heart Rate Variability and Acceleration

Different species vary enormously in their respective degree of sinus arrhythmia and some species have a remarkable
ability to increase heart rate over resting levels [, ].

There has been considerable recent interest in using changes in the degree of heart rate variability (HRV, sometimes
termed HPV for heart period variability) as a measure of psychological stress in man and animals [–]. In man,
HRV is suppressed during sustained attention and in certain psychiatric conditions. In drug testing, agents depressing
the brain stem or the sinoatrial node (for instance, calcium-channel blockers) can decrease the degree of respiratory sinus
arrhythmia [] and this variable has been incorporated into a computer-assisted electrocardiographic analysis program
for drug studies []. Among domestic and laboratory mammals, respiratory sinus arrhythmia is most pronounced in
the dog. In this species the R-R intervals may vary as much as eightfold in a given record (that is, from  to ,ms).

While sinus arrhythmia is known to be extreme in certain exotic animals, for example, the Europeanmole [] and the
California ground squirrel [], there is insufficient information on occurrence of this characteristic among the various
mammalian species to make valid comparisons between species.
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⊡ Table .

Prevalence rates per thousand of common spontaneous arrhythmias and conduction disorders in pretest electrocardiograms

for unanesthetized beagles (sample population N = ,), cynomolgus monkeys (N = ,) and albino rats (N = )
Arrhythmias or conduction disorders Beagle Cynomolgus monkey Albino rat

Ventricular extrasystoles. . . .

Second-degree AV block. . . .

First-degree AV block. . . .

Right bundle branch block. . . .

Left bundle branch block. . . .

Wolff–Parkinson–White Syndrome. . . .

Any of the above. . . .

With respect to cardiac acceleration, of the animals for which data are available, the horse has the greatest capacity
to increase heart rate with exercise [], for example, from min− at rest to min− with strenuous exercise, that
is, about an eightfold increase. In man and dog the usual increase in heart rate with strenuous exercise is only about
threefold although exceptional racing greyhoundsmay rival the horses’ six to eightfold increase.There is both theoretical
and experimental evidence (dog) that even at these high heart rates, continued increase in cardiac output with increase in
rate prevails and that this positive relationship between increased heart rate and cardiac output is favored in thoroughbred
horses and greyhounds because of their relatively larger hearts and stroke volumes [].

.. Arrhythmias and Conduction Disorders

> Table . compares the prevalence of cardiac arrhythmias in pretest (control) electrocardiograms from experimental
beagles, cynomolgus monkeys, and albino rats. Respiratory sinus arrhythmia is not included in this table because it is
ubiquitous in normal dogs at rest, although it is less frequent in restrainedmonkeys and rats. Except forWolff–Parkinson–
White (WPW) syndrome, the conduction disturbances are generally considered normal (see below).

In monkeys and rats (> Table .), and in pigs as well, ventricular extrasystoles appear to be induced by the excite-
ment and struggling caused by restraint, because their prevalence decreases with training and because their appearance
will occur in a few additional subjects during a study in which serial records are taken over a sustained period.

Inminipigs, premature sinus beats with aberrant ventricular conductionmay be fairly common in untrained groups of
animals. In cats under halothane anesthesia, atrioventricular dissociation occurs frequently and may appear occasionally
merely as the result of excitement [].

.. Heart-Rate Dependence of Electrocardiographic Time Intervals PR, QRS, and QT

The change in PR, QRS, and QT intervals with change in R-R (that is, cycle length or heart rate) makes it necessary to
correct these values when comparisons of time intervals are made at different heart rates. If this is not done, the effects of
disease, drugs, or toxins, for example, on the QT interval (or on PR or QRS) may be masked by changes in the interval
that are dependent on heart rate.

Various linear, cubic or square root, and logarithmic or exponential equations have been proposed to describe these
relations [, , ]. Most of the adjustment formulae are flawed.

Probably the most useful approach at present is for each clinic or laboratory to develop its own database, as has been
done for experimental beagles [, ]. Either a new formula that adequately describes the relations between the heart
rates and time intervals over the entire data range, or a frequency distribution table of these values may be used (see
> Table .). The practice of correcting the observed QT interval for heart rate by dividing it by the square root of the
length of R-R interval serves very little purpose. With this formula, QTc = QT/(RR)/, the observed value of QT at a
given heart rate over  is increased and, for a rate under  it is decreased, but the resultant QTc does not necessarily
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remain constant over the heart-rate range for the same animal. Hence, it does not increase the comparability of interval
durations at different heart rates.

Since QRS is the shortest of these intervals, its absolute variation with heart-rate change is least and ordinarily is not
considered, although the relationship is definitely present [].

Determination of PR interval andQT interval change with R-R duration poses special problems with rapid heart rates
in smaller species such as the rat []. There appear to be three reasons for this:

. At high heart rates (–min−) and paper speed of mm s− or less, any changes in PR-interval andQT-interval
duration with rate are small (that is, a few milliseconds) and therefore, difficult to measure accurately. This problem
can be resolved with high-frequency sampling and electronic digital recordings that permit measurements at high
speeds.

. Also, at rapid rates (e.g., >min−) the succeeding Pwaves are superimposed on the descending limb of the previous
T wave and the true QT interval cannot be determined accurately.

. At lower heart rates (∼–min−) which occur frequently with anesthesia, these interval changes with rate are
greater and easily measurable, but it is uncertain whether this is a rate effect or the result of anesthetic action on the
myocardium.

The QT versus R-R relationship exhibits hysteresis; that is, with sudden changes in heart rate, the QT interval changes its
duration gradually, requiring several heart beats at the same heart rate to attain a new steady state. Thus, with moderate
variations in R-R intervals, as in respiratory sinus arrhythmia of the dog, the associated QT intervals do not undulate.
This is also true with second-degree AV block in the dog in which the post-block PR interval is ordinarily shortened but
the QT interval is little changed. Horses behave differently, however, because in this species both the PR and QT intervals
are shortened in the post-block complex [].

In premature ventricular extrasystoles, although the preceding R-R interval is shortened, the extrasystolic QT interval
is usually longer because of the increase in QRS duration. Exceptionally, in premature ventricular extrasystoles, the QT
interval may be shortened, perhaps because of the effect of the shortened R-R interval on conduction velocity and action-
potential duration. This latter circumstance appears to be more common in standard swine and minipigs than in other
species studied.

. Normal Values

For each species, the lead II time intervals and amplitudes are presented. In these tables, only representative values (mean
[above] and range [below]) for time intervals and amplitudes will be given for lead II. Unless otherwise stated, heart-
rate and time-interval data are from unanesthetized and unsedated animals. Vectors (frontal plane unless otherwise
designated), configuration, normal variants, and special features will be outlined in text.

Normal variants are electrocardiographic rhythm or conduction disturbances and uncharacteristic wave configura-
tions, occurring with a sufficiently high incidence in otherwise healthy individuals of a given species that they cannot
be considered abnormal []. Some examples are (> Table .): first-degree and second-degree atrioventricular block
in dogs, horses, and rats; RBBB and (more rarely) LBBB in monkeys; rate-dependent LBBB in rats; premature sinus
beats with aberrant ventricular conduction in minipigs; QRS complexes in limb leads only, with broad S waves and low-
amplitude R waves, dome-dart ST-T complexes, exaggerated U waves, tall P waves (>.mV), tall R waves (RV up to
mV), and P reversal in leads II, III, and a VF in dogs.

Special features mentioned include maximal heart rates with exercise, degree of sinus arrhythmia, and fetal or
newborn versus adult electrocardiographic patterns when these facts are known.

.. Primates

The ECG classification and lead II time intervals and amplitudes for the primates discussed here, namely, the rhesus
(> Fig. .), cynomolgus and squirrelmonkeys (>Fig. .), the baboon, and the chimpanzee, are listed in>Table ..
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aVR

aVL

aVF

MV1

MV2

MV3

II

I

III

⊡ Figure .

Electrocardiogram from an adult rhesus monkey (Macaca mulatta) restrained in a monkey chair: paper speed  div s− . The

leads labeled MV, MV, and MV are the thoracic leads recommended by Atta and Vanace []. MV is located in the fourth

right intercostals space,  cm from the midsternal line; MV is on the left side symmetrical with MV; and MV is registered at

the left midaxillary line in the fifth intercostals space, approximately  cm below the level ofMV.MV is located over the right

ventricle, MV often records “transitional”type QRS potentials like those registered over the intraventricular septum andMV

is located over the left ventricle.
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I

V1 V4 V6

aVLaVR aVF

II III

⊡ Figure .

Electrocardiogram froma squirrel monkey (Saimiri sciureus) takenunder sodium thiopental anesthesia in the supine position.

Paper speed  div s− , standardization .mV div−. The lead positions are: V, third right rib  cm to the right of the midline;

V, ninth left rib  cm to the left of the midline; V, eighth left rib at the midaxillary line. (After Wolf et al. []. @ American

Physiological Society, Bethesda, Maryland. Reproduced with permission.)

The ECG configuration of the rhesus monkey commonly has peaked P waves in II, III, and aVF, and notchings in V and
V. The QRS complex is usually positive in standard limb leads and the ST segment is generally isoelectric in limb leads.
The T wave is usually positive in standard and precordial leads.

Normal variants in the rhesus monkey include RBBB, which is present in about .% and LBBB, which is present in
about .% []. QRS vectors suggesting incomplete RBBBoccur in about % []. Negative Twaves occur in bipolar limb
leads in about % []. Negative T waves in thoracic leads are less common and, in serial electrocardiograms, reversal of
T wave polarity may occur occasionally in limb or thoracic leads. Coupled ventricular extrasystoles may be expected in
about .%.

A special feature of the rhesus monkey is that the heart rates found in electrocardiograms are far more rapid than
basal rates obtained by telemetry. In telemetered electrocardiograms from rhesus monkeys resting and isolated from
man, the heart rates are –min− and sinus arrhythmia is pronounced. Electrocardiograms of the cynomolgus mon-
key (Macaca fascicularis) have an ECG configuration that is the same as that of the rhesus monkey. Normal variants
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again include RBBB, which is present in about % of cases, and LBBB, which is present in about .%. Coupled ven-
tricular extrasystoles also occur with an incidence of .%. Negative T waves may be present in bipolar limb leads and
thoracic leads and reversal of previously positive T waves may occur spontaneously in serial records. An electrocardio-
gram (taken under sodium thiopental anesthesia in the supine position) of the squirrel monkey (Saimiri sciureus) as
shown in > Fig. . has a mean A QRS direction of ○ and A QRS range −○–○. The P wave of this species is
usually positive in bipolar limb leads, occasionally tall and narrow (.mV) in lead II, and sometimes its amplitude
is variable in limb leads. The QRS is occasionally of low amplitude in limb leads. The ST segment is usually isoelec-
tric but deviations of .mV are sometimes present. T is usually concordant and positive or diphasic in bipolar limb
leads.

As in other monkeys, RBBB is not uncommon in its occurrence and is therefore considered a normal variant. A spe-
cial feature concerning the squirrel monkey is that coupled ventricular extrasystoles occur occasionally in otherwise
healthy subjects. Also, since two individuals with WPW syndrome have been found among a relatively small num-
ber of squirrel monkeys, a higher prevalence of Wolff–Parkinson–White syndrome may occur in this species than in
others.

Electrocardiographic data have been obtained from several monkey species sedated with ketamine [] including
the three discussed above.

Two special features of the baboon should be mentioned. First, WPW syndrome was described among one group of
 baboons and second, with telemetry the heart rate is –min− at rest.

ECGs from chimpanzees (Pan troglodytes) have a P wave that is usually positive in standard limb leads, but occa-
sionally may be isoelectric in either lead I or III. The QRS complex is both of lower amplitude and lower duration than
in humans and the T wave is usually concordant and positive in standard limb leads but may be isoelectric in about %
and occasionally is discordant and negative.

Characteristics particular to the chimpanzee include sinus arrhythmia, which is frequent at heart rates below
min−. Also, wandering pacemaker from the SA node to the AV junction and premature atrial beats occur
rarely.

.. Perissodactyla

The domestic horse (Equus caballus) (> Fig. .) is the only member of the Perissodactyla discussed here.> Table .
lists the ECG classifications and lead II time intervals and amplitudes. In the domestic horse, the area vector A QRS in
the frontal plane lies between −○ and ○. The range of its direction in the transverse plane is −○–○ and in the
left sagittal plane is −○–○. The P wave in bipolar leads is usually bifid, is most often positive, is sometimes dipha-
sic and may change its form spontaneously (for instance, from bifid to single peak) for a series of beats. Such changes
in form occur in about % of horses. Group B ventricular activation pattern results in major QRS vector forces being
directed from the sternum toward the spine. Thus, maximal QRS deflections are rarely recorded in the frontal plane
limb leads but rather in the thoracic leads, especially CVLL, V, Z, or the base apex bipolar lead. The ST segment
is usually isoelectric in limb leads and is often arched or coved in chest leads. With regard to the T lability, ampli-
tude may change and polarity reverses with changes in heart rate. In the post-block beat in second-degree AV block,
the QT interval shortens, and there is reduction in T wave amplitude or change in form, for instance, from diphasic to
positive.

Normal variants in the domestic horse include periodic changes in P-wave configuration (considered as wandering
pacemaker in the sinoatrial node), sinoatrial block, first-degree and second-degree atrioventricular block, and nonrespi-
ratory sinus arrhythmia, which all occur commonly in otherwise healthy horses. All these changes are considered to be
largely the result of increases in vagal tone in this “vagotonic” species.

Atrial fibrillation ismore common in horses and occurs with less-severe underlying heart disease (or with no evidence
of heart disease) than in other domestic species.This arrhythmia is treatedwith quinidine sulfate. Electrical cardioversion
is another successfulmeans of treatment.This apparent increased susceptibility to atrial fibrillation in horses is considered
to be related to two predisposing factors: large atrial mass and high vagal tone.
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I

II

III

aVR

aVL

aVF

D

A

J

V–2

V2

V4
PNG

PCG 35 Hz

PCG 140 Hz

0.5 s1 
m

V

⊡ Figure .

Electrocardiogram of a horse. Conventional bipolar and unipolar limb leads. D, A, and J leads after Sporri [] as described

in > Sect. .... The V leads are after Brooijmans [, ]: V− right sixth intercostal space at the junction of the lower and

middle thirdsof thevertical distancebetween the sternumand the level of the scapulohumeral joint; V , symmetricalwithV−

in the left sixth intercostal space; V left sixth intercostal space at the level of the scapulohumeral joint. A pneumogram (PNG)

and phonocardiograms (PCG) with cutoff filters set at two frequencies,  and Hz, are shown at the bottom. The vertical

lines are placed at the beginning of QRS and at the beginning of the second heart sound. (From Grauwiler []. © Birkhäuser,

Basel. Reproduced with permission.)

.. Artiodactyla

The members of the Artiodactyla family discussed below are domestic cattle, sheep, goats, and pigs, giraffes, and
camels. The ECG classifications, lead II time intervals and amplitudes, and references for further discussion are given
in > Table ..

In domestic cattle (Bos Taurus), themeanAQRS is ○ with a range –○.The Pwave is usually positive in standard
limb leads and may be bifid in left chest leads. QRS complexes are generally of low amplitude in the standard limb leads.
T waves may be concordant or discordant in standard limb leads and are sometimes diphasic negative/positive.

P waves in the domestic pig (Sus domesticus) are usually upright in standard limb leads and may be bifid in V and
the chest leads. The ST segment is isoelectric. T waves are often discordant in lead I and usually positive and sometimes
diphasic in leads II and III.
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Ventricular extrasystoles are fairly frequent in excited pigs. In swine, the influence of body weight on electrocardio-
graphic time intervals is separable from the influence of heart rate, as shown by holding the latter constant. When this is
done, all electrocardiographic intervals can be shown to increase relatively with increasing body weight [] (the effect
of aging is not separable from that of increased body weight).When the influence of heart rate (R-R interval) alone on the
electrocardiographic intervals was examined by holding the body weight constant, the R-R interval was found to have no
effect on P-wave duration and a weak effect on PR and QRS intervals, but a strong effect on the QT interval []. Thus,
both RR interval, that is, heart rate, as well as body weight W (in kg) serve to determine the expected QT interval. The
following equations show these relations as calculated from data on  swine weighing –kg []:

P =  + .W
PR =  + .W
QRS = . + .W

and
QT = + . (R − R) + .W

where P, PR, QRS, and QT are given in milliseconds.
In the ECGs of two giraffes, taken under etorphine, the QRS vectors were −○ and ○ (an example is shown in

> Fig. .). The R wave was either positive or negative in leads I, II, and III. The QRS was positive in leads I and II
in both animals and negative in lead III in one subject. The ST segment was isoelectric and the T waves were usually
discordant.

> Figure . shows the ECGof a dromedary camel (Camelus droinedarius) taken in the standing position and under
no drugs.ThemeanAQRS is+○ (with a range between ○ and ○). In standard limb leads, the Pwaves are positive,
QRS complexes may be chiefly positive or negative and the ST segment is isoelectric. T waves are usually discordant.
A special attribute of the camel is that sinus arrhythmia is present.

.. Cetacea

> Table . lists the ECG classifications, lead II time intervals and amplitudes, and references of the finback, beluga and
killer whales, and the dolphin. ECGs from bottle-nosed dolphins are shown in > Fig. .

The ECG of a finback whale (Balaenoptera physalus), beached  h before the recordings were made, has a broad
P wave with low amplitude, a QRS complex which is chiefly negative in leads II and III and an ST segment which is
isoelectric. T waves are discordant in most leads. In the beluga whale (Delphinapterus leucas), the bipolar lead between
an electrode on the back at the pectoral girdle and one about the midportion of the back did not record the P wave
distinctly. The QRS pattern was qR and the T wave was negative (discordant). In the killer whale (Orcinus orca), no P
wave was recorded, the QRS had a qR configuration, and T was discordant.

.. Marsupialia

> Table . lists the ECG classifications, lead II time intervals and amplitudes, and references of the Bennett’s kangaroo
and the opossum.

Electrocardiograms from the Bennett’s kangaroo (Macropus bennetti) have P waves that are positive and sometimes
bifid in standard limb and chest leads. In leads II, III, and in chest leads over the left ventricle, QRS complexes are some-
what similar with an RS configuration. The ST segment is absent in adults. T waves are positive, concordant in limb and
chest leads, beginning immediately after QRS with no intervening ST segment.

Bennett’s kangaroo was the first larger species in which it was shown that when the ST segment is absent and the
QT, therefore, short, there is marked dissociation between the end of the T wave and the end of mechanical systole.
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I

II

III

aVR

aVL

aVF

⊡ Figure .

Electrocardiogram of a reticulated giraffe taken under etorphine HCl (M) sedation in the right lateral recumbent posi-

tion: paper speed  div s− ; standardization .mV div− . (After Jefferson []. © American Veterinary Medical Association,

Schaumburg, Illinois. Reproduced with permission.)

Correct interpretation of such fusion of QRS and T and mechanical and electrical dissociation in the mouse had been
made a few years earlier in  [], The single record available from a wallaby (Macropus walabatus) had a short ST
segment in limb leads andQT intervals of .–.s at a heart rate of l bpm. In another single record labeled “kangaroo”
with no species designation, a short ST segment in limb leads was present and the QT interval was . s []. In  adult
Australian rock kangaroos (Macropus robustus) under ketamine and pentobarbital anesthesia, the mean QT intervals of
. s were far shorter than the mean mechanical systole of . s [].

In the young Bennett’s kangaroos still in the maternal pouch, the ST segment is present, as is true in the fetal or
newborn rat [] andmouse [], and the duration of QT andmechanical systole are also similar.The adult conformation
appears at the time the young kangaroos leave the pouch.

In the opossum (Didelphis marsupialis), the P waves are small and positive in standard limb leads. QRS complexes are
chiefly positive in standard limb leads. Unlike the case of the adult Bennett’s kangaroo, the ST segment is present. T waves
are positive and concordant in standard limb leads.
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I

II

III

aVR

aVL

aVF

CV5RL

CV6LL

CV6LU

V10

⊡ Figure .

Electrocardiogram of a dromedary camel taken in the standing position. (Ind with no drugs: paper speed  div s− ; standard-

ization ,mV div−) (See > Sect. ... for description of thoracic lead system) (After Jayasinghe et al. [], © American

Veterinary Medical Association, Schaumburg, Illinois, Reproduced with permission.)
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I s

I s

I II III aVR aVL aVF

I II III

0.5 s

⊡ Figure .

Electrocardiograms from a bottle-nosed dolphin: (a) ECG recorded immediately after loading on a truck at the port of Arari

Bay: heart rate (HR) = .min− , interval times are R-R = . s, PQ = . s, QRS = . s, OT = . s, and T = . s. (b) ECG
recorded after  h on the truck atMishima: HR = min−, interval times are R-R = . s, PQ = . s, QRS = . s, QT = . s, T
= . s. (c) ECG recorded after  h on the truck at Enoshima: HR = min− , R-R interval is . s. Needle electrodes or plate

electrodes were placed at sites corresponding to the attachment of limbs in man. The pulses shown on the left of each panel

indicate the scale of mV. (After Tokita et al. []. © Geirui Kenkyosho, Tokyo, Japan. Reproduces with permission.)

.. Lagomorpha

The ECG classifications, lead II time intervals and amplitudes, and references of the rabbit (Orytolagus cuniculus) are
given in > Table ..

ThemeanAQRS in the rabbit is ○ with a range of –○.The P waves in rabbits are positive in standard limb leads
and may be rather pointed in some strains. QRS complexes are generally positive, ST segments are usually isoelectric,
and T waves are usually positive in standard limb leads. While a number of investigators have noted changes in T-wave
polarity, especially in lead III and in chest leads, the amount of variability is only about the same as seen in nonhuman
primates and is insufficient to classify this species as T labile or class B.

.. Rodentia

In recent years mice have been used extensively in genetic research. The expansion of this area of research, in addition
to advances in the field of electrophysiology and the use of the mouse to match cardiac phenotype to genotype, has
expanded the role of the mouse as a model. Despite this increase, criticism continues about the conclusions from the
murine cardiac responses to that of other mammals and, importantly, humans []. The mouse has been evaluated by
cardiac electrophysiological mapping studies, induction of particular arrhythmias, conduction abnormalities, infarction
changes, and infectious responses by methods beyond the ECG.

The ECG classifications, lead II amplitudes and time intervals of the white laboratory rat and mouse and the guinea
pig are listed in > Table ..

In the electrocardiograms of a white laboratory rat (Rattus norvegicus) for various foreleg positions the mean AQRS
is ○ (with a range from −○ to ○).There is some evidence that theAQRS shifts to the left with aging, but this has not



  The Mammalian Electrocardiogram: Comparative Features

⊡
T
a
b
le


.

E
C
G
c
la
ss
ifi
c
a
ti
o
n
a
n
d
n
o
rm

a
l
p
a
ra
m
e
te
rs
in

L
a
g
o
m
o
rp
h
a
a
n
d
R
o
d
e
n
ti
a

C
o
m
m
o
n
E
n
g
li
sh

E
C
G

H
e
a
rt

n
a
m
e

c
la
ss
ifi
c
a
ti
o
n

ra
te

L
e
a
d
II
ti
m
e
in
te
rv
a
l(
s)

L
e
a
d
II
a
m
p
li
tu
d
e
(m

V
)

(s
pe

ci
es

na
m
e)

Q
R
S
a

Q
T
b

T
c

(b
p
m
)

P
P
R

Q
R
S

Q
T

P
Q

R
S

T

La
go

m
or
ph

a
A

A
A




.


.


.


.


.


.


.


.


Ra
b
b
it


–



.

–
.


.
–
.


.

–
.

.

–
.


.

–
.


.

–
.


.

–
.


(O
ry
to
la
gu

s
cu
ni
cu
lu
s)

[
,

–

]

Ro
de
nt
ia

A
B

A



.



.



.



.



.


.


.


.


.


W
hi
te
la
b
or
at
or
y
ra
t


–



.

–
.



.

–
.



.

–
.



.

–
.



.

–
.


.

–
.


.

–
.


.

–
.


(R
at
us

no
rv
eg
ic
us
)

[
,


,

,

–


]

W
hi
te
la
b
or
at
or
y

A
B

A



.



.



.



.



.


.


.


.


.


m
ou

se

(M
us

m
us
cu
lu
s)


–



.

–
.


.

–
.


−

.

-
.


.

–
.


.

–
.


.

–
.


.

–
.


[
,

,

–

]

G
ui
ne

a
p
ig

A
A

A



.



.



.



.



.


.


.


.


.


(C
av
ia
po

rc
el
lu
s)


–



.

–
.



.

–
.



.

–
.



.

–
.



.

–
.


.

–
.

.

–
.


.

–
.


.

–
.


[
,

]

a
Q
RS
-v
ec
to
rd

ire
ct
io
n
an

d
se
ns
e;
A
,a
lo
ng

th
e
lo
ng

ax
is
of

th
e
bo

dy
,c
au
da

lly
an

d
ve
nt
ra
lly
;B
,f
ro
m

st
er
nu

m
to
w
ar
d
sp
in
e.

b
Re
la
ti
ve

Q
T-
in
te
rv
al
,S
T-
se
gm

en
ta
nd

ac
ti
on

-p
ot
en

ti
al
du

ra
ti
on

:A
,a
lo
ng

;B
,s
ho

rt
.

c
T-
w
av
e
la
bi
lit
y:
A
,c
on

st
an

t,
B,
la
bi
le
.



The Mammalian Electrocardiogram: Comparative Features  

50 ms

⊡ Figure .

Electrocardiogram (top) and phonocardiogram (bottom) from a white laboratory mouse (Mus musculus), lead A (right arm

electrode right side at base of neck, left leg electrode at cardiac apex). The second heart sound occurs ms after the end of

the T wave and no ST segment is present. (After Grauwiler []. © Birkhauser, Basel. Reproduced with permission.)

Time
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I II III

m
V

⊡ Figure .

Limb leads I. II, III from aguinea pig (Cavia parcellus) (After Sporri H.Habilitatiansschrift. Zurich: University of Zurich,  [].
Reproduced with permission.)

been studied. In the white laboratory rat, the Pwave is normally positive in leads I, II, III, and aVF, negative in aVR and flat
or negative in aVL. Negative P waves are common in lead III. The Ta wave is usually discordant and appears to terminate
or become isoelectric prior to the onset of the QRS complex. The Q of the QRS complex is usually absent in standard
bipolar limb leads while R is prominent and S may be either prominent or absent. The ST segment is absent and the
S-wave termination in bipolar leads is often difficult to separate from the onset of T. There is often no distinct isoelectric
line during the electrocardiographic complex; that is, the points at which P, Ta, QRS, and T waves originate are often on
different levels. This is especially true at more rapid heart rates when the P wave originates on the descending limb of
the preceding T wave. The T wave is usually positive and concordant with QRS in leads II and III, but may be negative
and discordant in lead I. Its ascending limb is typically steeper than its descending limb. The latter usually approaches
the isoelectric line gradually, such that its termination is difficult to identify. At more rapid heart rates ( bpm), the
P wave interrupts the descent of the T wave. QT intervals are difficult to measure accurately on account of the gradual
descent of T and because the succeeding P wave may interrupt the descent of T before it reaches the baseline. This has
led to measuring the interval from the beginning of QRS to the apex of T (the QTa interval) instead of QT. Since the T
apex can shift within the QT interval if the shape of T changes, this measurement is not a satisfactory determinant of the
true QT interval.
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⊡ Figure .

Electrocardiogram from five cats (–). X, Y, Z are theMcFee leads described in> Chap.  (for the dog). Note that the P waves

are often small and difficult to identify, for example, as in ECG . (After Rogers and Bishop []. © Churchill Livingstone,

New York. Reproduced with permission.)

As shown in > Table ., ventricular extrasystoles (about %) and second-degree atrioventricular block (about %)
are sufficiently frequent in control electrocardiograms from rats to be considered normal variants. This is also true for
sinus arrhythmia since in some series this has been present in over half the subjects.

A shift of A QRS in the frontal plane has been noted by some observers during the first  or  months of life. Others
have found that the percentage of rats with a leftward QRS axis increased in older and postpartum groups of rats.

The maximum heart rate found in rat electrocardiograms is usually no higher than  bpm. In some individuals
when rates exceed  bpm by a few beats (e.g., – bpm) an LBBB pattern appears in the electrocardiogram. Also,
in a group of  rats entered in a drug study, LBBB appeared spontaneously in % after  year of age (week ) unrelated
to the test agent (that is, the distribution of the bundle branch block was the same in control and treated animals). This
has not been seen in other studies and probably represents an inherited characteristic of this rat strain. As mentioned
previously, the ST segment is present in newborn rats but disappears during the first three to four weeks of life.

An ECG and phonocardiogram of a white laboratory mouse (Mus musculus) is shown in > Fig. .. This species of
rodent has a mean AQRS of ○ (with a range from −○ to ○). P waves are usually positive in the standard limb leads.
QRS complexes are chiefly positive in the standard limb leads with no Q wave and the S wave is absent or, if present, is
usually small. The ST segment is absent and the T waves are concordant.
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I
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CV6LU
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⊡ Figure .

Electrocardiogram from the Indian elephant (Elephas maximus). The lead system is as described in > Sect. .... (After

Jayasinghe et al. []. Bailliere Tindall, London. Reproduced with permission.)

In the ECG of the guinea pig (Cavia porcellus) (> Fig. .), the mean A QRS is ○ (range −○ to ○). The ECG
configuration has, in the standard limb leads, P waves which are positive and QRS complexes which generally have small
q, large R and small S waves.The ST segment is present and usually isoelectric in limb leads. T waves are chiefly positive
and concordant in the standard limb leads.

.. Carnivora

The domestic cat is the only member of the Carnivora discussed here. > Table . lists the ECG classification lead II
time intervals and amplitudes of the cat.

The ECG of the domestic cat (Felis catus) (> Fig. .) has a mean A QRS of ○ (the range is −○–○). P waves
are usually positive in standard limb leads. When P waves are absent in limb leads, the recording should be inspected
closely for signs of AV dissociation when P waves periodically become buried in the QRS. QRS complexes are dominated
by R waves in standard limb leads. The ST segment is usually isoelectric and T waves are usually concordant and stable
in limb leads.

Cardiomyopathy is a common disease seen in the cat. Such afflicted cats can have a normal ECG or evidence of left
anterior fascicular block or left ventricular enlargement. The ECG in the kitten has also been studied from birth to 
days [].
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.. Proboscidea

An example of the ECG of the Indian elephant (Elephas maximus) is shown in > Fig. .. > Table . gives the ECG
classification and lead II time intervals and amplitudes for the Indian elephant and the African elephant (Loxodonto
africana).
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. Vectorcardiography

.. What Is a Vector?

The term vector can have different meanings, but for the purposes of the study of vectorcardiography, the relevant
definition states that a vector is an entity possessing a magnitude and a direction. For example, if a wind blows in an
easterly direction at  km/h, it could be represented by the vector in > Fig. .a. On the other hand, if a light breeze
blows at  km/h in a northeasterly direction, it would be represented using the same scheme by the vector of > Fig. .b.
It can be seen that the length of the vector is proportional to the strength of the wind and the direction of the vector is
that of the wind.

Of course, there can be many different forces that are represented by a vector. Within the context of electrocardiogra-
phy (ECG), it is the cardiac electromotive force that is desired to be represented by a vector. It was Einthoven et al. [] in
their classic paper of  who suggested that the electrical forces of heart could be summed and represented by a single
vector.

.. Concept of Resultant Force

While a vector can be used to represent an individual force as shown in > Fig. ., a series of vectors can be used
simultaneously to represent a variety of forces acting together or in opposition. It is possible to use some simple
mathematical techniques to calculate the resultant effect of the different forces, and it is instructive to consider an
example.

Imagine that a rower sets out to cross a river. He is able to row constantly at  km/h directly across the water but
has to contend with a current that is flowing at a rate of  km/h. This is depicted in > Fig. .. It should be clear
that if the rower consistently pulls directly across the river he will not reach the bank at a point directly opposite his
starting point but will be carried some way downstream by the current. In fact, the distance can be calculated by what
is known as the “Triangle of Forces,” which shows that he would travel at a net speed of  km/h. The exact point at
which the rower reaches the opposite bank, of course, depends on the width of the river but this can be calculated from
the triangle. For example, if the river is m wide, the boat should reach the opposite side m downstream on the
opposite side.

The combined velocity of the boat and the current produces a resultant velocity of  km/h depicted by the hypotenuse
on the triangle. Conversely, it can be said that if there is a resultant velocity of  km/h, it has components of  and
 km/h at right angles to each other in keeping with > Fig. .. Thus, there exists the concept that a resultant
velocity has a component in a particular direction. The size of each component can be obtained by drawing a per-
pendicular from the tip of the resultant vector to a line indicating the direction in which it is desired to measure the
component.

A similar concept applies in electrocardiography. Consider that in the frontal plane of the body, there is a resultant
cardiac electromotive force of mV acting at ○ to the horizontal, that is, approximately similar to the path of the rowing
boat in > Fig. .. > Figure . shows that there is a component of .mV in the direction of lead I. Similarly, it can
be shown that there is a component of approximately .mV in the direction of lead II. This estimate assumes that the
equilateral Einthoven triangle is a valid model, which in reality is not the case. However, the potential measured by lead
I can be considered as the component of the resultant cardiac electromotive force acting in that direction in the frontal
plane. It follows from Einthoven’s Law (see >Chap. ) that the potential in lead III would be .mV at the same instant
in the cardiac cycle.

.. Spatial Vector

> Sections .. and > .. have dealt with the two-dimensional situation of a vector or vectors acting effectively in a
plane. A more realistic situation is a force or a vector having the ability to be directed at any point in space.> Figure .
illustrates the concept of a spatial vector drawnwithin a three-dimensional coordinate reference systemwith axes denoted
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The direction and speed of the wind represented as a vector when the (a) wind blows in an easterly direction at  km/h (b)
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A rower crossing a river mwide. For explanation, see text.
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The cardiac electromotive force and its components in the direction of leads I, II, and III.

X, Y , and Z. It can be seen from the illustration that the magnitude of the vector can be calculated by using triangle OMA
if the length of sides OA and AM can be determined.

However, from the Figure, it follows that:

OA = x + z

From right angled triangle OMA,

OM = OA +AM = x + y + z

Thus, for a point M with coordinates x, y, z in three-dimensional space, the length of the vector OM is given by the above
expression. By analogy with the two-dimensional situation, where it was shown that a vector lying in a plane could have
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A spatial vector OM and its components x, y, z in a three-dimensional coordinate system.

components calculated in any particular direction by drawing a perpendicular to that line, it can also be shown that in
the spatial situation, a vector, for example, OM, can have components in the three mutually perpendicular directions X,
Y, Z. In the forward situation, if the components x, y, z can be measured at a particular instant in the cardiac cycle, then
a resultant OM can be calculated.This is the basis of an orthogonal lead system.

.. Orthogonal Lead Systems

... Theoretical Considerations

> Section .. suggests that if three leads can be designed to record components of a resultant cardiac electromo-
tive force in three mutually perpendicular directions, then the problem of deriving the resultant cardiac electromotive
force is solved. A considerable amount of research went into designing such lead systems over the past  years. The
theory is detailed but a few simple concepts are worthy of discussion at this point. Further aspects are considered in
> Chap. , > Sect. ..

Assume that the potential measured by any electrocardiographic lead is represented byV.Then, assume that the resul-
tant cardiac electromotive force is denoted byH or, as it is sometimes known, “The heart vector.”Then frommathematical
considerations, it can be shown that V = H⋅L where L is the vector representing the strength of the lead being used to
measure the potential. In fact, it is one of the basic rules of vector mathematics that the dot product of two vectors is
a scalar, that is, the potential or voltage does not have an associated direction but only a magnitude whereas the heart
vectorH and the lead vector L each has its own direction. This basic rule of vector mathematics can also be expanded to
the following:

V = HXLX +HYLY +HZLZ

whereHX, HY, HZ are the three components of the heart vector and Lx, Ly, Lz are the three components of the lead vector.
From this observation, it follows that if it is desired tomeasure the component of the heart vector in the X direction, then
a lead should be designed that has components (LX, , ). In that case,

VX = HXLX

If the strength LX of the lead is known, then when the potential VX is measured, HX can be calculated.
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The cube lead system introduced by Grishman []. © American Heart Association, Dallas,Texas. Reproduced with permission.

... Uncorrected Lead Systems

For historical reasons, it is worth noting that the earliest attempts at designing orthogonal lead systems were made on
the basis of constructing leads such that lines joining the electrodes were essentially mutually perpendicular.This is most
easily understood by considering the cube system introduced by Grishman [] (> Fig. .). However, as experience
was gained and mathematical modeling advanced, it was found that these lead systems did not accurately measure the
required components.

... Corrected Orthogonal Lead Systems

As a result of considerable modeling, both mathematical and physical, such as using model torsos filled with conducting
solution, corrected orthogonal lead systems were gradually introduced.

Themost notable and the one that is generally usedwherever vectorcardiography is currently studied using an orthog-
onal lead system, is that of Frank []. This lead system is shown in > Fig. .. As can be seen, the lead positions are
different from those of the -lead system, although the C and A electrodes are indeed close to the V and V positions,
respectively.

Mathematical modeling showed that the following equations represent the derivation of the three potentials VX,
VY, VZ:

VX = .VA + .VC − .VI

VY = .VF + .VM − .VH

VZ = .VA + .VM − .VI − .VE − .VC

These contributions to the individual leads from the different electrodes correspond to the resistor network also seen in
> Fig. ..Themajor disadvantage of using this type of orthogonal lead system is the need to apply a completely different
set of electrodes to the patient compared to that required for recording the conventional -lead ECG. There have been
attempts to minimize the differences by doubling the C andA electrodes as V and V, for example, and using a common
left leg electrode but this still leaves four additional electrodes to be positioned on the thorax and neck.
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The Frank lead system (After Frank []). © American Heart Association, Dallas, Texas. Reproduced with permission.

.. Cardiac Activation

... Vectorial Spread of Cardiac Activation

The concept of resultant cardiac electromotive force by now should be gaining hold. It is possible to consider the various
resultant forces acting throughout ventricular depolarization, for example. > Figure .a shows a series of individual
vectors each of which represents the resultant cardiac electromotive force at one particular instant during the process of
ventricular depolarization. For example, the first small vector shows the initial septal activation from left to right. Note
that all of these vectors are depicted in the two-dimensional situation, which in this case is the frontal plane of the body.
> Figure .b indicates how each of these resultant vectors can be translated to a common origin and a loop drawn to
connect the tips of the vectors.This loop is a form of vectorcardiogram. Indeed, the first form of planar vectorcardiogram
was introduced by Mann in  [].

... Spatial Vector Loop

The previous > Sect. ... showed a planar loop. However, the concept of spatial vector has been introduced in
> Sect. .. and it follows that if a resultant vector varies in magnitude and direction throughout the cardiac cycle,
then it can be imagined that the tip of this vector will trace out a three-dimensional path. This observation is illustrated
in > Fig. . for the case of ventricular depolarization, that is, a spatial QRS loop is shown. In addition, the projection
of this loop onto three mutually perpendicular planes is also illustrated. The collection of three planar loop projections
is known as the vectorcardiogram. While only the QRS loop is depicted here for clarity, it follows that P and T loops can
also be derived.
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(a) Ventricular depolarization illustrated as a sequence of vectors, –. (b) After translation of vectors to a common origin, a

vectorcardiographic loop can be constructed.
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A vectorcardiographic loop in space projected onto the three orthogonal planes.

.. Vector Loop Presentation

... Nomenclature

The American Heart Association committee on electrocardiography () [] published a set of recommendations for
vectorcardiographic terminology. The committee recommended that the lead Z be directed positively to the posterior
thorax, although this does mean that the scalar presentation of lead Z is essentially opposite to that of lead V. This
recommendation certainly causes much confusion when describing scalar lead appearances and for this reason, in this
chapter, lead Z is directed positively to the anterior to be similar to V. Thus, RZ can be thought of in the same way as
RV. Of more contention is the choice of whether to view the left or right sagittal planes, that is, the sagittal plane as
viewed from the left or right. > Figure . shows the left sagittal projection. The Committee did not make a particular
recommendation, but for the purposes of illustrations in this book, the left sagittal view has been chosen in keeping with
> Fig. . so as to have a uniform collection of reference axes.

... Display Techniques

About  years ago, the most common method of displaying the vectorcardiogram was via an oscilloscope. Pairs of leads
such as X and Y were used to deflect the electron beam horizontally and vertically, respectively, and in this case, the
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Polarity of leads X, Y, and Z and angular reference frame of the frontal, transverse, and left sagittal planes.
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Derivation of transverse plane loop from leads X and Z. Dots are at ms intervals and the ms vector is indicated with an

open circle.

frontal plane loop would be generated. Consider that leads X and Y are recorded simultaneously. At any instant in time,
an amplitude for each lead is known, that is, an (x, y) coordinate pair of values is available. These values could be plotted
simply on XY axes. If this is repeated throughout the cardiac cycle, then a complete frontal plane set of P, QRS, and T
loops can be generated.> Figure . shows the derivation of a QRS loop in the transverse plane.
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Vectorcardiogramprintout froma commercially available electrocardiograph. Note that lead Z is inverted in comparisonwith

other illustrations in this book.

If the leads X, Y, Z are considered in pairs, then by plotting leads XY, the frontal plane vectorcardiographic loop can
be obtained. Similarly, XZ plots produce the transverse plane loop and ZY plots produce the sagittal plane vectorcar-
diographic loop. Nowadays, with the widespread availability of computer technology, these plots can be produced in a
straightforward fashion. It is somewhat more complex to program a thermal writer to produce an XY display but never-
theless this is readily attainable. Thus, vectorcardiographic loops can now be produced even on small ′′ paper displays
or on the larger A writers such as are common at the bedside. An illustration of a typical vectorcardiographic display
from a computer-based electrocardiograph is shown in > Fig. ..

It is important that vectorcardiographic loops have some indication of the speed of inscription as this can contain
diagnostic information. A number of methods have been used. Conventionally, the vectorcardiographic loop has been
interrupted so that time intervals can actually bemeasured by counting the number of dots between two points. Generally,
 or ms intervals have been used. An alternative is to produce a continuous loop and mark a number such as , 
indicating , ms from the onset of the QRS complex. This is helpful but creates difficulties around the onset and
termination of the QRS loop, which is often the most interesting part in terms of looking for conduction problems. Either
way, the direction of inscription of the loop is also of vital clinical significance. Thus, if a numbering system is not used,
some indication must be given to make it quite clear to the viewer in which direction the different planar loops are
inscribed. With a knowledge of the theory of vectorcardiography, the experienced cardiologist can always determine the
direction of inscription but it is certainly easier if this is made obvious in a good display.
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In this book, loops are presented with an arrow indicating the direction of inscription. Further, black dots indicate
ms intervals and the ms vector is indicated with an open circle.

. Normal Ranges

.. Introduction

The aim of good diagnostic criteria is to separate normal from abnormal with the highest possible sensitivity and
specificity. It may be superfluous to repeat well-known definitions but for the avoidance of doubt, the following apply:

Specificity = A/B
Sensitivity = C/D

where

A = number of normals correctly reported as normal
B = total number of normals
C = number of abnormals correctly reported as abnormal
D = total number of abnormals.

> Figure . shows the distribution of Q wave duration in lead Y for normals and for a group of patients with inferior
myocardial infarction. If a value of ms is chosen as the upper limit of normal, it can be seen that the specificity of the
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⊡ Figure .

Shows distribution of Q duration in lead Y in a group of , normal subjects and in a group of  patients with inferior

myocardial infarction. For explanation, see text.
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Receiver operating characteristic (ROC) curve showing the relationship between true positive rate (sensitivity) and false

positive rate ( – specificity) for different limits of Q duration in lead ′ : The curve is based on the data in> Fig. ..

criteria would be approximately %. The sensitivity for inferior infarction would be the order of %. However, some
would argue that % specificity, that is, close to one in five normals reported as abnormal, is not high enough and might
adjust the borderline value to ms. In this case, the specificity would increase to % and the sensitivity for infarction
would decrease to %. This process can be continued. For example, with a borderline of ms, specificity is over %
but sensitivity decreases to %.

It is possible to plot the relationship between sensitivity and specificity on what is known as a receiver operat-
ing characteristic (ROC) curve. This is shown in > Fig. .. The point on the curve, which approaches closest to
% sensitivity and specificity, that is, the top left-hand corner, is often regarded as being optimum. In the case of
electrocardiography, it is often preferable to choose a point on the curve with higher specificity (e.g., ms point in
> Fig. .).

While it is clear that ROC curves are dependent on the knowledge of measurements from a normal population and
patients with a particular abnormality, it should also be noted that if a user decides that % specificity is the desired level,
then the knowledge of the abnormal data are not required. This is perhaps an extreme view but it emphasizes the value
of having well-defined normal data.

In Glasgow, every effort has been made over the past  years to gather a population of controls from birth upward,
and of different ethnic origin, in order to meet the objectives outlined above.The remainder of this chapter will deal with
the techniques involved and present the results obtained from the Caucasian cohort.

.. Data Acquisition

... Techniques

Data have been gathered using two separate types of electrocardiographs each with a common factor of sampling elec-
trocardiographic waveforms at  samples/s. All of the recordings made outside Glasgow Royal Infirmary, for example,
on infants and children, were gathered using a Mingorec  from Siemens-Elema AB, Solna, Sweden. This acquires eight
leads simultaneously, converts from analog to digital form at a rate of  samples/s for further analysis. More recent
work has involved the use of the Burdick Atria  electrocardiograph.
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For ECGs recorded within Glasgow Royal Infirmary, an electrocardiograph designed and constructed within the
Department of Medical Cardiology was used ([], ). This device was connected by a broadband network from wards
and clinics to the central computing facility within the Department.

The methods for analyzing the ECGs have been described in detail elsewhere [] but are summarized very briefly
here.

Up to  s of ECG with all leads sampled simultaneously, are processed initially to remove baseline wander, if present,
and also any AC interference. Thereafter, QRS detection is undertaken. The same methods apply whether the ECG is
recorded from a neonate or an adult. The QRS complexes so detected are then typed into different morphologies and
logic selects one particular morphology for analysis. All PQRST cycles of that morphology are then averaged to form a
single synthesized beat (with all  leads effectively recorded simultaneously).The derived leads X, Y, Z are then obtained
using the methods outlined in detail in > Chap. . In particular, the adult X, Y, Z leads were calculated using equation
and the pediatric x, y, z leads were derived using equation. The wave measurement program then locates the onsets and
terminations of the various P, QRS, and T components in order to measure amplitudes and durations.

Rhythm analysis is then undertaken.This uses somemeasurements from the average beat matrix but also three com-
plete leads from the initial recording. Generally, these would be II, III, and V. When rhythm has been determined,
diagnostic logic is then entered to interpret the measurements from the average beats. The program can output several
hundred diagnostic statements.The same program can now be used for adults as well as for children []. In other words,
the ability to interpret ECGs from children is not an optional add-on to the logic but is integral to the diagnostic criteria.
Some details are presented elsewhere [].

... SamplingMethods

Different approaches to the selection of an apparently healthy population can be adopted. For example, age and sex regis-
ters can be used [], but the technique adopted for adults in the Glasgow data was essentially to seek volunteers from the
different departments of local government, for example, teaching, administration, and building. All individuals admitted
to the normal group were seen by a physician who obtained a complete history and undertook a physical examina-
tion. The usual blood tests were performed and in the initial part of the study, chest x-rays were obtained. It was found
that a positive yield from chest x-rays was essentially nil and latterly they were discontinued as part of the screening
procedure.

For sampling from children, the procedure was different. Recordings were obtained from a maternity hospital with
the full consent of parents. In preschool children, it was necessary to visit postnatal clinics, health centers, and play
groups in order to obtain recordings from children, again with the permission of parents. Recordings were obtained from
schoolchildren by installing the Siemens electrocardiograph for periods in different schools with the permission of the
local health and education authority. Volunteers were sought subject to parental permission.

... Population Data

A total number of , adults were entered into the normal database.The age and sex distribution is shown in>Fig. ..
There tends to be a preponderance of males over  years of age, probably because of the predominance of male workers
of that age group.

> Figure . shows similar data for , healthy neonates, infants, and children whose ECGs were recorded. It
should be pointed out that in this age group, leadVR was used in preference to leadV as is the custom inmany countries.

Actual numbers of males and females in the total group of , are given in > Table ..
In Taiwan, in collaboration with the Veterans’ General Hospital in Taipei, it was possible to obtain -lead ECGs

from  apparently healthy Chinese individuals []. From these, the -lead vectorcardiogram was obtained []. Essen-
tially, methods used were similar to those for the collection of adult data in Caucasians although a higher percentage of
individuals were in hospital with noncardiac problems.
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Age/sex distribution of the normal adult database. Further details are provided in> Table ..
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Age/sex distribution of the normal children’s database. Further details are provided in> Table ..

... Methods of Analysis

All measurements from each recording were stored on a computer file and added to a database. The adult and pediatric
data were kept separate.

TheBMDP suite of statistical programswas available for obtaining the basic data such asmean and standard deviation.
The programs mainly used were PD and PD.
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⊡ Table .

Numbers of males and females in the total population group

Age Male Female Total

� h  

 day  

 days  

 days  

– days  

� month  

� months  

� months  

� year  

– years  

– years  

– years  

– years  

– years  

– years  

– years  

– years  

– years  

Children∑   

– years  

– years  

– years  

� years  

Adult∑   

Total∑   

... Statistical Considerations

It has been known for many years that in general terms, ECG data are not normally distributed but tend to be skewed.
An illustration is shown in > Fig. .. For this reason, normal ranges are best described not by using the mean ±
twice the standard deviation but by  percentile ranges, that is, by excluding % of measurements at the top and
bottom end of a particular set of measurements. Wherever possible this has been done in analyzing the data. Only
in the case of small numbers such as, for example, healthy males with a Q wave in V, was it necessary to include
the complete range because total numbers were too small. One other point that should be noted is that the calcu-
lation of the mean is based only on measurements that were present. In other words, if there were  patients in
a particular group but only  had an S wave in a selected lead, then the mean amplitude was derived using only
the  measurements and the  values of mV for the remaining patients were excluded from the calculation of
the mean.

With respect to angular data, care was taken to ensure that all measurements were in a meaningful range. In other
words, the recommendations for measuring angles would suggest that the direction in the frontal plane of the X-axis
would be labeled as ○. If a vector measurement inferior to that was perhaps ○ and one superior to the X-axis was
○, the mean value would certainly not be ○ but ○. In other words, ○ would be converted to −○ before cal-
culating the mean value. Alternative methods for dealing with angular data were elaborated many years ago by Downs
et al. [].
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An example of a skewed distribution where there is a long tail of measurements at the upper end of the distribution. The

figure shows a histogram of Qwave duration in lead Y in a group of  patients with proven inferior myocardial infarction. A

total number of  patients with no Q waves in lead Y are excluded from the calculation of the mean.
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Effect of age and sex onmean R wave amplitude in lead X and mean S wave amplitude in lead Z.

.. Results: Scalar Data

... Wave Amplitudes and Durations

The relevant tables of normal limits of PQRST amplitudes and durations in the derived leads X, Y, and Z are presented in
Appendix A. Again, it can be confirmed that the effects of age and sex on the amplitudes of waveforms are significant.
This can be seen in > Fig. . where the mean S wave amplitude in lead Z is presented.
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The upper limit of normal SX amplitude in children from birth to adolescence.

Here the amplitude in young males is significantly higher than in young females, although the difference diminishes
as age increases.These findings are similar to measurements of the S wave in V.The effect is not somarked for the mean
R wave in lead X, which is also shown in the same figure.

In contrast, durations tended to show little difference between different age and sex groups with the excep-
tion of the QRS duration, which, as is well known, is approximately ms longer in males than in females although
strangely almost no cognizance is taken of this in any diagnostic criteria. This point is discussed in > Chap.  (see
> Sect. ..).

... Pediatric Data

It goes without saying that dramatic changes in pediatric measurements can be seen from birth onward. Again,
appropriate tables are presented in Appendix B. As an example, the upper limit of normal S wave amplitude in lead X is
shown in>Fig. ..There is a rapid decrease in SX amplitude in the first year of life corresponding to a counterclockwise
shift of the maximum frontal plane QRS vector.

... Comparative Vectorcardiography

Yang and Macfarlane [] reported on a comparison of the -lead vectorcardiogram in apparently healthy Caucasians
and Chinese. To the database of , Caucasians,  Chinese were added giving a total of , individuals whose
vectorcardiograms were derived from the conventional -ead ECG.

The trend of the influence of age and sex on the magnitude and direction of the derived QRS and T vectors was found
to be similar in both cases. In the younger age groups, the magnitude of the maximal spatial vector was essentially greater
in Caucasians than in Chinese while in the older age groups over , the reverse was the case. This was a somewhat
surprising finding for which there is no clear explanation. > Figures . and > . show a comparison between the
QRS and T vectormagnitude in both races. It can be seen that it is essential to include the effect of age, sex, and race when
interpreting -lead vectorcardiographic appearances.
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Mean magnitude of the maximal QRS vector amplitude in Caucasians and Chinese.
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Mean magnitude of the maximal T vector amplitude in Caucasians and Chinese.

.. Results: Vector Data

... P Loops

In the infant, the P loop tends to be directed vertically at birth but it soon rotates superiorly in the frontal plane and
remains around ○. In the transverse plane, the P loop in children at birth is approximately –○ and subsequently
shifts a little toward the adult value of around ○. Sex differences between the mean P wave vector in the transverse plane
are significant with the mean direction for males being ○ and for females ○ (Draper et al. [], Nemati et al. []).
It should be noted that the results obtained by these authors were derived using the Frank system.

... QRS Loops

There is, of course, a considerable change from birth to adulthood in the QRS loop in the -lead vectorcardiogram.
> Figure . shows a -lead QRS loop from a neonate where the maximum QRS vector is oriented around ○ in
the frontal plane. On the other hand, in the normal adult QRS in the frontal plane, > Fig. ., the QRS loop is ori-
ented at around ○. In general terms, in the frontal plane, the QRS loop is in the vast majority of cases inscribed in a
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-lead QRS and T loops from a healthy neonate.

clockwise direction in the infant. In the adult, the frontal plane loop can be inscribed either in a clockwise or counter-
clockwise direction, although the clockwise loop tends to predominate again. In the transverse plane, in the neonate,
the inscription around birth is % clockwise and % counterclockwise but soon changes to being almost totally coun-
terclockwise as it is in the normal adult. A figure-of-eight loop can be found in –% of children up to  months
of age using the Frank system [] although our own -lead data suggest a lower incidence. > Table . shows the
results derived from the Glasgow data in respect of direction of inscription of the QRS loops in the frontal and transverse
planes.

... Left Axis Deviation

It may seem superfluous to consider a discussion on left axis deviation but the normal range of the maximumQRS vector
in the frontal plane is, indeed, quite different in the -lead vectorcardiogram from that in the standard -lead ECG.
A full list of ranges is given in Appendix .

It can be seen that in healthy females, for example, the maximum QRS vector is never superior to ○. In males, this
seems to occur in a few individuals in the – years age group but, by and large, the vast majority of individuals have
a maximumQRS vector inferior to ○. This observation suggests the following criteria:

Borderline/left axis deviation: ○ → −○ (○ → ○)
Left axis deviation: −○ → −○ (○ → ○)
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-lead QRS and T loops from a healthy adult.

⊡ Table .

Direction of inscription of the QRS vector loop in transverse and frontal

planes expressed as a percentage from , adult Caucasian normals

(CCW; Counterclockwise Rotation, CW; Clockwise Rotation)

Planes CCW Figure of  CW

Transverse Male . . .

Female . . .

Frontal Male . . .

Female . . .
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... Right Axis Deviation

The tables in Appendix  indicate that with the exception of young males < years of age, the normal maximum QRS
vector in the frontal plane is always <○. This indication is considerably different from the normal frontal plane vector
calculated from the -lead ECG. It does suggest the use of the following criteria:

Borderline right axis deviation:
Females and (males >  years) ○ → ○

Males <  years ○ → ○

Right axis deviation:
Females and (males >  years) > ○

Males <  years > ○

... T Loops

From > Figs. . and > . discussed above, the direction of the maximum T vector in the frontal and transverse
planes can be seen for the average newborn and the average adult. It follows that there is a gradual change of T vector
orientation from one position to another with increasing age. Details of some T vector measurements can be found in
the Appendices.

. Hypertrophy

.. Introduction

... What is Hypertrophy?

Electrocardiographers tend to report the pattern of increased voltage in the lateral leads together with accompanying
ST-T changes as left ventricular hypertrophy (LVH). The advent of echocardiography as well as cardiac catheterization
hasmeant that the variety of pathologies, which constitute the generic term “hypertrophy” is now better known. In general
terms, hypertrophy can be taken tomean an increase inmass. All four chambers of the heart can demonstrate hypertrophy
or enlargement either in isolation or in combination. Enlargement is a term that is perhaps more associated with an
increase in volume whereas hypertrophy strictly may relate to an increase in muscle mass.

The subdivision of different types of hypertrophy is essentially based around left ventricular geometry. Where there is
an overall increase in mass with a dominant increase in muscle thickness without an increase in cavity volume, the term
concentric hypertrophy is used.Where there is an increase in mass predominantly due to an increase in volume, the term
eccentric hypertrophy is used.

Huwez, Pringle, and Macfarlane [] have introduced a new classification for hypertrophy on the basis of mass and
volume.The different types and the criteria are given in > Table .. A salutary lesson from that study was that a patient
with apparently normalmass and volume could demonstrate the ECG changes of LVH described above. In addition, both
concentric and eccentric hypertrophy could produce similar ECG changes or none at all.

Notwithstanding the above, the remainder of this chapter is generally concerned with the classical description of
vectorcardiographic changes accompanying hypertrophy.

... Effects of Age, Sex and Race

It will be apparent from the previous > Sect. . on normal ranges, that QRS voltage in some leads such as X and Z
increases with age until early adulthood and then decreases again. Likewise, it has also been shown that, in many cases,
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⊡ Table .

Left ventricular geometry classification

Left ventricular

Mass Volume Type

Normal Normal Normal

Normal Increased Isolated left ventricular volume overload

Increased Normal Concentric LVH

Increased Increased Eccentric LVH

sex differences particularly with respect to voltage can be demonstrated in vectorcardiographic parameters. Similar effects
can be seen within different races.

All these observations suggest that the criteria for ventricular hypertrophy have to be based on a knowledge of all of
these three variables.

... Value of Vectorcardiography

It goes without saying that the echocardiogram gives a detailed picture of left ventricular geometry. On the other hand, it
is the ECG that may demonstrate secondary ST-T changes, which are well known to be associated with a poor prognosis
[, ]. If a reasonable specificity of % is desired, then the best ECG criteria should have a sensitivity around %. Data
such as these vary from one study to another depending on the gold standard, whichmay be postmortemweights, on the
one hand, or echocardiographic measurements, on the other. The reader should therefore be aware, from the outset, that
the vectorcardiographic diagnosis of LVH is somewhat insensitive.

.. Atrial Enlargement

In the normal -lead vectorcardiogram, the P wave may exhibit two distinct components, which probably result from
asynchronous depolarization of the left and right atrium. In this event, the bifid nature of the P wave is best seen in the
inferior lead Y. In view of the fact that normal atrial depolarization commences in the right atrium before spreading
to the left atrium, it follows that the first component is due to right atrial excitation and the second due to left atrial
excitation.

... Right Atrial Enlargement

One of the manifestations of right atrial enlargement is a P wave in the inferior lead Y with an amplitude > .mV. As
this abnormality not infrequently occurs in respiratory disorders, it is sometimes called P pulmonale (> Fig. .).
Occasionally, PY may be of normal amplitude but there may be a prominent PZ > .mV on account of right atrial
enlargement.

Chou and Helm [] have pointed out that the P-wave changes in the inferior lead Y occasionally resemble P pul-
monale when there are no clinical findings to support such a diagnosis. The cause of the abnormal P wave may be left
atrial hypertrophy and the term “pseudo P pulmonale” is used to describe such a phenomenon. Clearly, this diagnosis
should be made on the basis of the clinical findings taken in conjunction with the ECG appearances. The normal ranges
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Normal P loops (left) and an example of combined atrial enlargement (right).

of the projections of the maximum P vector on to the three planes are so wide that little diagnostic advantage can be
gained from a study of these parameters in respect of right atrial enlargement.

... Left Atrial Enlargement

When left atrial enlargement occurs, several abnormalities may result. First, the P-wave duration may be increased
beyond ms. Second, bifid or M-shaped P waves of greater than normal duration may be found in the inferior
lead Y and this pattern is often referred to as P mitrale because of its common association with mitral stenosis. From
the vectorcardiographic point of view, enlargement of the left atrium may also cause an increase in the left atrial
vectors, which in turn produce a rotation of the terminal portion of the P-wave vector posteriorly and to the left
(> Fig. .). Thus, the terminal component of the scalar P wave in lead Z can be increased in negativity and in
duration.
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ThemaximumP vector amplitudemay be increased but the normal range of P-vector orientation is so wide as to be of
little value. On occasions, the maximum P-vector magnitude may exceed .mVwhen the individual scalar components
are within normal. In this case, left atrial enlargement is the most likely cause.

... Combined Atrial Enlargement

In general terms, a combination of the individual criteria for left and right atrial enlargement when present would be
suggestive of combined atrial enlargement (> Fig. .).

.. Left Ventricular Hypertrophy

... Diagnostic Criteria

When LVH or left ventricular enlargement produces alterations in QRSmorphology, these relate generally to an increase
in QRS vector amplitude. On occasions, the maximumQRS vector will be rotated posteriorly and this is seen best in the
transverse plane where the resultant effect is to produce an increase in the amplitude of SZ. Consideration of the basic
principles of vectorcardiography indicates that if a vectorcardiographic loop rotates posteriorly increasing SZ, then RX

would decrease simultaneously. Thus, one of the commonly used vectorcardiographic criteria is based on RX + SZ. The
data from the , patients in the Glasgow database suggest that the upper limit of RX + SZ = .mV for males over 
years of age. It is, however, possible to express the upper limit of normal for males as a continuous age dependent equation
as follows:

RX + SZ = [ :  − .age (months)] μV
Similar equations apply for women and for other races.

The typical vectorcardiographic appearances in LVH are shown in > Fig. .. In this case, there is increased mag-
nitude of the QRS vector, which is more posteriorly oriented than the mean maximum QRS vector in normals in the
transverse plane while the T loop is oppositely directed to the QRS loop.This is equivalent to the secondary ST-T pattern
in the lateral leads.

It should be noted that the individual component amplitudes of the scalar leads may be normal while the resultant
vector amplitude can be abnormal. For example, if the amplitude of RX is .mV and, at the same instant, RY is .mV
(although corresponding peak amplitudes might be a little higher), it follows that the amplitude of the maximum QRS
vector would be

.mV = √(. + . + .)mV
Each of the scalar amplitudes is within the normal range for a -year-old male, but the vector magnitude is outside
normal (see Appendix A).

Various types of QRS loop may be seen in the vectorcardiogram. These are best differentiated by appearances in the
transverse plane. Type I may simply resemble a normal QRS loop but be of increased magnitude. In Type II, there is a
rotation of the projection of the maximum QRS vector posteriorly beyond ○ in the transverse plane (> Fig. .),
possibly with a normal QRS voltage.

It is not common, however, to find an abnormal orientation of the QRS vector loop in LVH without voltage evidence
in addition. In Type III, where LVH is very marked, there may be a figure-of-eight loop in the transverse plane with the
distal part of the loop inscribed in a clockwise direction (> Fig. .). In Type IV, there may be slightly increased QRS
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An example of left ventricular hypertrophy (LVH) Type I. Note the increased magnitude of the QRS loops best seen in the

transverse plane where the T loop is essentially oppositely directed to the QRS loop.

duration, and an abnormally large QRS maximum vector, but the rate of inscription of the loop is slower than normal as
manifested by the closeness of the dots. This pattern is sometimes called “incomplete left bundle branch block (LBBB)”
that often accompanies LVH.

Reference has already been made to secondary STT changes (> Fig. .) sometimes called left ventricular strain
or overload pattern. In a series of patients [], it was found that this pattern of ST depression with asymmetric T wave



   Lead Vectorcardiography

II

I

III

aVR

aVL

aVF

V1

V2

V3

Z

X

X

Y

Y

4 ms Interval
20 ms vector

1 mV

V4

T

F

LS

V5

V6

⊡ Figure .

An example of LVH Type II. Note that the maximumQRS vector in the transverse plane is posterior to ○.
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An example of LVH Type III. In this case, a figure-of-eight loop can be seen clearly in the transverse plane while themaximum

QRS vector exceeds mV.

inversion was % sensitive for LVH. Thus, even in the absence of high voltage, this ECG finding in the scalar lead X
should be regarded as a pointer toward the diagnosis of LVH.

One further point can be made concerning the vectorcardiographic appearances in severe LVH. It can happen that
the initial QRS vectors are directed posteriorly, that is, there is a Q wave in the anteroseptal lead Z or V. This makes the
differential diagnosis of anteroseptal infarction from LVH difficult unless the clinical picture is relatively clear-cut. For
example,> Fig. . shows such a pattern in a -year-old male with hypertension and aortic stenosis and insufficiency.
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A -leadECGandvectorcardiogramrecorded froma -year-oldmalewithhypertensionandaortic stenosis and insufficiency.

Note that the initial QRS vectors are directed posteriorly, that is, there is a Q wave in lead Z. Other typical features of LVH can

also be seen.
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The reasons for the presence of the Q wave are not fully understood although many hypotheses have been put forward.
Possibly on account of there being three areas of initial activation in the left ventricle, the concept of the genesis of the
Q wave may be revised. It could be postulated that the electrical activation of the area of the left ventricle adjacent to
the posterior wall, which is among the first to be depolarized, predominates on account of left ventricular wall thickness,
thereby leading to initial QRS forces oriented posteriorly producing a Q wave in the anteroseptal lead.

The other criteria that point to LVH include left axis deviation, which, in the vectorcardiogram, is a QRS axis superior
to ○ in the frontal plane. Indeed, apart from the specific criteria of increased vector magnitude and posteriorly rotated
maximum QRS vector orientation, other criteria mirror those for the conventional l-lead ECG, for example, a delayed
intrinsicoid deflection in lead X and increased P terminal force in lead Z.

... Bundle Branch Block and LVH

The diagnosis of LVH from an ECG that shows bundle branch block is controversial. Some authors have claimed it is
possible to make such a diagnosis while others have noted in various series that in the presence of LBBB, LVH is always
found. Thus, no specific criteria for the diagnosis of LVH and LBBB are presented here. However, one or two points can
be made.

As will be seen in > Sect. ., the vectorcardiographic appearances in LBBB are characteristic in having a narrow
QRS loop in the transverse plane. If the scalar lead appears to have the LBBB pattern with a tall RX but does not have the
narrow bundle branch block loop, then LVH could be considered as a possible cause (incomplete LBBB/LVH pattern).

.. Right Ventricular Hypertrophy

Increased right ventricular excitation forces or increased right ventricular volume can produce varying ECG patterns
depending on the time of the occurrence of the abnormal electrical activity compared to that of the left ventricle. Hyper-
trophy of the free wall of the right ventricle will produce abnormal anterior forces in early ventricular depolarization
whereas basal hypertrophy will produce abnormal posterior forces late in ventricular depolarization. In the vectorcar-
diogram, there are essentially two presentations of right ventricular hypertrophy (RVH), namely, a prominent R wave in
lead Z and a deep S wave in lead X. The presence of these abnormalities either singly or together produces four patterns
of RVH or enlargement.These are as follows.

... RVH: Type A

Type A RVH is manifested as an increase in the ratio of anterior/posterior forces in the transverse plane with counter-
clockwise inscription of theQRS loop (> Fig. .). Often the abnormalQRS loopmay have a T loop directed posteriorly
corresponding to the secondary ST–T abnormalities sometimes seen in V and V.

One criterion of value in Type A is the projection of the maximum QRS vector onto the transverse plane >○.
Occasionally, this may be present when voltage and ratio measurements in the anteroseptal leads are normal.

... RVH: Type B

One of the major advantages of the vectorcardiogram is preservation of the timing relationships between the different
scalar leads.Thus, while two different scalar patterns may have similar appearances, the vectorcardiogram can be normal
in one and abnormal in another. This is often apparent in Type B RVH. In this case, the QRS loop in the transverse plane



   Lead Vectorcardiography

II

V1

V2

V3

V4

V5

V6

T

F

LS

I

III

aVR

aVL

aVF

X

X

–Z

–Z

Y

Y

4 ms Interval
20 ms vector

1 mV

⊡ Figure .

An example of right ventricular hypertrophy (RVH) Type A where there is a marked increase in anteriorly directed forces as

seen in the transverse plane.

initially has normal counterclockwise inscription, but the second part of the loop is deviated anteriorly so that the net
effect is to have a loop with clockwise or figure-of-eight inscription in the transverse plane (> Fig. .).

... RVH: Type C

The third type of RVH is manifested as an abnormal transverse plane vectorcardiographic loop that is normally
counterclockwise inscribed with the maximum QRS vector being oriented posteriorly and to the right (> Fig. .).
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An example of RVH Type B where there is a figure-of-eight loop in the transverse plane in which all forces are seen to be

anteriorly oriented. Note the late rightward-directed forces corresponding to the deep S wave in lead I.

This pattern is most often found in patients with chronic respiratory disease and therefore may be accompanied by P
pulmonale. However, some patients with mitral stenosis also exhibit such findings. It is thought that the posterior right-
ward displacement of the QRS vector is due to hypertrophy of the basal portion of the right ventricle. Secondary ST-T
changes can also be found in this pattern. The abnormal rightward forces also translate into right axis deviation in the
frontal plane.

... RVH: Type D

In the more severe forms of RVH, as may occur in certain forms of congenital heart disease the main QRS vector may
be directed abnormally not only to the anterior but also to the right with clockwise inscription of QRS in the transverse
plane (> Fig. .).
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An example of RVH Type C. In this case, there is a large posterior and rightward-directed force in the later part of QRS.

.. Combined Ventricular Hypertrophy

It has been claimed that in most cases of LVH there is an accompanying RVH []. The vectorcardiographic diagnosis
of biventricular hypertrophy is mainly based on finding features of both LVH and RVH separately. For example, if the
transverse QRS loop is directed posteriorly and has an increased magnitude with the T loop oppositely directed, as in
secondary changes of LVH, and the frontal QRS vector is oriented around ○, then combined ventricular hypertrophy
should be considered.

.. Pediatric Vectorcardiography

The various forms of congenital heart disease can produce a variety of vectorcardiographic patterns that can be extremely
difficult to interpret. A few patterns are pathognomonic of rare forms of congenital heart disease but in any event, the
report must remain an ECG interpretation. In other words, no attempt should be made to infer the anatomy of the
congenital lesion in the majority of cases. Brohet [] has reviewed the advantages of vectorcardiography in congenital
heart disease.



 Lead Vectorcardiography  

I

II

III

aVR

aVL

aVF V6

V5

V4

V3

V2

V1

–z
T

x

x

–z

LS

F

Y

4 ms interval
20 ms vector

1 mV
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An example of RVH Type D where the QRS loop in the transverse plane is clearly abnormal, being inscribed in a clockwise

direction and lying almost entirely to the right. Marked right axis deviation can also be seen in the frontal plane loop.

. Myocardial Infarction

.. Introduction

... Theoretical Considerations

A myocardial infarction is death of myocardial tissue as a result of insufficient blood supply, that is, due to a stenosis or
occlusion of a coronary artery. An infarcted area is electrically inert and distorts the normal spread of excitation. The net
effect is that the electrical forces, which are influenced by the “dead zone” or infarct vector, are directed away from the
area of myocardial infarction.This is in contrast with hypertrophy that produces electrical forces directed toward the area
of increased ventricular mass.

... Anatomical Definitions

There is a lack of unanimity in describing myocardial infarction. In , the American College of Cardiology Conference
on Optimal Electrocardiography described myocardial infarction in terms of Q waves seen in the various leads of the
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-lead ECG []. This has resulted in terms such as septal, anteroseptal, and anterior infarction being used. However,
there is still no consensus regarding the localization of an infarction among electrocardiographers.

Radiological or echocardiographic techniques can also be used to detect and localize amyocardial infarction. In coro-
nary angiography, it is not the infarcted area per se that is detected but the stenosis or occlusion of the coronary artery that
caused the myocardial infarction. An infarcted area causes abnormalities in the ventricular contraction pattern, which
can usually be detected in a left ventriculogram or in an echocardiogram. The techniques described above show differ-
ent aspects of the same disease. Differences in the position and orientation of the heart and a variation in the anatomy
of the coronary arteries have varying influence on these techniques. Therefore, the correlations between electrocardio-
graphic changes, abnormalities of ventricular contraction, and the degree of stenosis in relevant coronary arteries are not
excellent.This should be borne in mind when comparing different techniques for the diagnosis of myocardial infarction.

Notwithstanding any of the above, in very general terms, occlusion of a left anterior descending coronary artery or
a left main stem artery is likely to produce an infarct predominantly in the anterior (anteroseptal/anterosuperior) wall
of the heart. An occlusion in the right coronary artery will generally produce an inferior myocardial infarction while
occlusion of the left circumflex produces a lateral or posterolateral/inferior myocardial infarction.

.. The -Lead Vectorcardiogram inMyocardial Infarction

... Anterior Infarction

In keeping with the concept of the dead zone or infarct vector, an anterior myocardial infarction will result in slightly
increased posteriorly directed electromotive forces and a reduction, if not an absence, of anteriorly directed forces in the
early part of ventricular depolarization. In -lead ECG terminology, this corresponds to a QS complex in V.The corre-
sponding vectorcardiographic appearances are shown in> Fig. .. Here it can be seen that there is no electrical activity
in the left anterior quadrant of the transverse plane vectorcardiogram. This type of clear-cut myocardial infarction, from
an electrocardiographic point of view, is generally well delineated on the -lead ECG. Of more interest is the situation
where the -lead ECG may be somewhat equivocal with low R waves in the anterior leads but the vectorcardiogram
shows other features that are suggestive of myocardial infarction. In the transverse plane, common vectorcardiographic
criteria for anterior myocardial infarction are listed in > Table ..

> Figure . gives an example of a QRS loop where there are initial anteriorly directed forces but the ms QRS
vector is posterior to ○. > Figure . shows a different form of vectorcardiographic change where there is an initial
counterclockwise inscription leading to a bite in the vectorcardiographic loop (see > Sect. ...). > Figure .
illustrates a case of anterior myocardial infarction where the area of the QRS loop in the left anterior quadrant <%.
... Anterior Myocardial Infarction Versus LVH

In cases of severe LVH, the vectorcardiographic loop may also resemble anterior myocardial infarction. In many cases,
the difference between the two can clearly be separated on non-electrocardiographic considerations, clearly including
the clinical history. If the QRS loop and T loop are oppositely directed in the transverse plane with lack of QRS electrical
activity anteriorly, the higher probability is that appearances are due to LVH (> Fig. .).

Of course, both abnormalities can be present simultaneously in an individual and this is more likely to be the case if
the QRS–T angle is approximately ○. A T vector directed posteriorly to the right suggests an ischemic component to
the abnormality as isolated LVH would rarely produce a T vector so oriented.

... Inferior Myocardial Infarction

The dead zone or infarct vector concept suggests that in inferior myocardial infarction there is an increase of electrical
force superiorly. In turn, this produces a loss of inferiorly directed forces resulting in an initial superiorly directed vec-
torcardiographic loop in the frontal plane. However, as this is not altogether uncommon in normal individuals, the point
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The classical features of anterior myocardial infarction with a complete absence of anteriorly directed QRS vectors. Note that

the ms vector is also posterior to ○ in the transverse plane.

⊡ Table .

Criteria for anterior myocardial infarction

Any of the following in the transverse QRS loop

Direction of ms vector –○

Loop area in left anterior quadrant <% of the total loop area

An early bite, that is, a clockwise inscription of the loop, with an amplitude >.mV (see > Sect. ...)

of importance is the length of time for which the loop persists in the superior quadrants and the ratio of superiorly
to inferiorly directed forces. Common vectorcardiographic criteria for inferior myocardial infarction are presented in
> Table ..

In addition to the superiorly directed forces having a duration >ms, the concept of X-intercept needs to be intro-
duced. This is illustrated in > Fig. .. The X-intercept is the point at which a clockwise-inscribed frontal plane loop



   Lead Vectorcardiography

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

T

F

LS

–z

x

x

Y

–z

Y
4 ms interval
20 ms vector

1 mV

⊡ Figure .

An example of anterior myocardial infarction where the initial QRS forces are anteriorly directed for a little over ms but

where the ms vector is just posterior to ○.

first crosses the X-axis. In a sense, it is clear that the longer the QRS loop remains superior to the X-axis, the greater the
probability that the X-intercept will exceed .mV.Thus, in some ways, there is a correlation between this parameter and
a superior duration >ms. > Figure . gives an example of a vectorcardiographic frontal plane loop where all the
criteria are met.

Analogous to the situation of low R waves in anterior leads consistent with myocardial infarction, it is possible that
there can be very low amplitude R waves in the inferior lead Y in the presence of inferior infarction, that is, there is a very
short inferiorly directed initial activation in the frontal plane. If the initial vector of activation is directed inferiorly and
rightward followed by clockwise inscription, then the criteria of X-intercept >.mV and a superior/inferior amplitude
ratio >. can often be met.

... Inferior Myocardial Infarction Versus Left Anterior Fascicular Block

Often a common feature of the inferior myocardial infarction and left anterior fascicular block is the superior orien-
tation of the frontal plane QRS vector loop. However, the left anterior fascicular block is always accompanied by a
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Anterior myocardial infarction proven by diagnostic cardiac catheterization in a -year-old male. Note the early bite in the

QRS loop in the transverse plane.

counterclockwise inscription of the QRS loop whereas the inferior myocardial infarction invariably has a clockwise
inscription of the QRS loop. A comparative example is shown in > Fig. .. It is also the case that in left anterior
fascicular block, the QRS axis is generally more superiorly directed than in inferior myocardial infarction.

... Posterior Myocardial Infarction

The theory of the dead zone or infarct vector applied to an infarction of the posterior wall of the heart indicates that
there will be an increase in anteriorly directed electrical forces. The diagnosis of posterior myocardial infarction is again
difficult, purely from an electrocardiographic standpoint. There may, of course, be other clinical factors that suggest a
myocardial infarction which, taken together with the relevant vectorcardiographic changes, could point to infarction of
the posterior wall.

The increase in anterior forces is reflected in an increased duration of the anteriorly directed forces in the trans-
verse plane. In addition, the amplitude ratio of the anteriorly/posteriorly directed forces exceeds . Finally, the area
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Anterior myocardial infarction proven by diagnostic cardiac catheterization in a -year-old male. Note the QRS loop area in

the left anterior quadrant is almost % of the total QRS loop area.

⊡ Table .

Criteria for inferior myocardial infarction

All of the following in the frontal QRS loop

An initial superior inscription >ms

A superior amplitude >.mV

A superior/inferior amplitude ratio >.
An X-axis intercept >.mV

in the left anterior quadrant of the transverse plane exceeds % of the total QRS loop area (> Fig. .). Common
vectorcardiographic criteria for posterior myocardial infarction are presented in > Table ..

The other typical feature of posterior myocardial infarction is an increase in T vector amplitude. This may well
correspond to a T vector oriented in the direction of –○ in the transverse plane.
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Frontal plane QRS loop showing the X-intercept.
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Vectorcardiogram of inferior myocardial infarctionmeeting the criteria of> Table ..
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Left panel shows inferior myocardial infarction; right panel shows left anterior fascicular block.

... Posterior Myocardial Infarction Versus RVH

The features of RVH have been discussed in> Sect. ..The Type A vectorcardiographic loop is not too dissimilar from
that of posterior myocardial infarction and therefore the differentiation between the two is difficult. However, the criteria
of anteriorly directed forces exceeding ms is more likely to be met in a case of posterior myocardial infarction than in
RVH. Also, the T vector loop is more likely to be anteriorly directed in posterior infarction than in RVH.

Another factor that influences the situation is that an inferior or even lateral myocardial infarction, which extends
toward the posterior wall of the heart, mayproduce, in addition, an increase in anteriorly directed forces. In that situation,
a report of “increased anterior forces probably reflecting inferior/posterior myocardial infarction” is more likely to be
correct than one which suggests that there is RVH in addition to inferior infarction, for example.

... Anterolateral Myocardial Infarction

The effect of a lateral wall myocardial infarction is to produce an initial electrical force which is directed in the range
–○ in the transverse plane.This is the principal requirement for the diagnosis of anterolateralmyocardial infarction,
an example of which is shown in > Fig. .. Isolated anterolateral infarction is uncommon and more often than not,
the changes are associated with an anterior rather than a purely anterolateral myocardial infarction.
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Inferiormyocardial infarctionwith posteriorwall involvement. Note that the area of theQRS loop in the left anterior quadrant

exceeds % of the total QRS loop area. The X-intercept also greatly exceeds .mV.

⊡ Table .

Criteria for posterior myocardial infarction

The QRS loop in the transverse plane shows:

an initial anteriorly directed loop >ms

an anterior/posterior amplitude ratio >
a loop area in left anterior quadrant >% of the total loop area
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Vectorcardiographic example of anterolateral myocardial infarction. Note that in the transverse plane, the initial electrical

forces are directed posteriorly to the right and that the inscription of themain body of this loop is clockwise. It should also be

noted that there are no Qwaves in the precordial leads of the -lead ECG.

... Bites

The concept of a vectorcardiographic bite was mentioned earlier in this chapter. This is best explained by reference to
> Fig. ., where a comparison is made between a normal transverse plane vectorcardiogram and one exhibiting a
bite, that is, an indentation of the QRS loop, which often amounts to a reversal of the direction of inscription of the
loop. For example, the normal QRS loop in the transverse plane has a constant counterclockwise inscription whereas
the loop with a bite has an inscription that is initially counterclockwise, then changes to clockwise before returning to
counterclockwise inscription. It is suggested that the amount of deviation of the bite from the normal loop gives an
indication of the size of infarcted area. Considerable work was done in this area by Selvester and Sanmarco [] with
modeling studies and, indeed, a nomogram was produced, which linked the duration of the bite with the magnitude of
the difference between the normal vectorcardiographic loop and the abnormal vectorcardiographic loop (> Fig. .).
The nomogram allows calculation of an estimate of the percentage of myocardium that is damaged and in turn, an
estimate of the ejection fraction of the left ventricle. Selvester et al. [] also provided data on the occurrence of bites
in diabetic patients. Edenbrandt et al. recently [] developed a computer-assisted method for measuring the size of
vectorcardiographic bites.
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Vectorcardiographic loops in the transverse plane. The left loop shows an early bite whereas the right loop has a normal

inscription.
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Nomogram for predicting infarct size from deformities in the Frank vectorcardiogram. The amplitude and duration of the

deformity are transferred to the left side and right side of the nomogram, respectively. A line is then constructed through

these two points and the points where it crosses the lines in the center are used to determine the angiographic percentage

of left ventricle involved and the ejection fraction.

. Conduction Defects

.. Introduction

It is certainly the case that conduction defects may be thought rather straightforward to diagnose from the -lead ECG.
On the other hand, there are borderline situations where there can be doubt as to whether a QRS duration is prolonged.
Indeed, it has gone almost unrecognized for many years that the normal mean QRS duration for males is almost ms
longer than for females in the – year age group (. versus .ms) although as age increases the difference tends to
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decrease (. versus .ms at  years and over) []. Notwithstanding, there are few if any diagnostic criteria that take
cognizance of this fact.

One of the advantages of vectorcardiography is that conduction defects can be seen on the vectorcardiographic loop
display as a slowing of the inscription of the loop, that is, the loopmarkers appear closer together.There are other features
sometimes pathognomonic of particular defects, as will be seen later in this chapter.

... Conduction System

The heart muscle consists of three types of tissue – automatic, specialized conducting, and contractile tissue.The process
of depolarization is common to all three tissues but only the automatic and specialized conducting tissues have the ability
to depolarize spontaneously.

In the human heart (> Fig. .), the automatic tissue is concentrated mainly at the sinoatrial (SA) node. In the
normal sequence of electrical events, an electrical impulse arising in the SA node, travels through the right atrium to
the atrioventricular (AV) node and thereafter spreads into the ventricles via the specialized conducting tissue in the
bundle of His.

Invasive recording of the signals in the atria and in particular in the area of the AV node has led to a much greater
understanding of certain types of conduction defects but in particular, this approach has been of most value in the assess-
ment of cardiac arrhythmias. On the other hand, this chapter is concerned more with abnormalities of conduction in the
bundle of His and its various branches.

As seen in > Fig. ., the bundle of His divides at the base of the septum into the right bundle branch and the left
bundle branch. The latter has been shown to divide into a variety of different forms, common to all of which are the left
anterior and left posterior fascicles. Demoulin and Kulbertus [] showed many years ago that there was often a third
fascicle, which they called “the centroseptal fascicle.”

Under normal circumstances, ventricular depolarization occurs first in the left ventricle, particularly on the left side of
the septum, and then spreads to the free wall of the left ventricle. At the same time, shortly after left ventricular activation
commences, the right ventricular excitation also starts. However, it is important to appreciate that the normal sequence
of depolarization in the ventricles is from the left to the right side of the septum.

For completeness, it should be said that excitation in general terms spreads from the endocardium to the epicardium
and from the apex to the base. In addition, ventricular repolarization takes place from the epicardium to the endocardium,
giving rise to a normal upright T wave in the majority of precordial leads as well as most frontal plane leads with the
exception of aVR. In the -lead vectorcardiogram, the T wave is normally upright in leads X, Y, and Z.

AV-node

Bundle of His

Left anterior
fascicle

Left posterior
fascicle

Right
bundle
branch

⊡ Figure .

Conduction system of the human heart.
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.. Bundle Branch Block

... Left Bundle Branch Block

When the normal conduction to the left ventricle is prevented by a block in the left bundle branch, the excitationwavefront
has to find an alternative pathway via normal cardiac muscle. A major consequence of this is naturally an increase in the
time taken to depolarize the ventricles and hence, there is an increase in the QRS duration.

Because of the block in the left bundle branch above its division into the various fascicles, septal activation begins
on the right side and progresses from the right to left. Thus, in the -lead vectorcardiogram in left bundle branch block
(LBBB), there is frequently no primary R wave in lead Z and almost always, an absence of a Q wave in the anterolateral
lead X. Right ventricular depolarization is virtually complete before the excitation waves later spread unopposed round
both anterior and posterior walls of the left ventricle to meet at the lateral wall [].

From a vectorcardiographic point of view, the initial QRS forces are therefore directed posteriorly and to the left.
Commonly, the maximum QRS vector is also similarly directed posteriorly to the left and inferiorly. The vectorcardio-
graphic appearances of LBBB are as shown in > Fig. .. These are quite distinctive with generally a long narrow QRS
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⊡ Figure .

An example of left bundle branch block (LBBB). Note the closely spaced time-markers and the narrowness of the QRS loop

particularly in the transverse plane. Also, it should be noted that the maximumQRS and T vectors are oppositely directed.
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⊡ Table .

Vectorcardiographic criteria for left bundle branch block (LBBB)

A maximumQRS vector directed oppositely to the T vector

An elongated or occasionally figure-of-eight loop in the transverse plane with minimal breadth

The main body of the loop is usually inscribed in a clockwise direction in the transverse plane

The timing markers are much closer together than in the normal vectorcardiographic loop

loop in the transverse plane with the T loop being oppositely directed. This corresponds to T wave inversion in lead X.
It does also suggest that ventricular repolarization takes place in a sequence parallel to that of depolarization in view of
the abnormally slow spread of the ventricular activation wave fronts. The characteristic vectorcardiographic features of
LBBB are shown in > Table ..

... Incomplete Left Bundle Branch Block

The concept of incomplete LBBB is perhaps more difficult to explain. It has been suggested that the progression of excita-
tion via the left bundle branch is slower than normal although there is not a complete block. Initial septal activation will,
therefore, be on the right side of the septum. From the vectorcardiographic point of view, the QRS loop is again elongated
and narrow as in complete LBBB but the overall QRS duration is of the order of –ms.The remaining markers may
also be a little closer than normal. An illustration is given in > Fig. ..

Often this pattern is associated with a slightly increased voltage and T wave abnormalities in the lateral leads, that is,
a T vector loop almost oppositely directed to the QRS loop. This has given rise to the expression “incomplete LBBB/LVH
pattern.” It is possible that patients with hypertensive heart disease, for example, and LVH, exhibit fibrosis, which
progresses to the extent that the conduction system becomes impaired resulting in the above described abnormalities.

... Right Bundle Branch Block

In complete right bundle branch block (RBBB), there is a block in the conduction system in the right bundle branch
below its junction with the bundle of His. Thus, left ventricular activation commences normally so that RBBB always
manifests itself as an abnormality in the terminal part of the QRS complex. This allows other abnormalities such as
myocardial infarction to be reported with reasonable confidence in the presence of RBBB.

Because of the normal left ventricular activation, appearances in RBBB show normal initial depolarization. After the
greater part of the left ventricle has been depolarized, the delayed excitation wave has spread to the free wall of the right
ventricle so that there is an electrically unopposed (but delayed) right ventricular depolarization. This action results in
the terminal portion of the QRS complex exhibiting electrical forces oriented to the right, anteriorly. In addition, the QRS
duration is abnormally prolonged beyond ms. In the scalar presentation of lead Z there is a broad R′ wave.

The vectorcardiographic loop is shown in > Fig. .. It can be seen that the terminal portion of the QRS loop
shows a marked slowing of the rate of inscription as evidenced by the closeness of the timing markers. The terminal
loop is directed anteriorly, rightward, with quite characteristic features being demonstrated.The major part of the loop is
inscribed in a counterclockwise direction.

... Incomplete Right Bundle Branch Block

There can often be dispute as to whether on a scalar presentation there is, indeed, incomplete RBBB evidenced by the sec-
ondary r′ wave in V, V, or lead Z. It has been suggested that this late QRS activity is due to hypertrophy of the basal
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An example of incomplete LBBB where the QRS loop in the transverse plane is extremely narrow. The time-markers are also

more closely spaced than normal.

portion of the right ventricle although, as it is often seen in younger individuals, it could indeed onoccasions be considered
a normal variant.

From the vectorcardiographic point of view, an incomplete RBBB is manifested as some slowing in the terminal
inscription of the QRS loop seen best in the transverse plane. This portion of the loop will also be oriented anteriorly,
rightward. In this situation, the presentation of a vectorcardiogram has an advantage over the scalar presentation in that
terminal slowing can be seen.

It could be argued, since the normal QRS duration ranges from  to ms, that an incomplete bundle branch
block occurring in a patient who previously had a QRS duration of the order of ms could well result in a rela-
tive prolongation of the QRS duration to ms. Therefore, it should not be essential for conduction defects involving
the right bundle branch in particular to be dependent on criteria which provide discrete time thresholds such as
ms for incomplete RBBB. On the other hand, it is unlikely in the adult that a QRS duration <ms would be
consistent with even an incomplete RBBB. An illustration of the vectorcardiogram in incomplete RBBB is given in
> Fig. ..
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An example of right bundle branch block (RBBB) where the late QRS vectors are directed anteriorly to the right with very

closely spaced time-markers in the loops corresponding to the slowed conduction. Note the terminal slowing of inscription

of the QRS loop.

.. Fascicular Block

In , Pryor and Blount [] suggested that the pure left axis deviation might be due to a block in the superior division
of the left bundle.They termed this abnormality the “Left Superior Intraventricular Block.”They also suggested that right
axis deviation could be caused by a block in the inferior division of the left bundle. It was surmised that the direction of
the initial excitation depended on the nature of the lesion that produced the block, for example, fibrosis or necrosis. Sub-
sequently, Rosenbaum [] set out criteria for conduction defects arising from different parts of the conducting system.
He postulated that localized abnormalities may occur in isolation, intermittently or in association with defects in other
branches of the specialized conducting system. He also introduced the term “hemiblock” to replace “superior” and “infe-
rior” intraventricular block but since there are often more than two specialized conducting fascicles in the left ventricle,
the term is perhaps a misnomer. For this reason, it has been suggested [] that the term “fascicular block” be used.This
terminology will be used in the present discussion.
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Example of incomplete RBBB.

... Left Anterior Fascicular Block

In left anterior fascicular block, it is postulated that a block of the conduction of excitation arises in the anterior fascicle of
the left bundle branch. In this case, ventricular depolarization probably takes place via the other intact fascicles. Excitation
initially spreads inferiorly from the left posterior fascicle and it is feasible that there may also be some septal activation
from another left-sided conducting fascicle such as the centroseptal fascicle.The net result is an initial, inferiorly directed
and sometimes rightward spread of activation. Thereafter, the leftward upward spread of activation from the region of
the left posterior fascicle becomes dominant, causing the ventricular resultant electrical force to be orientated posteriorly
and superiorly producing a prominent S wave in lead Y.

The frontal plane vectorcardiographic loop shows left axis deviation in most cases, that is, the projection of the
maximumQRS vector is superior to ○ and always has counterclockwise inscription [].This enables left anterior fascic-
ular block to be differentiated from other forms of conduction abnormality such as due to inferior myocardial infarction.



   Lead Vectorcardiography

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

–Z

X

X

Y

–Z

Y

4 ms interval
20 ms vector

1 mV

T

F

LS

⊡ Figure .

An example of left anterior fascicular block with counterclockwise inscription of the QRS loop in the frontal plane.

⊡ Table .

Vectorcardiographic criteria for left anterior fascicular block

Initial QRS vectors directed inferiorly and rightward

Counterclockwise inscription in the frontal plane

QRS axis in the frontal plane superior to −○

> Figure . gives an example of left anterior fascicular block while> Fig. . shows how inferior myocardial infarc-
tion can be separated from left anterior fascicular block by the fact that there is clockwise inscription in the frontal
plane in the former. Lopes [] has proposed that the vectorcardiographic criteria for left anterior fascicular block should
include, those listed in > Table ..
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⊡ Figure .

Example of intermittent left posterior fascicular block in the fourth beat.
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Example of RBBB + left anterior fascicular block.
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An example of RBBB plus left posterior fascicular block. Note that the QRS vector in the frontal plane exceeds ○ in this

-year-old male.
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⊡ Figure .

Example of alternans where every second beat shows RBBB plus left posterior fascicular block.
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An example of Wolff–Parkinson–White (WPW) Type A with initial slowing of the inscription of the QRS loop and early QRS

vectors directed anteriorly.

He also suggested that if the major axis of the QRS loop is not directed superiorly, but the late part of the loop lies in
the left superior quadrant, possible left anterior fascicular block may be diagnosed.

... Left Posterior Fascicular Block

It is postulated that if there is a block in the posterior fascicle of the left bundle branch, ventricular activation will proceed
from the anteriorwall of the left ventricle, spreading inferiorly. Right ventricular, and possibly septal activation are normal.
However, the posterior wall of the left ventricle will be depolarized somewhat later than usual so that the excitation waves
spreading anteriorly and inferiorly assume an increased importance in the development of ECG appearances. The QRS
axis, therefore, shifts to the right, producing appearances suggestive of RVH. Often these appearances are best seen in an
intermittent conduction defect in a rhythm strip, for example (> Fig. .). In this example, there is an atrial extrasystole
that shows a change in QRS configuration compared to the dominant complex, namely, an increase in the amplitude of
the R wave in the anteroseptal and inferior leads and a deepening of the S wave in the lateral lead. These appearances
are in keeping with the concept of left posterior fascicular block, which, in this case, is intermittent, presumably being
produced by a refractory left posterior fascicle at the time of the occurrence of the supraventricular extrasystole.
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An example ofWPW Type Bwhere there is initial slowing of the early QRS vectors that are directed leftward for the first ms.

Thedifferentiation of pure left posterior fascicular block from RVH can be difficult.The former is best diagnosed only
if there is a lack of clinical evidence to support RVH. It should be clear from > Fig. . that the diagnosis of pure left
posterior fascicular block from a single cardiac cycle is virtually impossible.

.. Bifascicular Block

Combinations of conduction abnormalities in the right bundle branch and different fascicles of the left bundle branch
lead to bifascicular block. An example of bifascicular block is RBBB in association with left anterior fascicular block
(> Fig. .). In this case, there is a marked superior displacement of the vectorcardiographic loop in the frontal plane
while the terminal slowing of conduction is again apparent in the transverse plane where the terminal forces are directed
anteriorly and to the right.
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An intraventricular conduction defect exemplified by the closely spaced time-markers in all the QRS loops. The transverse

loop is also open as opposed to being narrow in LBBB and does not have the late QRS vectors directed to the right as in RBBB.

On the other hand, RBBB with a left posterior fascicular block may be suspected when there is right axis deviation
with other typical features of RBBB (> Fig. .). Again, the typical RBBB feature of terminal slowing of the QRS loop is
apparent but the right axis deviation is abnormal. This feature can perhaps be seen more clearly in another rare example
(> Fig. .) where there is electrical alternans. The narrow QRS complex suggests myocardial infarction with possible
left posterior fascicular block while the alternate beats indicate RBBB in addition.

.. Wolff–Parkinson–White Pattern

The classical features of the Wolff–Parkinson–White (WPW) [] pattern are those of an initial slurring of the QRS
complex due to the spread of activation from atria to ventricles via an accessory pathway. Note that these features describe
theWPW pattern, which, if associated with episodes of paroxysmal tachycardia, gives rise to the WPW syndrome. From
the vectorcardiographic point of view, the main distinguishing feature is obviously the slowing of inscription in the initial
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Example of RBBB and inferior myocardial infarction.

part of the vectorcardiographic loop. This may facilitate the diagnosis of WPW pattern in borderline cases where the
initial slurring in the scalar presentation may be questioned as being technical in origin. There is a variety of accessory
pathways such that there is no typical feature of theWPWpattern on the vectorcardiogram other than the initial slowing
of inscription. In other words, initial vectors may be orientated in a whole spectrum of different directions depending on
the location of the accessory pathway.

In broad terms, using the older classification of Type A and Type B, the initial vector orientation will be anterior in
Type A and posterior/to the left in Type B. > Figures . and > . give examples of the vectorcardiographic loops
in the WPW pattern.

.. Intraventricular Conduction Defects

There remains a class of conduction defects that does not fit any of the categories mentioned so far. In general terms,
the QRS duration is prolonged in excess of ms but the features of RBBB or LBBB are not apparent. On occasions,
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such defects manifest themselves as an open loop in the transverse plane, which permits the diagnosis of intraventricular
conductiondefect as opposed to LBBB, for example, evenwhen theQRSduration is the order of – ms (> Fig. .).
This is another area where the vectorcardiographic loop can be of considerable diagnostic value.

.. Combined Conduction Defects andMyocardial Infarction

The diagnosis of myocardial infarction in the presence of RBBB is relatively straightforward. Because RBBB affects the
terminal portion of the QRS complex and classical criteria for myocardial infarction affect the initial portion of the QRS
complex, it is possible for myocardial infarction to be reported in the presence of RBBB.> Figure . shows an example
of inferior myocardial infarction and RBBB.

On the other hand, there is still controversy over the diagnosis of myocardial infarction in the presence of LBBB.
In , Havelda et al. suggested that inferior myocardial infarction could be diagnosed with % specificity in the
presence of LBBB when there were QS complexes in the inferior leads []. Others have subsequently suggested that
anterior infarction can be diagnosed in the presence of LBBB when, for example, there is a reversed R wave progression
from V to V or there are Q waves in the lateral leads. On the other hand, left anterior fascicular block may mask or
mimic inferior infarction [].

.. ECG Versus -Lead Vectorcardiogram in Conduction Defects

This chapter has shown how there are certain situations where the vectorcardiographic display can exhibit the presence
of conduction defects that may be less obvious on the scalar ECG. In particular, the slowing of timing marks on the
vectorcardiogram is invariably an illustration of a conduction defect, whether it is at the beginning of the QRS complex
as in the WPW pattern or at the end as in RBBB. If the slowing is throughout the QRS, then most likely the diagnosis is
LBBB. It has also been shown how left anterior fascicular block and inferior infarction can be separated by the direction
of inscription of the frontal plane vectorcardiographic loop. All of these points lend further weight to the conclusion that
the vectorcardiogram has an important role to play in the diagnosis of ventricular conduction defects.
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. Introduction

Although magnetocardiography (MCG) was first introduced in the early s, it mainly remained as an experimen-
tal method practiced by engineers in research laboratories until the s []. Today, it has developed into one of the
new technologies in cardiology employed by medical doctors in several clinical laboratories. MCG still poses technical
challenges, such as the instrumentation based on the use of liquid helium and the need for magnetically shielded rooms
(MSR), but the clinical application of themethod has significantly benefited from the availability of modernmultichannel
instrumentation in hospitals at the patient’s bedside. In addition, the signal-to-noise ratio in routine MCG recordings is
comparable to the best of electrical measurements. MCG studies provide online results quickly, and many groups are
collecting libraries of reference data. Profound efforts in the direction of standardization and data comparability are also
on the way.

There are several applications in whichMCG has already provided clinically useful results. For example, anMCG can
diagnose and localize acutemyocardial infarction, separatemyocardial infarction patients with andwithout susceptibility
to malignant ventricular arrhythmias, detect ventricular hypertrophy and rejection after heart transplantation, localize
the site of ventricular preexcitation and many types of cardiac arrhythmia, and can also reveal fetal arrhythmias and
conduction disturbances [].

In addition, several other clinical applications of MCG have recently been studied: detection and risk stratification
of cardiomyopathies (dilated, hypertrophic, arrhythmogenic, and diabetic), risk stratification after idiopathic ventricular
fibrillation, detection and localization ofmyocardial viability, and the follow-up of fetal growth and neural integrity. Some
studies have clearly indicated that MCG is very sensitive to the changes of repolarization, for example, after myocardial
infarction or in a hereditary long-QT syndrome [].

In this review, we briefly overview the development in instrumentation, measurement techniques, data analysis, and
the clinical aspects of MCG during the last few years and present a perspective for the near future.

. Sources of MCG

.. Origin of Measured Magnetic Field

The biomagnetic fields are generated by the same bioelectric activity that generates electric potentials as discussed in
Vol. . The ion pumps on the cell membrane and the diffusion gradients impress the flow of the charged ions (such as
Na+, K+, and Ca+) in the myocardium.These ionic currents inside and in the vicinity of excited cells are called primary
current density Jp [].The primary current causes changes of the electric potential ϕ, which in turn creates ohmic volume
currents JV = −σ∇ϕ, where σ is the electric conductivity. The magnetic field of total current JT = Jp + JV can then be
solved byMaxwell’s equations or in quasistatic approximation from the Biot–Savart law dB = μ

π
dJ×r
r , where the dB is the

magnetic field from the differential current dJ in relative position r. By integrating the overall current density, we obtain
the magnetic field B. The resulting magnetic field from all the cardiac activity is in the range of pT, below one millionth
of the earth’s magnetic field (– μT).

.. Forward Problem

Thecalculation of the externalmagnetic field from the known cardiac currents, the forward problem, has similar properties
to those of the forward problem in ECG. Analytically, the forward problem in a homogeneous volume conductor can be
solved with only some simple geometry. Therefore, numerical methods are used in the calculations. In the boundary-
element method (BEM), an analytical equation is discretized to linear matrix equations [, ], which can be extended to
the torso models. In the finite element model (FEM), the anisotropic properties of the material can also be included in
the calculations. As with the electric forward problem, realistic torso models are needed for accurate results. However,
the magnetic field is not as sensitive for material properties of the torso as the electric potential, so the requirement for
the model is not quite as strict. Interestingly, preliminary results for estimating the heart outline based only on MCG
mapping have also been presented [].
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.. Inverse Problem

The biomagnetic inverse problem is ill-posed and has no unique solution even if the body surface potential mapping is
combined with magnetic measurements. Therefore, different equivalent source models have to be used. The equivalent
current dipole (ECD) is the most elementary source of magnetic fields and can be defined as q = ∫V Jp(r)dV . Higher
order equivalent generators, such as quadrupoles and octupoles, have also been presented by using multipole expansions
[]. Accuracies of –mm have been reported for best-fitting ECDs [].

.. Inverse Problemwith Distributed SourceModel

To solve the inverse problem with a distributed source model like equivalent current density or uniform double-layer,
a number of individual current dipoles are usually derived with the help of the lead field theory. The ill-posed problem
of the lead field matrices requires the use of different regularization techniques for stabilizing the result. In addition to
single-layer as well as double-layer sources, lead fields from each point on both the endocardial and epicardial surfaces,
together with bidomain models for estimating the propagating wave front, are used [, ].

.. MCG vs ECG

Since the magnetocardiogram is generated by the same activity that generates the ECG, the signal waveforms corre-
sponding to the P-, QRS-, and T-waves of the ECG are also seen in the magnetocardiogram. However, the differences
in the information content between the MCG and ECG are still quite controversial; it can be shown that in an infinite
and homogeneous volume conductor, JV does not contribute to the magnetic field or electric potential which are inde-
pendent of each other. In a homogeneous, semi-infinite volume conductor, all the magnetic field outside the conductor
arises from the tangential current sources, while the ECG in general is more sensitive to the radial currents. In practice,
due to torso inhomogeneities, conductivity differences, and anisotropy, the difference between the MCG and ECG is not
that apparent. However, the sensitivity of MCG to the vortex currents seems also in practice to be remarkably different;
an ideal vortex current does not produce any electric field outside the body []. The MCG has also been reported to be
more sensitive to repolarization currents since it is not disturbed by electrode-skin potential, for example, distinguishing
a real ST shift from an artifactual ST shift is possible []. As already discussed, the MCG is less affected by the torso
inhomogeneities than the ECG, which is an advance, especially in inverse modeling. The measurement instrumentation
where all the sensor localizations are always in the same relative positions to each other is also an advance, especially if
the combination of measurement and torso coordinate systems is done correctly.

. Measurement Technique and Instrumentation

.. History of MCG

The cardiac magnetic field was first measured by Baule andMcFee [] using a coil magnetometer. In , D. Cohen et al.
[] introduced the superconducting quantum interference device (SQUID) for MCG, and  year after that, Zimmerman
and Frederic [] introduced a gradiometer that made MCG recording in an unshielded environment possible. In 
came the first modeling study []. Multichannel whole-thorax systems were introduced in the early s, and high-Tc
(high-temperature) superconductors appeared a few years later.

.. General

The DC-SQUID sensors offer the best sensitivity for MCG measurements. The strong environmental magnetic noise,
unavoidable at urban hospitals and laboratories, makes the detection of biomagnetic signals impossible without special



Magnetocardiography  

techniques for environmental interference suppression: The environmental magnetic noise is reduced by MSRs, which
typically consist of a combination ofμ-metal and eddy current shields. In addition, gradiometer coils are used to diminish
residualmagnetic noise within the shields. Alternatively, high-order gradiometers can be utilized if nomagnetic shielding
is employed.

.. Measurement System – Torso Position

The position of the subject’s thorax with respect to the sensor array can be determined, for example, by using special
marker coils attached to the skin. The positions of these coils are determined by a D digitizer before the measurement
(in torso coordinates), and from the MCG recordings (in device coordinates) when electric current is fed to the coils.
A typical measurement setup is seen in > Fig. ..

.. Low-Temperature and High-Temperature Sensors

The SQUID sensors are commonly classified as low-temperature SQUID sensors (LTS), which operate at the temperature
of liquid helium or as high-temperature SQUID sensors (HTS) operating at liquid nitrogen temperatures. LTS are more
commonly used. They are easier to manufacture and have less noise. On the other hand, cooling with liquid nitrogen is
much less expensive than with liquid helium, and the cryogenic dewars for HTS are easier to manufacture.

.. Different Systems: Sensors

Most of the MCG systems have planar sensor loops, which detect the Z-component of the magnetic field, that is, the
component directed toward the measurement system. Instead of measuring the magnitude of the magnetic field, the
axial and planar field gradients are measured in some systems. Magnetometer sensors have the highest sensitivity for
nearby and far-field sources. Thus, selecting a gradiometer with proper distance between the SQUID sensors reduces
the amount of unwanted external noise components.The gradients are realized with wire-wound or bonded two or three
gradiometers or by electronically combining several reference coils to onemeasurementcoil.Therefore, it should be noted

⊡ Figure .

Left: MCG recording with -channel magnetocardiometer at - location (BioMag Laboratory, Helsinki, Finland). Right: The

sensor arrangement in the cardiomagnetometer and an example of signal measured during  s andmagnetic isofield integral

map over atrial complex.
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that even one channel systemmay well contain nine SQUID sensors, and the -SQUID systemmay sample only at 
sites. Hence, the measured number of channels does not necessarily tell everything about the effective dimension of the
mapping. In some systems, gradients are also implemented with software from the separate magnetometer signals, and
for multi-lead mappings also, many complex software noise cancellations are used (see below).

In addition to systems measuring only the Z-component of the field, there are also systems sensing only tangential
fields or all three orthogonal vector component magnetometers. In quasistatic approximation (∇ × B = ), it is directly
seen that ∂Bz/∂x = ∂Bx/∂z, and so the tangential field gradients can be derived from the tangential gradients of the Bz.

.. Different Systems: Two Trends

Nowadays, the development of new MCG systems can be divided into two main trends: The “high-end,” multichannel
and high sensitivity systemsmainly for research work and the “budget-priced” systemswithout MSRs for clinical use [].
The lower cost systems bring MCG closer to the everyday clinical work. With efficient signal processing techniques, they
can be used for single channel studies, but for mapping studies with these single or “quasi single” channel systems (seven
or nine channel systems) several different measurements over certain sampling points are needed. Problems include the
fact that scanning of the grid is very time-consuming, and the resulting measurement is not truly simultaneous although
after averaging, signals should be time invariant. In high-end systems, more than  sensors are read simultaneously
with a very high signal-to-noise ratio. > Table . shows examples of different MCG systems with and without an MSR.

.. Different Systems: Need for Standardization

One of the problems with MCG studies is related to the number of systems with different sensor geometries, different
sensor types, and different signal-to-noise ratios, whichmakemulticenter studies difficult. In addition, the digital prepro-
cessing of themeasured signals varies.There are also problemswith comparing the results obtainedwith different systems.
Some standardization has been proposed several times including a proposal that was presented in the previous version
of this book [], but due to the huge variation of the systems in use, standardization has not been fully implemented.

⊡ Table .

Examples of different MCG systems

Name Type Number of channels Dewar diameter (cm)

Siemens Krenikon Shielded, multichannel  axial gradiometers 

Philips Shielded, multichannel ∗ axial gradiometers . + .
PTB Berlin Shielded, multichannel  electronical gradiometers + 

reference


-D Neuroimaging (Bti)
Magnes

Shielded, multichannel  magnetometers .

(Neuromag) VectorView Shielded, multichannel  magnetometers,  planar
gradiometers



AtB Argos Shielded, multichannel Vector-magnetometers 

Hitachi Shielded, multichannel  planar gradiometers 

Cardiomag Imaging Unshielded  + second-order axial
gradiometers + three vectorial
reference channels

SQUID AG Unshielded  + second-order axial
gradiometers +  reference

Jena (FSU) HTS, unshielded Two planar gradiometers

Hitachi HTS, open-ended shielding 
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. Digital Signal Processing

.. Preprocessing

... Mapping Versus Multi-Lead Analysis

All signal processing meant for improving the signal quality, removing noise, and artifacts is hereinafter called “pre-
processing.” The preprocessing part, just as in the actual signal analysis and the calculation of the different measures, is
further divided into mapping and multichannel methods. Mapping includes methods that utilize the spatial informa-
tion on measurement channels, as the multichannel methods process one channel at a time and utilize the temporal
information.

... Order of Signal Processing

First, noise suppressionpreprocessing, can be divided into different phases. Selectedmap analysismayutilizemethods like
signal-space projection (SSP), signal-space separation (SSS), independent component analysis (ICA), filtering, baseline
removal, and perhaps averaging. Sometimes filtering can be undertaken before the map-operator.The data conversion is
usually made on the corrected signal. Then after possible conversion, the measures (markers) are calculated.

... Signal-Space Projection

There are several different methods for noise suppression:The signal-space projection (SSP) method is based on defining
a noise subspace from an empty roommeasurement and projecting the measuredmultichannel signal to the signal space
orthogonal to the noise subspace []. A similar principle is also utilized in the “eigenvector-based spatial filtering of fetal
biomagnetic signals,” for example [], where the fetal signal is extracted on the basis of projecting the data to the space
that maximizes the fetal and maternal eigenvector ratio.

... Signal-Space Separation

Signal-space separation (SSS) is based on mathematical separation of the signal sources to the cardiac sources that are
inside a predefined subspace in normal space (a ball around the heart) and outside sources. After separating sources, the
signal consisting only of cardiac activity can be formed.This method can also be used together with signal conversion to
the different measurement geometry or for interpolating the poor quality channels [].

... Independent Component Analysis

Independent component analysis (ICA) is a method for the blind separation of linearly mixed signals. The assumptions
in the method are that the number of mixed signals is, at a maximum, the number of measured signals. Mixed signals are
non-Gaussian and linearly mixed, which in practice means that their sources are spatially separable.Themost commonly
used algorithm was presented by Hyvärinen [].The actual ICA algorithm is only a part of the solution as the algorithm
separates the signals blindly, which means that the wanted and the unwanted signal components have to be somehow
selected.The algorithm also loses the amplitude scaling of the signal, which has to be corrected afterwards. An automatic
use of ICA for separating the fetal signal from the maternal signal was presented by Comani et al. [].
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... One-Channel Digital Noise Suppression

In addition to signal processing in the mapping methods described above, preprocessing methods for individual MCG
channels are used.The algorithms are similar to those used with ECG channels, where signals are band-pass filtered with
finite (FIR) and infinite response filters (IIR). The  or Hz powerline interference is filtered with different adaptive
notch filters. Wavelet transforms are also used []. Low-frequency noise, such as baseline wander, is corrected with
polynomial fits to the isofield (isopotential in ECG) intervals and signals are averaged. In fetal MCG, the maternal signal
average is also used for separating the fetal and maternal signals.

... Conversion Between Sensor Arrays

A separate part of preprocessing is the conversion between sensor arrays.There are several differentMCG systems. Sensor
locations and types vary. However, since there are many different systems, the comparison of the results is difficult. For
that reason, different signal conversions based onmultipole andminimumnormal estimates have been proposed [, ].
In one of these studies [], where the conversion from measurements was done with one multichannel MCG system
to another, the reconstruction succeeded with –% agreement. However, the overall accepted standard system for
conversion is still missing.

. Signal Analysis

.. MCGMorphology Analysis

Signal processing of individual MCG channels resembles that of an ECG lead. Often only scaling constants in algorithms
for waveform detection are different. Markers derived from the MCG signal morphology are also very similar to those
from the ECG, namely signal amplitudes (e.g., ST level), filtered signal amplitudes (e.g., late field/potential analysis), time
intervals (e.g., QT interval), spectral characteristics (e.g., fragmentation index), etc.

.. MCGMapping Analysis

The MCG mapping markers include mapping orientations (min-max, +−, centers of gravity, and maximum field gradi-
ent) of different time instants or time intervals of the signal (QT orientation, T-wave orientation, and ST orientation)
and different markers representing spatial heterogeneity (nondipolar content of QRS, STT, QRST, QT-dispersion). Also,
different spatiotemporal measures (ST, T-wave orientation, and heart rate dependency) and different source modeling
parameterizations have been used.

.. Visualizations

Typically, the MCG data is visualized either as temporal time traces, like an ECG trace, from one or all the measurement
channels, or with different isovalue maps from one time instant or from some defined marker (e.g., integral) from each
channel (see > Fig. .). In these maps, the signal amplitude is displayed with color coding or with isocontours.

Another commonly usedway for displaying themapping information is the current arrowmap,where pseudo current
at each measurement location, derived from dBZ/dyx + dBZ/dxy (x and y being unit vectors) is represented by a vector
showing the amplitude (length of the arrow) and direction of the current at that location (> Fig. .).This current arrow
map can also be projected onto a D model of the heart surface.
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.. Experimental MCG

Experimental work utilizing MCG techniques began more than  years ago []. As a fully contactless method, MCG is
ideal for noninvasive cardiac mapping of small experimental animals, for example.

MCG has also been used to detect reentry currents in cardiac flutter and fibrillation. The magnetic field produced by
induced atrial flutter has been measured in isolated rabbit hearts. A moving dipole model was proposed to analyze the
experimental data and to locate the reentry path [].

In another newer study, acute myocardial infarction was induced by ligation of the left anterior descending coronary
artery in a dog model. Magnetic field maps of early reperfused myocardium showed spatio-temporal field distributions
consistent with anterior myocardial infarction. The use of super-paramagnetic contrast agents increased the sensitivity
of standard MCG and may have an important implication for MCG in the assessment of regional myocardial ischemia,
infarction, and perfusion [].

A recent study was able to show that MCG mapping can detect age-related changes in cardiac intervals and in
maps having significantly longer QTe, JTe, and T peak-Te intervals (Te = T end) in older Wistar rats. As compared
to ECG recordings, MCG methodology simplified reproducible multisite noninvasive cardiac mapping of ventricular
repolarization in an experimental setting [].

. Localization of Preexcitation and Cardiac Arrhythmias
byMagnetocardiographic Mapping

The clinical accuracy of the MCG method has been tested by localizing the site of earliest ventricular activation dur-
ing preexcitation in Wolff–Parkinson–White syndrome patients. The clinical reference has been obtained either during
endocardial cathetermapping, or from successful catheter or surgical ablation of the accessory pathway.The results of the
earlier studies showed that the MCG method was accurate enough for localization of cardiac electric sources for clinical
purposes [, ]. The methodological localization accuracy of the MCG mapping has also been confirmed to be quite
good [].

In a newer study,  patients with Wolff–Parkinson–White syndrome were examined byMCGmapping and imaging
techniques and with the fivemost recent accessory pathway localization ECG algorithms. ECD, effective magnetic dipole,
and distributed-current imagingmodels were used for the inverse solution.MCGclassification of preexcitationwas found
to be more accurate than that of ECG algorithms, and also provided additional information for the identification of
paraseptal pathways and the existence of multiple accessory pathways [].

By applying the completely noninvasive techniques of MCG and magnetic resonance imaging (MRI), it has been
shown to be possible to define different origins of right ventricular ectopic beats in a complex heart model of nonischemic
cardiomyopathy of  patients with surgically repaired Tetralogy of Fallot [].

Postmyocardial infarction patients were investigated with cardiac MRI and signal-averaged -lead MCG. Three of
six patients were suffering from sustained ventricular tachycardia (VT). A close matching of the low current density
areas based on the QRS complexes and the high current density areas based on the late field signals were found. In three
patients, the premature ventricular complexes morphologically resembling the clinical VT were localized close to the exit
sites of these arrhythmias. The authors concluded that the MCG was useful in steering catheter ablation and coronary
revascularization therapies [].

AnMCG was recorded pre- and post interventional therapy in three patients with atrial flutter and four patients with
atrial fibrillation (AF), and in  healthy volunteers.The serial conduction pathway of theQRS segmentwas superimposed
on a Dheart outline generatedby amagnetic field and verified by the silhouette on themagnetic resonance (MR) images.
TheMCG revealed a counterclockwise rotation of the atrial conduction in patients with atrial flutter, and randommicro-
reentry in the cases of AF []. An example of MCG localization in a patient suffering from continuous atrial tachycardia
is presented in > Fig. ..

In conclusion, MCG has been used for localization of other sources of cardiac arrhythmias, such as the site of origin
of tachycardias and extrasystoles, as well as for localization of a cardiac pacing catheter. The localization accuracies for
a pacing catheter have been reported to be <. cm, for extrasystoles .–. cm, and for tachycardias accuracy is more
variable at .–. cm. In particular, the results in localizing a pacing catheter and the accessory pathway in preexcitation
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200 ms

Case 0168 atrial tachycardia

⊡ Figure .

An example of MCG localization in a patient suffering from incessant atrial tachycardia. The integration of the MCG and MRI

results was performed using electromagnetically localized MR positive fish-oil capsules. Invasive electrophysiologic study

and successful catheter ablation confirmed the localization of the tachycardia focus in the intra-atrial septum. Upper left

panel: time interval during the P-wave used for analysis. Upper right panel: magnetic field morphology relative to the sen-

sors. Lower left panel: location of the tachycardia (red dots) relative to torso and sensors. Lower right panel: MCG localization

of the tachycardia focus (blue dots) integrated toMR images.

confirm the good localization capability of the MCG method. The main obstacles in clinical cardiac source localization
by MCG are the inherent problems concerning the clinical and imaging reference data integration.

. Fetal Magnetocardiography

The fetal magnetocardiogram (FMCG) can be reliably recorded from approximately the th week of gestation onwards.
The FMCG has the ability to accurately record cardiac time intervals, and to provide a real-time recording that reflects
cardiac electrical activity. The FMCG has been demonstrated to be able to diagnose different types of atrioventricular
conduction defects, paroxysmal supraventricular tachycardia, and repolarization abnormalities especially after  weeks
of gestation. Standardization of the recording, signal processing, andmeasurement techniques has resulted in data that is
reproducible, and when combined with normal values for different gestational ages, they can be of clinical value [, ].

In a study of  low-risk pregnant women, at the th to th gestational week, the fetal MCG provided a significant
advantage via the technology available for recording the antenatal fetal heart. In the unaveraged recordings, the QRS
complexwas successfully detected in  cases (%). Of those  traces, a P-wavewas detected in  (%) and aT-wave in
 (%) of the traces, using off-line signal-averaging techniques. Although good quality traces were obtained throughout
the range of gestational ages, in general it was more difficult below  weeks. The QRS duration was found to increase
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significantly with increasing gestation []. In another study, various parameters concerning the electrical excitation of
the heart, such as AV conduction, repolarization period, and morphology of the QRS complex, could be determined,
leading to a more profound analysis of fetal arrhythmias [].

Distinct patterns of initiation and termination of paroxysmal SVT have been detected using the MCG [] as well
such phenomena asWolff–Parkinson–White syndrome, QRS aberrancy, andmultiple reentrant pathways. A strong asso-
ciation between fetal trunk movement and the initiation and termination of SVT, suggesting autonomic influences, was
also found.

The ability of the FMCG to reveal conduction system disease was evaluated in  fetuses initially referred on account
of an arrhythmia. Altogether  had an irregular rhythm confirmed using either FMCG or postnatal -lead ECG. Eight
(.%) had intermittent first- or second-degree AV block confirmed by FMCG and/or postnatal -lead ECG. Cases with
conduction block may benefit from transplacental therapy with dexamethasone []. This method provides additional
information concerning the effect of congenital heart disease (CHD) on the cardiac conduction system.As in the neonate,
the FMCG changes do not reflect the severity of CHD. Indeed, the FMCG cannot serve as a primary diagnostic tool in
the case of CHD for which echocardiography is more helpful.

Repolarization abnormalities in fetal heart can also be detected with the MCG during gestation. In one study, two
patients were evaluated because of sustained fetal bradycardia, the diagnosis of QT-prolongation was made at the th
and at the th gestational week. In both newborns, the QT-prolongation was confirmed by the postpartal ECG [].

In general, good agreement of the magnetocardiograms and cardiac findings in newborns has been documented in
a study investigating  fetal MCGs in  pregnant women between the th and the th week of pregnancy. In 
recordings before the th gestational week, the signal strength was too weak to permit evaluation. Brief episodes of
bradycardia, isolated supraventricular and ventricular premature beats, bigeminy and trigeminy, sinoatrial block, and
atrioventricular conduction delays were found [].

It has been suggested that the MCG can be used for noninvasive evaluation of hypertrophy of the fetal heart. In
uncomplicated pregnancies, the magnitude of the MCG current dipole correlates with the gestational age, whereas in
fetuses with cardiomegaly, the magnitude of the current dipole has been higher, reflecting the increased myocardial mass
confirmed by ultrasound [].

FMCG has shown that fetal P-wave and QRS complex durations increase with gestational age, reflecting a change in
the cardiac muscle mass. A total of  FMCGs were obtained in  healthy fetuses between the th and nd week
of gestation. The authors concluded that, from approximately the th week to term, fetal cardiac time intervals, which
quantify depolarization times, can be reliably determined using MCG. The P-wave and QRS complex duration show a
highdependence on agewhich to a large part reflects fetal growth.Gender instead, plays a role inQRS complex duration in
the third trimester. ECD strength reflected gestational age slightly more reliably (r = .) than signal amplitude values
(mean, median, maximum: r = , ., ., respectively). The overall correlation of the amplitude to gestational age
compared favorably with that of QRS complex duration. Fetal development is thus in part reflected in the fetal MCG and
may be useful in the identification of intrauterine growth retardation [, ].

In conclusion, FMCG allows an insight into the electrophysiological aspects of the fetal heart, is accurate in the clas-
sification of fetal arrhythmias, and shows potential as a tool in defining a population at risk of congenital heart defects.
FMCGoffers unique capabilities for assessment of fetal heart rate (FHR) and fetal behavior, which are fundamental aspects
of neurodevelopment. FMCG actograms are specific for fetal trunk movements, which are thought to be more important
than isolated extremity movements and other small fetal movements. The ability to assess FHR, FHRV, and fetal trunk
movement simultaneously makes fMCG a valuable tool for neurodevelopment research. In clinical reality, fMCG devices
are still rare and a fetal arrhythmia or a congenital heart defect is in general discovered during prenatal evaluation by
ultrasonography.

. Arrhythmia Risk Assessment

MCG is sensitive to cardiac electrical activity of a very small amplitude and has therefore made it an interesting tool
in the assessment of the risk of serious ventricular arrhythmias. The rapid development in instrumentation from single
to multichannel devices capable of mapping large precordial areas has made clinical risk assessment studies possible.



  Magnetocardiography

In almost any structural heart disease, abnormalities in both depolarization and repolarization periods may lead to ven-
tricular arrhythmias and sudden cardiac death. MCG studies considering ventricular arrhythmia risk assessment are still
relatively few in number, with most of the data coming from postinfarction populations.

Postmortem studies in patients with postinfarction VT have revealed thin layers of survivingmyocardial tissue,which
might show mostly tangential currents and thus be detectable more readily by MCG than by ECG []. Late potentials
in ECGs have been shown to be markers of delayed conduction serving as a substrate for reentrant ventricular arrhyth-
mias. Late fields in MCG comparable to late potentials in ECGs have also been described []. Subsequently, late fields
have shown a capability similar to that of late potentials in the discrimination of patients with and without ventricular
arrhythmias after myocardial infarction [, ]. A few studies have applied magnetic source imaging in localization of
the sources of late fields, which might be of value prior to catheter ablation or arrhythmia surgery [].

In addition to late fields that may be detected at the end of the QRS, the abnormal delayed depolarization displays
increased fragmentation of the whole magnetocardiographic QRS. The intra-QRS fragmentation method is based on
finding the number of signal extrema during filtered QRS (> Fig. .) and by computing the sum of the amplitude dif-
ferences between neighboring extrema, thus yielding the intra-QRS fragmentation score (FRA) []. Recently, increased
intra-QRS fragmentation in the MCG registered soon after acute MI has shown promise in the identification of patients
at high risk of arrhythmic events in a prognostic study of  patients with acute MI and left ventricular ejection frac-
tion (LVEF) < %. During follow-up of  +/−  months,  (%) patients died and  (%) had an arrhythmic
event. Increased FRA in the MCG and LVEF < % yielded positive and negative predictive accuracies of  and % for
arrhythmic events.The ECG predicted all-cause mortality (P < .) but not arrhythmic events [].

The dispersion of repolarization is increasingly recognized as a major factor in the genesis of malignant ventricular
arrhythmias. Preliminary data from patients with hypertension and ischemic heart disease suggest that MCG might be
especially sensitive to subtle changes in the repolarization period [, ]. Transmural repolarization in MCG, displayed
as the terminal part of the T-wave, has been the subject of arrhythmia risk assessment studies in patients with ischemic

⊡ Figure .

The principle of the intra-QRS fragmentation score analysis in MCG. After binomial filtering, the number of polarity changes

or extrema () is computed. Next, the differences of each adjacent extrema are computed, and the differences are summed. As

an example, the difference between the first and second extrema is shown with a thin arrow. Finally, the difference between

the first and the last extrema is added to this sum, yielding the intra-QRS fragmentation score. The horizontal bars indicate

the onset and offset of the filtered QRS.
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heart disease and dilated cardiomyopathy. Patients with sustained ventricular arrhythmias showed prolonged T-wave
peak to T-wave end interval as a sign of dispersion of transmural repolarization [, ]. In another study, nondipolar
isointegral maps during the repolarization phase in postinfarction patients prone to ventricular arrhythmias were found
[]. It was suggested that the non-dipolarity might serve as a marker of increased repolarization heterogeneity.

Repolarization disparities related to idiopathic long-QT syndrome also seem to be detectable with MCG. Children
with long-QT syndrome, both with and without symptoms were investigated []. All patients showed beat-to-beat
variability in T-wave morphology. When the isofield maps during the T-wave were analyzed with eigenvectors for
data reduction, the symptomatic patients displayed more disparity in their maps, suggesting more heterogeneous
repolarization.

Modern multichannel devices seem to allow quick MCG registrations in the hospital environment thereby rendering
it a potential tool in arrhythmia risk assessment. However, a few issues need more elucidation before the role of MCG
in clinical decision making can be fully assessed. First, is there really essential information in MCG not available from
the ECG? In order to evaluate this, we need risk assessment studies comparing MCG not to -lead ECGs but to signal-
averaged ECGs (SAECGs) and body surface potential mapping equally covering large precordial areas. In addition, the
MCG methodology needs to be subjected to well-designed large-scale prospective studies. Until this has been done,
the role of the MCG in the assessment of the risk of ventricular arrhythmias and sudden cardiac death remains to be
established.

.. AF

AF is the most prevalent clinically important rhythm disturbance. The initiating and perpetuating factors of AF may
vary, and prolonged AFmay lead to atrial electrical andmechanical remodeling [–].The effective application of new
treatments for AF calls for improved diagnostics and has also led to growing interest in noninvasive methods capable of
detecting and characterizing abnormalities in atrial signals.

Subtle abnormalities in atrial electric and magnetic signals could serve as markers of foci or substrates for AF.
The SAECG detects abnormalities in atrial signals in patients prone to AF. These include prolongation of atrial depo-
larization, abnormal frequency content, and increased spatial dispersion of atrial signal duration [–]. Recently,
magnetocardiographic techniques have also been applied to the investigation of atrial electrophysiology and pathogenesis
in AF.

... Magnetocardiographic P-Wave in Patients with AF, Analyses of Non-Filter

Signal and Application of High-Pass Filtering Techniques

Specific changes of the P-wave in MCG were found in a study in a total of  subjects, including  AF patients (–
years) with persistentAF converted to sinus rhythm and  healthy young men.ThemultichannelMCG over the anterior
and posterior chest and -lead ECGwere recorded simultaneously. Sum channels from all MCG channels and separately
sums from anterior and posterior channels as well as ECG channels were created. The P-wave duration was manually
measured in each sum channel. Also the homogeneity and fragmentation of MCGmaps were evaluated.The P-wave was
divided into four segments and the correlation between maps was calculated. All segments were compared with the first
segment, and the average of these three correlations, the p-score, was used as the homogeneity factor. The fragmentation
index of the P-wave was calculated as the sum of amplitude differences between two amplitude peaks multiplied by the
total number of amplitude peaks in each sum channel. By MCG, the P-wave duration was longer and both correlation
factor and fragmentation index were lower in patients compared to normals. Similar differences were not seen in the
ECG. Differences were clearest in the sum channel of all MCG channels, for example, P-wave duration was ms on
average in patients versus ms in controls [].

High-pass filtering techniques have also been applied to the analysis of the atrialMCG signal.MultichannelMCGover
the anterior chest and orthogonal three-lead ECGswere recorded in nine patients who had paroxysmal loneAF and in ten
healthy subjects in duplicate at least  week apart. Data were averaged using an atrial wave template and high-pass filtered
at , , and Hz. Atrial signal duration with automatic detection of onset and offset and root mean square amplitudes
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⊡ Figure .

Examples of typical Hz high-pass filtered atrial complex in a patient with non-focal AF, in a patient with focal AF and in a

healthy subject. In the patients with focal AF, the atrial signal strength was normal also during late phase of atrial complex

where the left atrium is depolarized, but in a patients not defined focal triggers late phase amplitudes were reduced. Data is

expressed as superimposed display of  magnetometer channels.

(RMS) of the last portion of the atrial signal were determined. Reproducibility was best using a Hz filter, somewhat
better in MCG than in ECG and similar in patients and controls. For example, the difference between two measurements
of atrial signal duration was .ms on average (coefficient of variation .%) by MCG and .ms (coefficient of variation
.%) by ECG [].

The atrial signal durations in MCG and SAECG were correlated, with r = . (p < .). In addition, there was a
correlation between RMS amplitudes of the first portion of the atrial complex in the MCG and the SAECG (r = .,
p < .) but not in the last atrial portion (r = .–., p = NS).

In this small population comprising patients with lone paroxysmal AF, the atrial wave duration was not longer but
RMS amplitudes of the last ms of the atrial complex were lower in patients.

Lately, the methods have been applied in a study of  patients with paroxysmal lone AF and  matched controls.
In this study, the atrial depolarization complex was slightly prolonged in patients, namely, ms on average versus
ms. The late RMS amplitudes were reduced in a subgroup of patients with non-focal AF but were otherwise nor-
mal (> Fig. .). The findings are consistent with invasive measurements in focally triggered AF patients, in which only
a minority of patients have shown conduction delay between or within the atria, or reduction in left atrial amplitude
[–].

... Spatial MCGMaps, Field Polarity, and Orientation during Atrial Activation

and Application of Surface Gradient Methods

In another study, spatial MCG maps of  WPW patients were investigated []. Patients with AF attacks were found to
have more dispersed atrial depolarization distributions compared to patients without AF. Altogether, / (%) of the
patients with AF problems were found to have more than two extrema in the atrial depolarization maps. On the other
hand, / (%) patients without AF had bipolar MCG maps. In an earlier study, multipolar MCG fields during the late
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phase of atrial activation have related to left atrial overloading []. In a study comprising patients with lone paroxysmal
AF, for example, with normal left atria, multipolarity in MCGmaps (integral maps over last  and ms) was related to
lone AF [].

Magnetic field patterns can be visualized and parameterized using pseudo-current ( degrees rotated field gradient)
amplitude and direction distributions. This method is applied in some ongoing studies focused on evaluating atrial signal
propagation during sinus rhythm in patients with focally triggered paroxysmal AF and in healthy subjects [, ]. In a
study comprising  patients with focally triggered paroxysmal AF and  controls, the magnetic field orientation during
the early part of atrial depolarization was mainly to the left and downward, and was similar in patients and controls. On
the other hand, during the late phase of depolarization, field orientation was more variable in both groups and differed
between groups as illustrated in> Fig. ..The degree of maximumgradient rotation over the atrial wavewas larger, and
the upward orientation was more common in patients. Results showed diversity and inhomogeneity in the propagation
of atrial signals especially at the late phase of activation when the left atrium was depolarizing. Findings were more pro-
nounced in patients but some seemed to occur also in healthy atria. It was concluded that the altered depolarization front
may represent a conduction defect in the left atrium, and that this may be a normal variant facilitating the manifestation
of AF in the presence of focal triggers.

In another study, MCG field patterns derived by the pseudo-current method were compared to invasive electro-
anatomic activation maps (EAM) obtained from patients undergoing catheter ablation treatment with prior AF. The
orientation of the magnetic fields during the first  ms of atrial depolarization representing RA activation, and during
early (-ms fromPonset) and later part (last %) of LAdepolarizationwas determined.Themean of the angles of the
top % of the strongest pseudocurrents was used, zero angle direction pointing from subject’s right to left and positive
clockwise. Breakthrough of electrical activation to LA occurred through Bachmann bundle (BB) in , margin of fossa
ovalis (FO) in , coronary sinus ostial region (CS) in , and their combinations in  cases by invasive reference in total of
 different P-waves.The pseudocurrent direction inMCGmaps over the first ms of atrial complex wasmostly leftward
down, with a mean angle of ○ (CSD ○). Over the time interval of – ms from the onset of the atrial complex, the
mean angle was ○ (CSD ○). Over the time interval of last % of atrial complex, the mean angle was ○ (CSD ○).

Whole wave

100 phs 100 phs 100 phs

100 phs 100 phs 100 phs

Control

AF patient

First 50 ms Last 50 ms

⊡ Figure .

An example of orientation of magnetic fields during atrial depolarization from one healthy control (upper rows) and one

patient with focally triggered lone AF (lower rows) performed as isofield integral maps (rows  and ) and as pseudo-current

maps (rows  and ).
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In the applied time interval the MCG pseudo-current angle corresponded the direction of propagation in EAM. When
both the early and late LAMCGmapswere viewed together, three types of combinations emerged: Type  with bothmaps
showing pseudocurrent orientation leftward down, Type  with the map over the – ms orienting leftward down and
the map over last % of atrial signal orienting leftward up, and Type  with both maps orienting leftward up. The three
MCG atrial wave types correctly identified the LA breakthrough sites to BB, CS, FO, or their combinations in  of 
(%) cases [].

Later on themethod was applied in a population comprising  patients with lone paroxysmal AF (age  ±  years)
and  controls. The Pd was longer in AF patients than in controls ( ±  vs.  ± ; p < .), which was most
obvious in Type  wave ( ±  vs.  ±  ms, p = .). The distribution of the atrial wave types differed between
AF patients and controls: Type  occurred in % and Type  in % of controls whereas Type  occurred in % and
Type  in % of AF patients, p < . for difference. Accordingly susceptibility to paroxysmal lone AF is associated with
propagation of atrial signal to LA viamargin of fossa ovalis ormultiple pathways.When conduction occurs via Bachmann
bundle, it is related with prolonged atrial activation.Thus altered and alternative conduction pathways may contribute to
pathogenesis of lone AF [].

... Analyses of Atrial Signals during AF

The adaptation of QRS subtraction techniques and time frequency analysis has revealed the diagnosis of partial atrial
standstill in an adult [] and diagnosis of atrial flutter andAF in fetuses []. Now there are also ongoing studies designed
to test the diagnostic performance of MCG mapping to separate clinical subgroups of AF, such as focal AF, by analyzing
the atrial signal and its time domain as well as its spatial distribution during AF.

In conclusion, the effective application of new treatments for AF calls for improved diagnostics and has also led
to a growing interest in noninvasive methods capable of detecting and characterizing abnormalities in atrial signals.
The first applications of magnetocardiographic techniques to investigate atrial electrophysiology and pathogenesis in AF
have presented extra dipoles in magnetic field maps during the last portion of the atrial depolarization signal in WPW
patients with paroxysmal AF and in lone paroxysmal AF. Other abnormal features are altered field orientation during
the late phase of atrial activation particularly in focally triggered lone AF, and reduced atrial signal amplitudes in AF
patients without demonstrable focal triggers. In patients with persistent AF converted to sinus rhythm, prolongation and
increased fragmentation of the atrial signal have been detected. Overall, abnormalities seem to bemore pronounced in the
late phase of the atrial complex corresponding to the depolarization of the left atrium. The diversity and inhomogeneity
of propagation throughout the atrial signal seem to vary in different AF cohorts.

Currently, the patient series are still small, and further investigation is warranted before the real value of MCG in
the clinical assessment of AF can be evaluated. However, MCG mapping techniques seem to be capable of noninvasively
detecting abnormalities in the atrial activation sequences common in AF, even when the standard ECG is normal. It also
seems that theMCGmethodmay be applied to the study of pathophysiologic processes in AF andmay identify subsets of
patients with different underlying mechanisms for AF. Improved diagnostics could guide the selection of new treatment
modalities, for example, catheter ablation or pharmacological treatment of AF.

. Myocardial Ischemia and viability

One of the most interesting areas in clinical MCG is the detection and characterization of myocardial ischemia and
viability. So far, few studies have been reported in this field, but the results are very encouraging. A new and accurate
noninvasive method for recognition of acute and chronic ischemia could have important clinical applications, especially
because therapeutic interventions for rapid and effective revascularization, such as percutaneous coronary interventions,
are widely available.

It has been stated that some changes of the ST-segment could be explained by the ability of theMCG to detectDC cur-
rents, thus being more sensitive to ST changes than ECG or body surface mapping [, –]. In addition, the results of
the equivalent dipole calculation during cardiac depolarization and repolarization has enabled the separation of patients
with coronary artery disease from healthy controls [].
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The magnetic field orientation at rest has been proposed to separate coronary artery disease patients from healthy
controls, with more prominent changes in the field orientation in severe disease. The magnetic field orientation is the
angle between the line joining the field extrema and the right-left line of the torso []. In some studies, a semiautomatic
surface gradient method helped to define the magnetic field orientation as the orientation of the maximum spatial field
gradient, and this has been shown to separate both single-vessel and triple-vessel coronary artery disease patients from
healthy controls during exercise-induced ischemia [, ]. Later, a method for heart rate adjustment of the magnetic
field orientation during the recovery phase of exercise stress testing, which further improved ischemia detection, was
developed [].

The ST-segment depression and ST-segment slope, used in -lead ECG as ischemia parameters, can also detect
ischemia inMCG.The ischemia-induced ST-depression takes place over the lower middle anterior thorax, and the recip-
rocal ST-elevation over the left anterior shoulder, locations orthogonal to those found in body surface potential mapping.
The most prominent T-wave changes were found in patients with inferior ischemia and in patients with a history of
myocardial infarction (> Fig. .) [, ]. The ratio of the ST-T and QRS isointegral maxima has been reported to be
reduced in coronary artery disease patients compared to healthy controls [].

A few smaller studies have been designed to test the diagnostic performance of MCG mapping in detecting and
localizing areas of hibernating myocardium. The viability of the myocardium has been first confirmed by a full set of
other diagnostic tests: exercise ECG, thallium stress test, dobutamine MRI, and positron emission tomography (PET).
Preliminary results look promising, but there are still some problems concerning the modeling of chronic ischemia.
Both the MCG and the ECG showed a significant elevation or depression of the ST-segment during exercise-induced
ischemiawhen they were investigated using a nonmagnetic bicycle ergometer in aMSR.The injury currents were inmost
cases directed from the ischemic area to the nonischemic area. For example, anterior ischemia caused an injury current
directed from the apex to the base of the heart. The injury currents induced by transient ischemia and infarction of the
same anatomical region were found to flow in the opposite direction. This change of direction was reflected as either ST-
depression or ST-elevation in morphological signals.The anatomical location of the injury currents was in topographical
agreement with the results of the reference methods (coronary angiography and myocardial scintigraphy) [].

Rest 4 min postexercise 4 min postexerciseRest

Controls

RCA

Front Back Front Back

Front BackFront Back

⊡ Figure .

Exercise MCG in a coronary artery disease patient with a significant stenosis of the right coronary artery (RCA). The patient

had the most extensive map rotation of the T-wave min postexercise. Compared to the control group, themap rotationwas

more extensive ( ± ○ vs  ± ○, p < .). Sensitivity for RCA was % at the specificity of % (Hänninen et al., ).
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Corresponding to the absence of electrically active myocardial tissue, reduced current magnitudes were observed for
the regions of infarctedmyocardium (less than μA/mm) in a series of  subjects, including normals and patients with a
history of myocardial infarction. The current density distributions correlated well with other cardiological investigations
(e.g., left ventricle catheterization, scintigraphy, echocardiography) []. Ischemia localization was attempted in a small
study of four patients with single-vessel coronary artery disease with no previous myocardial infarction. Current density
estimation (CDE) was focused on in the ischemic regions confirmed by positron emission tomography in all four patients
and injury currents were restricted to the region of the stenosed coronary artery []. A recent large clinical study included
 subjects:  patients with angiographically documented CAD (stenoses ≥ %),  symptomatic patients without
hemodynamically relevant stenosis, and  healthy subjects []. Contrary to the ECG, unshielded MCG revealed sig-
nificant differences between normals and symptomatic patients with and without relevant stenoses using current density
reconstruction during repolarization at rest.The discrimination between normals and CAD patients was achieved with a
sensitivity of .%, and specificity of .%. In another series of  patients with CAD ( +/−  years; EF = +/− %;
registration: before,  h, and  month (n = ) after PCI) and  normals ( +/− years), current density vector (CDV)
mapswere reconstructedwithin the ST-T interval and classified fromcategory  (normal) to category  (grossly abnormal)
[]. Twenty-four hours after PCI, more maps were classified as category  (P < .) and less as category  (P < .).
One month after PCI, the MCG results further improved: more maps were classified as category  (P < .) and (P < .) and fewer maps as category  (P < .). The ECG remained unchanged in the course of PCI.

A few clinically interesting studies on acutemyocardial ischemia in the emergency room setting have been published.
A -min resting MCG scan has been shown to have sensitivity, specificity, positive and negative predictive values of .,
., ., and .%, respectively, for the detection of ischemia (p < .) in  patients with presumed ischemic chest
pain []. In another new series of  acute chest pain patients without ST-elevation, T vector changes in the MCGwere
found to have a specificity and positive predictive value > % for angiographically confirmed diagnosis of significant
coronary artery disease. It is noteable that % patients had to be excluded from the study for poor signal quality [].

In conclusion, magnetocardiographic mapping seems to be an accurate method for ischemia and viability detection.
Moreover, it is able to localize ischemic regions in the heart in a comparable fashion to other methods. Recent larger
clinical series stress the potential of this noninvasive method for current clinical decision making. However, it is the task
of future large-scale clinical studies to establish a clear mandate for the MCG method in every day patient work.

. Discussion

The clinical application of any method means that it has to contribute at least in one of the following fields of clinical
medicine: diagnosis, therapy, or prognosis. In particular, noninvasive methods improving the accuracy of diagnosis of
a cardiac disease are valuable. However, most important new methods are able to deliver current palliative or curative
therapy, either by improving the results of existing therapies or by providing new modes of therapy. Methods helping to
assess better the prognosis of certain heart diseases in individual patients are also desired.

MCG has many advantages, and it may become a clinically accepted method. First of all, it is totally noninvasive. It
is not necessary to attach electrodes or other sensors requiring direct contact to the patient to record an MCG. Currently
operating multichannel magnetometers are feasible to use and enable fast MCG recordings. A full measurement can be
carried out in few minutes. Such advantages of MCG recordings also mean high patient comfort. In addition, multiple
temporal and spatial parameters can be extracted from a single heartbeat for complete electromagnetic characterization
of the function of the patient’s heart. The spatiotemporal resolution of MCG mapping is much higher than that of con-
ventional ECG methods. Moreover, the MCG methods still have unexplored potential for extracting new physiological
and pathophysiological information about the electrical activation in the myocardium.

However, the MCG has some disadvantages. The equipment is currently expensive, and requires the use of liquid
helium and an MSR. Such technical demands so far exclude the wider applicability of MCG as a quick bedside test and
during catheter interventions. The development of new supra-conducting materials, operating in higher temperatures
achieved using liquid nitrogen, has not yet been able to solve this problem. Low-cost multichannel devices operating
in an unshielded environment have recently been introduced with promising clinical results. This way of development
might be one of the ways to bring this method closer to clinicians. One profound obstacle still remains: MCG systems are
generally sensitive to moving magnetic objects, which excludes some patients from the studies.
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. Conclusions

From all magnetocardiographic studies published so far, it can be concluded that the diagnostic performance of theMCG
is superior in several applications when compared to the conventional ECG or even body surface mapping. However, this
advantage has not yet encouraged clinicians to widely accept and utilize the method, mostly because of the high cost,
low availability, and lack of standardization. Nevertheless, clinical applications of MCG in the fields of therapy and prog-
nosis are currently of growing interest. The localization of arrhythmias and the detection of arrhythmia risk are already
established therapy-related applications. Non-pharmacologic antiarrhythmic and antirejection medical therapies guided
by MCG have been proposed, but such suggestions need more comprehensive studies. The detection and localization
of acute and chronic ischemia and assessment of myocardial viability would be applicable to a large number of cardiac
patients, if the MCG method proves to be successful in larger patient series. Studies on the prognostic value of MCG
after myocardial infarction, in long-QT syndrome, congenital heart disease, and cardiomyopathy, may offer new appli-
cations, taking into account the promising results of recent studies on the prophylactic use of implantable defibrillators
in high-risk patient groups. The increasing availability of high-performance multichannel MCG systems in the clinical
environment will strongly contribute to these efforts.
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. Polarcardiography

Polarcardiography is a form of vectorcardiography. It provides a way of graphically representing the heart vector
(> Chap. ), but instead of doing so in the form of vectorcardiographic loops, which show only one beat and lack a time
scale, the polarcardiograph separately plots the magnitude and direction of the heart vector against time. These are its
polar coordinates, which are obtained from its rectangular, or xyz, coordinates by a simple mathematical transformation.
Their use in electrocardiography goes back to Einthoven’s manifest potential difference and electrical axis of the heart;
that is, the magnitude and direction of the maximal heart vector in the frontal plane [].

The choice of coordinate system can greatly affect the simplicity of certain mathematical problems. The rectangular
coordinates of the heart vector are given directly by vectorcardiographic lead systems because of their simple relation-
ship with potential differences on the body surface. The ideal vectorcardiographic lead system, however, would yield xyz
signals as if they came from orthogonally placed surface electrodes on the body (assuming the body were a relatively
large homogeneous sphere with the heart at its center). With this concept of the heart and body, it is natural to employ
a spherical (polar) coordinate system. The most familiar application of such a system is to the terrestrial sphere. If alti-
tude (radius) is ignored, only two coordinates, latitude and longitude, are required to fix a position on the earth’s surface,
whereas three rectangular coordinates would be needed.

It seemed intuitively obvious to Einthoven, and subsequently to several people [], that polar coordinates, either
in a plane or with respect to a sphere, should be helpful in studying the heart vector. For example, an increase in the
peak magnitude of the heart vector, such as occurs in left ventricular hypertrophy (LVH), is an expected consequence of
increase in the muscle mass of the left ventricle and is not affected by the orientation of the heart. In contrast, different
orientations can produce various combinations of increased voltage in limb and precordial leads of the ECG, giving rise
to a plethora of ECG voltage criteria.

Intriguing though the prospect was, the application of polarcardiography had to await the development of a device for
continuously transforming rectangular into polar coordinates.The first clinically practical polarcardiograph was an ana-
log computer completed in  []. The polarcardiograms obtained from it provided the basis for developing diagnostic
criteria covering a wide range of electrocardiographic conditions. It is important to appreciate that the transformation
of coordinates does not increase information content, but it may display information in a manner that makes certain
diagnostic features more obvious or discernible. Some polar criteria can be translated back into ECG or VCG criteria that
had not previously been recognized, but others may be very difficult to discern in either of those displays.

The equipment nowemployed in computerized electrocardiography can execute the necessary transformations so that
dedicated polarcardiographs are no longer needed; however, polar criteria and the polar approach play a useful role in the
development of diagnostic programs. At theWoodward ECG computer system in the Vancouver General Hospital, polar
coordinates form the basis of the measurement and analysis programs. These give the cardiologist information additional
to that obtained from reading the ECG. However, the -lead ECG derived from the xyz signals (see > Chap. ) remains
the primary graphic output of the system, with VCGs being generated when polar criteria for infarction are satisfied
(see > Fig. . and > Table .). Polarcardiograms can also be generated from any current or stored data, on request,
although they are not used routinely for the following reasons:

(a) They are not really necessary, since the polar criteria have been satisfactorily programmed into the computer
(b) They are relatively voluminous, being written out at five times the paper speed of the conventional ECG and
(c) Most cardiologists are not familiar with them

However, polarcardiograms are used in problem cases, in research, and in the development of new criteria.

. Spherical Coordinates Applied to the Body

> Figures . and > . show how latitude and longitude are applied to the body to indicate the direction of the heart
vector.The frontal plane of the body becomes the equatorial plane of the reference sphere.The angle in that plane α is the
same as that used by Einthoven for the electrical axis of the heart. All points on a meridian of longitude have the same
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angle α. The angle of the heart vector with respect to the equatorial frontal plane (that is, anterior or posterior to it) is ψ.
All points on a parallel of latitude have the same angle ψ.

Aitoff ’s equal-area projection (> Fig. .) is a two-dimensional representation of the sphere that is useful in showing
clustering of directions of corresponding heart vectors in groups of individuals (> Fig. .).The orientation of the body
in the Aitoff projection has been chosen so that the North–South axis corresponds to the posteroanterior (−z) axis of the
transverse plane vector loop. Hence, anterior vectors are depicted downward in this form of Aitoff plot.

Elevation and azimuth are electrocardiographic synonyms for latitude and longitude, but they are less familiar terms
to the general reader and have difficult dictionary definitions. Strictly, they are not appropriate because they define a
direction with respect to an observer on the earth’s surface. The celestial coordinates, declination, and right ascension
would be conceptually more applicable, though not more so than latitude and longitude.

Although the position of a point on the surface of a sphere is defined by latitude and longitude, in order to fix that
point in space, the radius of the sphere (R in>Fig. .)must also be specified. In polarcardiography, this third coordinate
is known as magnitude, because it represents the magnitude of the heart vector.

. Spatial Magnitude

For reasons of clarity, the magnitude coordinate will be discussed first. The spatial magnitude of the heart vector, when
plotted against time, yields the M tracing. Magnitudes in the frontal, transverse, and sagittal planes (i.e., the distances
from the origin in the corresponding VCG loops) are denoted bymf , mt , andms, respectively.The relationships between
the magnitude tracings and their parent xyz signals are as follows:

M = (x + y + z)/ ,M � 

mf = (x + y)/ ,mf � 

mt = (x + z)/ ,mt � 

ms = (y + z)/ ,ms � 

In the polarcardiographic examples in this chapter, the xyz signals have been derived from the Frank system (>Chap. ).
At first sight,M tracings resemble ECGs and, so far as possible, they are similarly labeled. The P, QRS, and T events

in the ECG have their counterparts in theM tracings (> Fig. .). However, by definition, there cannot be Q or S waves
becausemagnitudes are never negative. Although small initial peaks (e.g., ′′r in > Fig. .) in theM tracing correspond
approximately to the Q wave in the ECG, the degree of correspondence is variable and indefinite. It is useful, however, to
retain the letters Q and S to denote the onset and offset points of the QRS complex. This is logical because it makes the
time between the Q and S points equal to the QRS duration – a term desirable to retain, along with QRS complex and QT
interval. Because of the multiplicity of peaks sometimes seen in QRS complexes in M tracings and the inapplicability of
the terms Q wave and S wave, it is preferable not to refer to an R wave but rather to the individual R peaks in the manner
shown in > Fig. ..

In left and right bundle branch block (LBBB and RBBB, respectively), the M tracing is very distinctive, the QRS
complex being smooth in the former and notched in the latter (> Fig. .). Nevertheless, angular data are included in
the discrimination.

TheM tracing is particularly valuable in determining QRS duration because of two useful properties. First, when the
M tracing shows zero magnitude, all ECG leads must have zero signals, so problems relating to nonsimultaneity of the
onset and offset of the QRS complex in various ECG leads (for example, an isoelectric Qwave) do not arise. Second, theM
tracing returns, or almost returns, to the baseline to give a clear demarcation between QRS and ST events. (Exceptions
to this are mentioned in > Sect. ...)The ECG does not give a good indication of this phenomenon and its QRS offset
is often vague. The relative clarity of the Q and S points in the M tracing simplifies the programming of a computer to
determine QRS duration []. This is a very important measurement in decision-tree logic leading to a diagnostic inter-
pretation. Computer determinations of QRS durations based on the ECG show disappointing discrepancies from visual
determinations. However, improving the agreement is difficult because visual determinations by different readers also
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⊡ Figure .

Definition of latitude and longitude. The vector from the center of the terrestrial sphere pierces the surface at P, the intersec-

tion of the meridian of longitude and the parallel of latitude. The angle Φ, between Pmeridian and reference (zero) meridian

in the equatorial plane, is the longitude of P. The angle Ψ that the vector makes with respect to the equatorial plane is the

latitude of P and is referred to as the posteroanterior (PA) latitude. Thus the latitude and longitude of P give spatial direction

of the vector. The lower figures show spherical coordinates applied to the body: the North Pole becomes the anterior pole A,

the equatorial plane becomes the frontal plane, and the angle Φ becomes α, following the tradition initiated by Einthoven.
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left; ASL, anterior superior left; PIL, posterior inferior left; AIL, anterior inferior left; PIR, posterior inferior right; AIR, anterior

inferior right.

vary a good deal. On the other hand, there is good agreement between computer and visual determinations of QRS dura-
tion using the spatial magnitude.The normal limits of QRS duration so determined are given in> Tables . and> .
as diagnostic cut-off points used by the Woodward computers.

The ST segment is that part of the M tracing between S and Ti, the onset of the T wave. Sometimes, for example, in
LBBB (> Fig. .), the ST segment initially rises steeply for a short distance then abruptly changes its slope to a more
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Direction of T in  young adults. Clustering in the sphere (a) is equally well shown in the Aitoff projection (top part of b).

Normal “continents”of P⃗, R⃗, and T⃗ directions are thus defined (bottom part of b).

gradual one, forming a knee. This knee is labeled J because of its resemblance to the J point in the ECG (> Fig. .).
Although, in the ECG, the J point is often used to mark the end of the QRS complex, the end of the QRS complex in the
M tracing is defined as occurring at the S point because J is usually poorly defined.

M tracings reveal that there is not a clear-cut difference in identity between the ST segment and the T wave.However,
it is useful to have some point in time that can be considered as representative of the ST segment so the ST point is taken
as occurring midway between S and T, the peak of the T wave.

The points in the M tracing labeled P, R, ST, and T represent particular instants in time. A point U may often be
identified also.These instants are not necessarily the same as those represented by similarly labeled points in themf , mt ,
and ms tracings. The vectors occurring at the points P, R, ST, and T in the M tracing are designated as P⃗, R⃗, ST⃗, and T⃗.
The spatial magnitudes of these vectors aremP, mT, mST, andmT: the heights of P, R, ST, and T above the baseline in the
M tracing. By recording the M, mf , mt , and ms tracings simultaneously, the magnitudes of these vectors in the frontal,
transverse, and sagittal planes can be determined.These are designated asmfP, mtP,msP, and so on.

In vector loops, because of noise around the E point and lack of expansion on a time scale, the exact beginning of the
QRS complex is difficult to determine, yet early QRS vectors, such as the . s vector, are often accorded considerable
diagnostic importance. The timing of such vectors is clearly done more accurately from the M tracing. However, the
greater detail afforded by the M tracing has disclosed that in many normal cases the development of early QRS vectors
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ECG and spatial vectormagnitude (M) tracings are compared. AllM deflections are above the baseline. The Qwave in the ECG

corresponds to the so-called small foot ′′r in theM tracing. Q and S points in theM tracingmark the beginning and end of the

QRS complex to conformwith terms PR and QT intervals, and QRS duration. The J point is not a useful time reference because

it is often absent, whereas the nadir S is usually clear. Pi and Pf are P-wave onset and end, respectively; Ti and Tf are T-wave

onset and end, respectively.

can be very gradual: a slight initial deflection, or foot (′′r in > Fig. .) may be clearly discernible, conjectural, or absent
from case to case (> Fig. .) and sometimes from beat to beat. The presence or absence of this feature can make a
difference of about . s to the QRS onset. This is something to be borne in mind when the QRS onset point is used as a
time reference for defining QRS vectors. Its variability, however, still allows theM tracing to give a more consistent basis
for determining QRS duration by computer than the QRS complex in the ECG [].

The value of the M tracing in measuring QRS durations extends also to the determination of PR and QT intervals
(> Table .) for the same reason; namely, a zero value of the M tracing indicates that ECG signals are “zero,” so that
different ECG leads do not have to be compared.

.. Baseline Clamping

An interesting requirement of magnitude tracings, not obvious from the formulae for deriving them, is that the baselines
preceding the QRS complex in the parent xyz signals should be clamped (that is, set to zero) before the transformation of
coordinates is carried out. If this is not done, the apparent baseline of the magnitude tracing will ride above the zero level
and there will appear to be negative deflections from that baseline, which maymeet, but cannot cross that level. Negative
magnitudes are of course impossible. The appearance of these pseudo negative deflections is obvious (> Fig. .) and
the consequent distortion is therefore avoidable. In fact, since the computer program clamps automatically and virtually
without fail, this is no longer a problem, but the solution is not simple or obvious and, because of its crucial importance
to polarcardiography, a brief account of it is merited.

The clamp point is located shortly before the Q point, at a time when signals are negligible in relation to an estimate
of noise made in a ms window in the region of the clamp point.Themethod used by theWoodward computers has not
required alteration for several years and produces satisfactory M tracings in almost every case although rarely, P waves
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Left bundlebranchblock (LBBB)as compared to rightbundlebranchblock (RBBB).M tracings ineight typical examplesof LBBB

and RBBB (a) show marked differences in the smoothness of QRS contour. Note the variability of the initial small deflection,

or foot, in LBBB. Aitoffplots (b) show directions of R⃗ and T⃗ in  cases each of LBBB (top) and RBBB (bottom). In LBBB, these are

at opposite poles. This difference is also shown in histograms of latitude differences (c), but less so in longitude differences

(d) and spatial angles between R⃗ and T⃗ (e).
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⊡ Table .

Cutoff points for flagging interval measurements (ms): I, interpolate according to

age; D, use default value

Interval Flag Defaulta Age <  � age�   � age� 

PR >> > >  I > (rate > )

> (rate� )

< < None None None

<< < < I D

QRS >> > < I D

<< < < I D

QTc >> > < I D

<< < < I D

aAge not otherwise specified

⊡ Table .

Cutoff points for flagging vector magnitudes (mV), ratios, and ischemic index (Msθ): I, interpolate; D,
use default value

Vector Flag Default Age <   � age �  Age �  Female  � age�  Male

P >> > . > . I D D

> > . > . I D D

R >> > . > . I > . > .
> > . > . I D None

< None < . I None D

<< < . < . I < . D

mt >> > . > . I > . > .
> > . > . I > . None

ST/R >> > . D D D > .a

T/R >> > . > . I D > .a

<< < . < . I D D

Msθ ∗ �  D D D D
∗ �  D D D D

aFor  � age� 

Clampa b

⊡ Figure .

M tracings from clamped xyz signals (a). If the baselines of xyz signals are not centered to zero (clamped) prior to trans-

formation to polar coordinates, the magnitude tracing will show an upward displacement of the baseline and downward

deflections (b).
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⊡ Figure .

The normal spatial magnitude tracing in a computer-generated polarcardiogram. Vertical dotted lines show some computer-

identified points in time. The time between dots horizontally is ms. Note that the onset of each QRS in this M tracing is

clamped to .

running into the QRS complex as is sometimes seen in the Wolff–Parkinson–White (WPW) syndrome, may give prob-
lems. The analysis program, however, bases its diagnosis of the WPW syndrome on the presence of delta waves in the
ECG leads V–V, derived from the xyz signals. These signals are not distorted by clamping, since its effect is merely
to straighten the baselines. Indeed, distortion resulting from drift tends to be reduced. The -lead ECGs derived from
such clamped xyz signals (see > Chap. ) are free from baseline drift and are thereby much improved (> Fig. .b). A
record of the drift between beats is printed out by the computer in its table ofmeasurements (>Table .).The computer
analyzes each beat separately and ranks its findings in order of increasing drift (> Table .). If beats show excessive drift
they can be rejected by the program. Distortion might be expected from the so-called atrial T wave, occurring just before
and during the QRS complex. This turns out not to be a problem, however, because atrial T waves are small and of low
frequency, so they do not disturb early QRS vectors important in the diagnosis of infarction.

The designation of part of the ECG as baseline is arbitrary because the actual DC level (see > Chap. ) is not mea-
surable with conventional equipment. Two possible choices for the baseline are the PR and TP segments. Early analog
polarcardiographs used the TP segment, clamping being triggered by the preceding R wave, followed by a time delay
adjusted by the operator. Fast heart rates and U waves gave problems, however. When tape-recorded xyz signals became
available, the PR segment became the baseline of choice. Two reproducing heads allowed the R wave, detected through
circuitry linked to the first head, to trigger clamping before the sameQRS complex arrived at the second head; a short time
delay allowed the clamppoint to be positioned just beforeQRS onset.When baseline drift occurred between beats, clamp-
ing resulted in a step resetting theM tracing to zero (> Fig. .) prior toQRS onset. P vectors, preceding the clamppoint,
were thus affected by the total drift from the previous clamp.This problem was eliminatedwhen digital signal-processing
was adopted for polarcardiography, because baseline-drift removal could then be carried out forwards and backward
between clamp points, so that drift corrections were linearly spread over the whole heart cycle. Digital processing, by
allowing retrograde clamping, thus increased the accuracy of determinations of P-vector magnitudes and directions. It
also permitted much refinement in the determination of the clamp points and eliminated operator adjustments.

It has been pointed out that no new information results from the transformation of rectangular to polar coordinates,
although hidden features may be made obvious. It could be argued, however, that baseline clamping and straightening
do add something to the tracings that is already known information but not contained in them, namely, that baseline
wander or drift is non-cardiac in origin, and that the magnitude of the heart vector before the QRS complexmay be taken
as zero, to give a manifestly undistortedM tracing. The embodiment of this information in the polarcardiogram is, then,
an addition. Clamping the xyz signals improves the quality and usefulness of the VCGs obtained from them because it
provides accurate centering of the E point (> Fig. .). This often cannot be achieved with VCG loops, because the E
point is a blurred spot resulting from the telescoping of noise and small signals around it.

.. Some Characteristics of Magnitude Tracings

... PWaves

Generally, inmagnitude (M) tracings Pwaves appearmuch as in the ECG, except that they are always positive. Sometimes
there are two P-wave peaks, suggesting interatrial block.The so-called atrial T wave, sometimes seen in the ECG, will not
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⊡ Figure .

The definition of a representative QRS vector IR when there are two equal peaks in theM tracing. In these tracings, produced

by an analog polarcardiograph, theM tracing is recorded together with its integral,MI. The height midway between Q and S

points in the integral tracing defines the half-area point, IR. Note the step after P wave, caused by baseline clamping.

be observed directly in magnitude tracings because baselines are clamped during this period; however, its presence can
be inferred because the baseline preceding the P wave will, in these cases, be displaced slightly upward. Atrial flutter and
atrial fibrillation appear in magnitude tracings much as they do in the ECG. Large P waves in the M tracing, as in the
ECG, suggest atrial hypertrophy. The cut-off point for the computer diagnosis of this condition is .mV.

... QRS Complex

A typical normal QRS complex is shown in > Fig. .. It may begin with a decisive rise or show an initial foot. In
myocardial infarction, the foot may be exaggerated and associated with diagnostic Q waves in the ECG. The foot may
become diagnostic of infarction when it returns to the baseline before the main QRS deflection begins (> Fig. .).
When this happens in the transverse magnitude, the criterion mt →  (see > Sect. ...) is positive for anterior or
anteroseptal infarction. In the VCG,mt →  may be discernible (> Fig. . where the initial portion of the loop returns
to the E point), but often it is lost in noise around the E point, in other parts of the QRS loop, or even in P and ST-T loops.

The peak of the QRS complex in theM tracing is usually distinct.The R vector whosemagnitude is represented by this
peak is thenwell defined.However, theremay sometimes be two peaks of approximately equalmagnitude and in this event
the first or the second peak may alternately be the greater, from beat to beat. A useful definition of a characteristic QRS
vector, in these cases, is the IR point, the point atwhich the area under theQRS complex is half its final value (> Fig. .).
This is a more reliable time reference than the Q point, which can be displaced by the initial foot as described above. Such
a foot would have little effect on the timing of IR.

Deep notching of the QRS complex in the M tracing is a feature of RBBB (> Fig. .); sometimes there appears to
be a normal initial deflection followed by a delayed, slurred deflection, owing to the block. By contrast, in LBBB the QRS
complex tends to be very smooth, but there is usually a small initial foot, corresponding to a small initial R wave in V

of the ECG. Whenmagnitude and angle tracings are taken into account, the appearance of LBBB is so characteristic that
myocardial infarction can sometimes be diagnosed in the presence of LBBB, which is much more difficult from the ECG
(see also>Chaps.  and> ). Fine notching of theM tracing near the peak is not normal and is associatedwith patchy
fibrosis.
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Delta waves in the M tracing are present in WPW syndrome, but they are not diagnostic. The computer program
obtains better results from searching for delta waves in leads V –V  in the derived ECG. As would be expected, ven-
tricular ectopy produces QRS complexes strikingly different from normally conducted beats, and various types may be
classified.

... ST Segment

Normally, the S point has amagnitude that is zero, or close to it. It is characteristically elevated in stress-induced ischemia
(> Fig. .) and in injury currents from infarction or pericarditis. This provides a sensitive measure that is easy to
quantify by computer. After the S point, the ST segment, normally, gradually slopes upward to become the T wave. In
ischemia it may, however, be downsloping. In this case, the S point is at the junction between the steeply descending
QRS and the gradually descending ST segment. Fortunately, this point is readily identified by the computer program.
There is not, however, any readily identifiable point to be designated as a representative of the ST segment. Therefore, a
point midway between the S and T points is used as mentioned in > Sect. . (> Fig. .). Sometimes, in gross recent
infarction, the ST segmentmay join with the QRS complex to form amonophasic pattern reminiscent of transmembrane
potentials.

... TWave

In normal and most abnormalM tracings, the T wave is simple and smooth. Rarely, in recent infarction, double T-wave
humps occur. Evolving inferior infarction often produces amarked increase in the amplitude of the T wave (> Fig. .).
Myocardial ischemia usually reduces the relative amplitude of the T wave (> Fig. .). U waves, when they appear at all,
are often attached to the terminal downslope of the T wave. T waves that are diphasic, or inverted, in the ECG arise from
changes in vector direction, more than vector magnitude, and the corresponding abnormalities in theM tracing are often
minimal though they are revealed by angle tracings.

Vectors defined at instants
indicated

P

R

T

J

S

P wave QRS
complex

T wave

Control Postexercise

Baseline

75

75 ms

P

M

IR
R

ST

S

d d

ST

T

⊡ Figure .

Spatial-magnitude changes in stress-induced ischemia, which causes the S-point to rise. The control M tracing is on the left

and the post exercise M tracing on the right. The abnormal direction of ST, defined ms after IR, is combined with the

magnitude at S to give an ischemic index.
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. Angle Tracings

Directions of the heart vector in the frontal, transverse, and (left) sagittal planes of the VCG are denoted by angles α,
β, and γ which, when plotted against time, give three of the angle tracings of the polarcardiogram (> Fig. .). The
polarity chosen is such that positive angles appear in the lower half of the scale (> Fig. .) in conformity with the vec-
torcardiographic tradition initiated by Einthoven for describing the electrical axis. Consequently, upslopes in any of these
angle tracings indicate counterclockwise rotations of the VCG loops about the E point. Just as the transverse QRS VCG
loop in normal subjects consistently shows a counterclockwise rotation, the tracing shows an even upslope (> Fig. .).
Downslopes in the tracing occur in anterior infarction (> Figs. . and > .) and LBBB. There may be a reversal of
direction, in normal individuals; that is, a small β downslope near the maximal radius of the loop which corresponds to
the peak of the mt tracing. Downslopes in the β tracing often appear as kinks in the VCG loop (> Fig. .). Though
less consistent than the β tracing, the γ tracing is useful in revealing inferior infarction by downslopes occurring before
the peak of the ms tracing. However, there must be an initial Q wave in the y-signal tracing, while γ remains in the
range −○ < γ < −○. The α tracing, like the frontal loop, is much more variable in normal subjects and has not given
rise to any polar criteria for infarction.
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⊡ Figure .

Using a clock face as reference for α, β, and γ angles in frontal, transverse, and left sagittal planes respectively, results in ○ at

 o’clock,+○ at  o’clock,±○ at  o’clock, and −○ at  o’clock.
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I mV
QRS Loop

0.5 mV
T Loop

–180°

180°

–90°

90°

0°

⊡ Figure .

The relationshipof the transverseQRS loop (left), T loop (right, amplificationdoubled),mt magnitude, andangle tracings (cen-
ter). Clockwise rotations of loops are associated with downsloping angle tracings. The example illustrates previous anterior

infarctionwithmt → , indicatedby the initialmt deflection returning to the zero baseline and β↓, indicatedby the downslop-

ing tracing, both of which criteria are present. That the initial lobe of the QRS loop returns exactly to the E point is indicated

clearly by themt tracing; counterclockwise rotation of the T loop is indicated by the upsloping tracing opposite the T wave in

themt tracing.

1 mV
QRS Loop

⊡ Figure .

A normal transverse plane QRS loop withmt and β tracings. Note the counterclockwise rotation of the loop and upsloping β
tracing.
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.. Latitudes and Longitudes

With the body conceptualized as a sphere, the frontal, transverse, and sagittal planes cut through the center to form
equatorial planes of three different spherical polar coordinate systems. Each system has its respective polar axis: pos-
teroanterior (PA), inferosuperior (IS), and right–left (RL). This polarity gives right-handed consistency of coordinates.
The angles of the heart vector with respect to the planes give the PA-, IS- and RL-latitude tracings, respectively
(> Fig. .). Latitudes are expressed in degrees followed by one of the six letters to indicate the direction with respect to

90p

90A

–180

+180

–180

90R

90L

+180

+180

X
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Z

–180

mf

mt

ms

M

α

β

γ

90I

90S

⊡ Figure .

Polarcardiogram of the same patient as in> Fig. . which shows the last of three beats displayed here. This beat had least

baseline drift before clamping. Time marks occur every ms. XYZ tracings (bottom) are of xyz signals which generate all

other displays. Vertical dotted lines indicate computer-identified points (compare with > Fig. .) determined from the M

tracing (second from top). Immediately below is the mf tracing of frontal plane magnitude. Corresponding transverse and

sagittal plane magnitudes appear lower down (mt,ms). Tracings of angles α, β, and γ appear belowmf ,mt, andms tracings,

respectively. The remaining tracings are of angles anterior (A) and posterior (P) to the frontal plane, inferior (I) and superior

(S) to the transverse plane, and right (R) and left (L) of the sagittal plane. Dots in vertical lines are ○ apart over angle ranges

and μV apart over magnitude ranges at standard recording sensitivity.
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one of the three equatorial planes.The difference between the latitude of theR andT vectors differs distinctly in RBBB and
LBBB –more so than the corresponding differences in longitudes or the spatial angle between these vectors (> Fig. .).
Latitude tracings have been less productive of criteria than longitude tracings, although Bruce [] has defined a criterion
for apical infarction based on the RL-latitude tracing: a downslope from R or more within the initial ms of QRS,
crossing the zero-degree line after the first ms, associated with a Q wave in the x-signal tracing and between −○
and −○. It is, of course, doubly redundant to use six angle coordinates to describe spatial directions and, in fact, this is
not done.The directions of P, R, ST, andT, printed out by themeasurementprogram, are given in terms of α longitude and
PA latitude (of angle ψ in > Fig. .). Justification for displaying all six angle tracings in the polarcardiogram would be

Males Females

P directions P directions

R directions

T directions T directions

R directions

ST directionsST directions

⊡ Figure .

Directions of P⃗, R⃗, ST⃗ and T⃗ in  Cretan villagers. These findings should be compared with those of > Fig. .. Note that

the T-vector distribution for women is slightly posterior to that for men.
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the same as that for displaying six limb leads in the ECG or three VCG views when only two are sufficient: abnormalities
may show better in some than in others.

.. Normal Directions of Representative Heart Vectors

The normal directions of P⃗, R⃗, and T⃗ are shown in > Fig. . for  young adults, and in > Fig. . for  Cretan
villagers.> Figure . also shows the directions of the ST vectors. As vector magnitudes decrease toward zero, angular
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⊡ Figure .

The typical migration of the T-wave vector in the Aitoff projection in evolving inferior infarction, with the movement toward

“SouthAmerica.”The ST vector ultimatelymoves toward the same continent. ECGs (above) show evolving ST-T-wave changes.

Thespatialmagnitudesofmaximum T⃗ onfirst, second, third, eighth, th , andrddaysare shown in the table (insert) together

with the magnitudes of ST⃗ . Note that on the th day, the magnitude of T⃗ is . times its initial value.
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S

1 mV

Q

⊡ Figure .

A normal spherocardiogram of the same subject as in > Fig. .. The snakelike pattern starts in the anterior (lower) hemi-

sphere and crosses the equator “east”of the vertical, zero-degree meridian. The beginning and end of the snake are marked

Q and S, respectively. Semicircles are drawn every ms. Their diameters indicate spatial magnitude; the reference circle

represents mV.

directions have less resolution – at zero, directions are meaningless. This accounts for the wide scatter of ST⃗ directions
among the women, whose ST⃗ magnitudes are often close to zero. In men, the ST⃗ tends to be larger and shows directions
similar to those of the T⃗. The directions of P⃗ show considerable scatter, but it is the same in both sexes. R⃗ directions are
well defined, but often change very quickly so that a few milliseconds difference in the timing of the R peak in the M
tracing can result in a large difference in direction. This is responsible for some of the scatter seen for the R⃗ directions.
T⃗, on the other hand, tends to change direction very gradually, if at all. It will be recalled that, in the VCG, the normal T
loop is often a straight line. For this reason, and becausemagnitudes are large enough for accurate definition of direction,
T⃗ directions show the least scatter. They form a well-defined “continent” that occupies only about % of the area of the
globe (> Fig. .).

Abnormal P⃗ directions are useful in detecting abnormalities that, in the ECG, might be interpreted as a result of a low
atrial focus. They have not, however, proven of much value in detecting atrial hypertrophy, which is more reliably done
from the magnitude of P⃗.

Unusual R⃗ directions are helpful but tend to occur too frequently to justify calling them abnormal, if that is the only
finding. It will now be appreciated by the reader that the longitude of R⃗ is a measure of Einthoven’s electrical axis, which
is not to be confused with the mean electrical axis (see > Sect. ..).

The most useful vector direction is that of T⃗. Directions of T⃗ that fail to lie within the normal continent (> Fig. .)
will give rise to abnormal T waves in the ECG. This efficient device for defining normality of T waves, presenting data in
a way that immediately strikes the eye, should be compared with the prospect of defining T-wave normality on the basis
of the  -lead ECGs from the same subjects! It is an excellent example of the value of both the heart-vector concept
and the use of spherical polar coordinates. It can also show subtle differences between populations. > Figure . shows
T⃗ distributions in male and female Cretan villagers: the center of the female distribution is slightly posterior to that of
the male. A similar sex difference was observed in children aged – years [] which is surprising in view of the similar
body build at this age.

In evolving inferior infarction, there is a migration of T⃗ directions that is most characteristic (> Fig. .). If the
normal T continent is analogous to the continent of Africa, T⃗ migrates westward to lie in SouthAmerica.The concomitant
ECG change is the development of inverted T waves in inferior leads.
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⊡ Figure .

The spherocardiogram in inferior infarction. The “snake”begins in the anterior (lower) hemisphere and crosses the equator at

longitude −○. This should be compared with> Fig. .. The derived -ead ECG below shows recent inferior infarction.

.. Spherocardiogram

Instead of plotting only a few vectors during the cardiac cycle, the Aitoff projection may be used to plot a full sequence
of vectors, every ms throughout the QRS complex (> Fig. .). The spherocardiogram [] is such a display: vector
magnitudes are represented by the radii of semicircles whose centers indicate direction and whose convexities indicate
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the next plot in the sequence.The result resembles a snake which, for normal subjects, has the thickest part of its body in
the region of the “continent” of the direction of the normal R⃗ (> Fig. .). The head of the snake lies in the “southern”
hemisphere and its body crosses the equator slightly to the “east” of the zero meridian. Absent initial anterior forces, as
in anteroseptal infarction, result in the head lying on the equator or in the “northern” hemisphere. When the body of
the snake crosses the equator to the west, inferior infarction is indicated (> Fig. .). Although the spherocardiogram
has been useful in developing computer criteria (see > Sect. .), like the polarcardiogram, it is not routinely generated.
Despite being based on spherical polar coordinates, the spherocardiogram ismore like a three-dimensionalVCG: it suffers
from the same shortcoming that phenomena are not displayed against a time coordinate.

. Diagnostic Criteria

Rather than present the various criteria developed for visual interpretation of polarcardiograms, it is thoughtmore useful
to outline the criteria now used in the computer program for further analysis. These differ from the older analog crite-
ria [, ] in several important ways: they are, of necessity, totally explicit; they are designed to give higher specificity, at
the expense of some sensitivity; and they include some new criteria [].

.. Criteria for Myocardial Infarction

... Criteria Relating to the QRS Complex

(a) Polarcardiographic criteria
(i) β↓: a downslope in the tracing of the angle in the transverse plane (> Figs. . and > .), occurring ms

before the peakmtR of the transverse plane magnitude tracing (downslopes in the first msmay be discounted).
This is a criterion of anteroseptal or anterior infarction and corresponds to a region of clockwise rotation in the
transverse plane vector loop (> Fig. .a).

It must be noted that for the computer program, the definition of a downslope must be quite explicit. A downslope is an
overall drop of ○ over a total downsloping time of at least ms. A downslope begins at the onset of the first drop and
ends at the beginning of the first rise following the fulfillment of its definition requirements of minimum time and overall
drop. Small rises are allowed within a defined downslope provided that first, they are subtracted from the drop which
has occurred up to that point and second, they do not thereby reduce the overall drop below ○. Horizontal segments are
also allowed, but neither they nor the segments containing rises contribute to the total downsloping time. Downslopes
terminating with a net drop � ○ are rated very marked, otherwise they are rated as significant. An upslope is similarly
defined except that drops become rises.

(ii) mt → : a return to the baseline of the transverse magnitude tracing immediately following an initial deflection
(> Fig. .). This is a criterion for anterior infarction that is often not apparent in the vector loop because of
ambiguity of the E point. It may not be present in every beat (> Fig. .).

In the above criterion, “initial” means between ms after the Q point and the time of the peak of themt tracing. Return
to the baselinemeans falling to .mVor less, or to .mV if the estimate for baseline noise is at least .mY. Between
Q and the return to the baseline there must be a deflection of themt tracing of more than .mV and this amount must
be greater than twice the value of the noise estimate.

(iii) γ↓: a downslope in the tracing of the angle in the left sagittal plane occurring ms after the Q point and ms
before the peakmsR of the sagittal plane magnitude tracing, provided that there is a Q wave in the Y tracing and
longitude < −○. This is a criterion of the inferior infarction; it corresponds to clockwise rotation in the initial
anterosuperior segment of the left sagittal loop.
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⊡ Figure .

Part (a) shows VCGs and the Aitoff plot derived from the information for beat seven given in > Table .. The Aitoff plot

illustrates that the directions of the R, ST, and T vectors are all outside the normal boundaries. Part (b) shows the ECG derived

from three xyz signals of beats – (from> Table .); the ECG shows inferior infarction, but less-definite anterior infarction.

Note the baseline drift prior to clamping of the first beat. Clamp points are indicated by short vertical lines between leads III

and aVR, and V and V.
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(b) Quasi-electrocardiographic criteria
(iv) Absence of initial anterior forces, indicating by an initial Q wave in the Z tracing. This is a criterion of

anteroseptal infarction; it corresponds to Q waves in V and V of the ECG.
(v) Initial anterior forces do not exceed % of posterior forces, as indicated in the Z tracing. This is a weaker

criterion of anteroseptal infraction than (iv).
(vi) Posterior forces in the Z tracing do not exceed % of MR, the maximum spatial QRS vector. This is a crite-

rion of true posterior infarction; it is invalidated by complete or partial RBBB. It has no ECG equivalent but
corresponds approximately to the finding of a small S wave in V.

(vii) Initial superior forces exceed % of inferior forces, indicated in the Y tracing.MR is substituted for the inferior
forces if these become less than % of MR. This is a criterion of inferior infarction and corresponds to a
relatively large Q wave in aVF.

(viii) Initial rightward forces exceed % of leftward forces, indicated in the X tracing. This suggests apical or lateral
infarction; it corresponds to a relatively large Q wave in leads I, aVL or V.

(ix) Duration of the Q wave in the Y tracing exceeds % of the QRS complex in the spatial magnitude tracing.
This criterion of inferior infarction roughly corresponds to a wide Q wave in aVF.

(c) Spherocardiographic criteria
(x) The locus of QRS directions on the sphere crosses the equator outside the normal longitude range of −○ to+○. This suggests inferior, lateral, or apical infarction (I, L, or A) according to the following ranges: −○ <

longitude < −○ for inferior infarction; +○ < longitude < +○ for lateral infarction; and +○ < longitude< −○ for apical infarction (range passes through ○). These criteria do not correspond to any ECG criteria.

Note that, near the crossing of the equator, the latitude must change from A to P within ms. During this period,
the vector magnitude must exceed % of MR and the crossing must have occurred by ms after the spatial magnitude
tracing reaches its peak (MR).
... Non-QRS Criteria

(xi) ST⃗ suggests a current of injury ifMS > .MR, whereMS is the magnitude of the spatial vector at the end of QRS,
that is, the S point. This criterion has no ECG counterpart. There are refinements of this criterion which indicate
the region of the injury such as anteroseptal, lateral apical, according to the direction of ST⃗.

(xii) T⃗ suggests an evolving or old inferior infarction at first, MT > .MR, where MT is the spatial magnitude of the
maximum T⃗; and second, this vector has a longitude between −○ and −○ and a latitude posterior to A and
anterior to P.

(xiii) T⃗ suggests anterior injury if they have the following characteristics. First,MT > .MR; second, the longitude of the
maximum T⃗ is between−○ and +○; third,MT has a latitude posterior to P, but lies outside a region defined
between longitudes ○ and +○ and latitudes P and P; and finally, RBBB is not present. This corresponds to
T-wave inversion in anterior precordial leads not of the type seen as a normal variant in women.

.. Evaluation of Performance of Infarction Criteria

The above criteria were evaluatedwith a test set of  subjects selected from a much larger population who were studied
angiographically;  had % occlusion of a major coronary vessel and associated akinesia or dyskinesia (indicating
infarction), and  had less than % occlusion, normal wall motion, normal hemodynamics, and no history of infarc-
tion []. The ECGs of the  subjects were separated into infarction and non-infarction groups by cardiologist ECG
readers at two hospitals. A corresponding division was made by the computer using the above criteria. The computer’s
selection agreed slightly better with the angiographic evidence than the selections of the readers at the two hospitals:
both its sensitivity and specificity were higher, though not significantly so. However, when the computer’s selection of
infarction cases was combined with the selections of either of the two groups of readers, the improvements in sensitivity
were significant, while the corresponding reductions in specificity were not. This was satisfactory because the computer
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⊡ Table .

Apparent (worst case) specificity of polar computer program

with respect to myocardial infarction (MI) tested on  pre-

sumed healthy Cretan villagers in various age-groups

Men Specificity

Age-group Na % MI + veb %

–    

–    

–    

–    

–    

–    

All    

aMedian ages for the men and women were both  years
bPositive diagnosis of previous infarctionmade by computer program

output was designed to be used as an aid to the cardiologist interpreting the ECG, rather than as an automated simulation
of his interpretation. It is important to note, as an aside, that although the readers did not have VCGs for this evalu-
ation, the computer generates these whenever it makes a diagnosis of infarction based on QRS evidence. This usually
allows the reader to corroborate a positive diagnosis of infarction by the computer despite the lack of corroboration in
the derived -ead ECG, that is, the ECGD (see > Chap. ). Sensitivity and specificity for the computer, alone, were
% and %. However, the % specificity should be regarded as probably lower than it would be with a truly normal
population because the  subjects who were negative angiographically could have had undetected lesions, since they
all had sufficient chest pain to justify cardiac catheterization. When the computer criteria were applied to a test set of
 Cretan villagers aged – years, the specificity was %.This is still probably lower than the true specificity because
the Cretans were not examined – they were presumed healthy on the basis of the reported low prevalence of coronary
artery disease among Cretan villagers []. > Table . shows the specificity of the criteria in  Cretan villagers of
various age-groups. Among the age-groups under  years, the specificity is % or better.There is a progressive decline
in specificity with age, particularly after the age of  years. This decline is less than it appears, however, because  of the
 positive cases had clear ECG evidence of previous myocardial infarction. Of course, it is possible to object that ECG
evidence is inadmissible because it is not truly independent, but a cardiologist would find fault with failure of a computer
program to detect “infarction” indicated by the ECG, so perhaps the program should not be faulted for those  cases.
When this adjustment is made, the specificity for all subjects under % becomes %.

.. Criteria for Left Bundle Branch Block

This chapter would be unreasonably long if it contained every diagnostic criterion used by the polar analysis program.
The myocardial infarction criteria have been given because of their importance and interest. The criteria for LBBB are
also interesting and illustrate the polar approach when non-ECG evidence for a diagnosis is lacking.

Typical LBBB is recognized if:

(a) R⃗ is at least ○ posterior to T⃗
(b) The vector ms before IR has transverse plane angle < ○; that is, βIR−ms < ○

(c) The spatial angle between Rand T⃗ exceeds ○

(d) β increases by less than ○ from IR to IR + ms
(e) βIR+ ms � βIR+ ms +  and
(f) QRS duration is flagged in the table of measurements “>>” (see > Table .)
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If condition (a) is false and ○ � R⃗ < −○, or if R⃗ is posterior to P, then the LBBB is considered atypical.
If LBBB is otherwise typical butMS exceeds % ofMR, there is the probability of injury or aneurysm.
Left ventricular hypertrophy is probably present in addition to LBBB if MR exceeds mV; it is also possible if MR

exceeds mV.

... Developing Criteria for LBBB

The marked differences between the above criteria for LBBB and those employed in conventional electrocardiography
exemplify the polar approach used by the computer program. A view concerning the development of diagnostic criteria
for computer analysis of the ECG that has enjoyed recent currency is that, to be valid, such criteria must be based on
independent, that is, non-ECG disease classification. Independent means for selecting suitable populations are available
for myocardial infarction and LVH (so-called type A diagnosis) but not for LBBB, a condition identified, and therefore
defined by the ECG (a type B diagnosis []). Because no independent “gold standard” is available for LBBB, it might
appear most reasonable to employ ECG criteria in the computer program. Instead of this, the ECG was used to select
cases of LBBBwhose polarcardiograms were then studied for clearly identifiable characteristics. Several polarcardiograms
appeared that could not be simply stated in terms of the ECG. For example, striking differences in the contours of the M
tracings separated LBBB from RBBB (> Fig. .). The R⃗ and T⃗ of these conditions showmarked differences in latitudes
(> Fig. .).

The approach followed in developing LBBB criteria was as follows:

(a) Identify, from ECGs, a population (training set) with well-recognized LBBB
(b) Compare polarcardiograms and vector loops of this population with those of a non-LBBB population and observe

any clear-cut characteristics that separate the populations
(c) Organize these into an effective tool for identifying LBBB, and
(d) Observe how well this tool performs, in a separate test set, when the ECG is ambiguous, and whether it misidentifies

LBBB in those cases where the ECG is definite as a gold standard

This approach can produce a better indicator even when there is no independent standard. It has historical paral-
lels. Wenckebach’s phenomenon, although nowadays an ECG diagnosis, was originally identified in polygraph tracings.
Its description predated that of the electrocardiograph by  years. The polygraph, however, did not give satisfactory
recordings in every case and was supplanted by the ECG as a gold standard for this condition.

An approach similar to the above was undertaken for RBBB and IV conduction delay. Once the various subtleties
for discriminating these conditions had been programmed, approximately  examples of each were selected by the
computer from stored data which was not used in developing the criteria, and the derived -lead ECGs were studied
to check the accuracy of the computer identifications. There were no discrepancies beyond what would be considered
acceptable differences of opinion. Since the ECG criteria for diagnosing LBBB have served so well over the years, it might
be asked what the benefit is from introducing others, even if they seem less ambiguous. An example of the value of this is
that the distinction between LBBB and LVH with IV conduction delay is sometimes difficult from a single ECG, whereas
the computer tends not to confuse them.The ability of the program to identify injury or aneurysm in LBBB is particularly
interesting: in LBBB, the S point in theM tracing returns to the baseline as it does in the normal subject. Departures from
this are unusual and appear to connote injury or perhaps aneurysm.This feature cannot be detected from the ECG.

.. Left Anterior Fascicular Block

Like LBBB, left anterior fascicular block is an entity defined by the ECGbut it seems to be less clearly defined. Its diagnosis
hinges on the meanQRS axis being less than −○.ThemeanQRS axis is defined from leads I and III using the Einthoven
triangle, except that, instead of taking simultaneous points in time in each lead, the sums of the positive and negative
deflections are normally used. Unfortunately, because simultaneity is abandoned, the triangle scheme no longer applies,
since the “deflections” in lead II no longer fit the “vector” constructed from the other two leads.The result is not a vector
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at all and lacks a physical basis.ThemeanQRS axis was introduced in order to determine some indication of axis from the
nonsimultaneous data provided by the then-standard single-channel electrocardiograph. The α tracing is a continuous
display of the electrical axis throughout the heart cycle with the improvement provided by a scientifically based lead
system. With this available, there would seem to be little merit in persisting with a technically inferior and theoretically
questionable measure, such as the mean QRS axis, as a diagnostic discriminator. However, with a continuous range of
axes available, which should be selected as most representative of QRS events?

The polarcardiographic criteria for left anterior fascicular block are that the longitude of IR⃗ (> Fig. .) is
between−○ and−○ with QRS duration <ms.The diagnosis is excluded if LBBB, RBBB, LVH, low voltage, inferior
infarction, injury, current, or recent infarction are diagnosed. The use of IR⃗ rather than R⃗ gives a little more consistency
in cases where there are two peaks in the M tracing. The directions of IR⃗ are generally the same as those of R⃗ but show
slightly less scatter.

Polarcardiographic study of left anterior fascicular block has not revealed any clear-cut set of discriminators, such
as those described for LBBB. Perhaps this gives support to the doubts expressed by some concerning the validity of left
anterior fascicular block as a clinical entity []. Clearly, in this case, some independent “gold standard” would be useful.

Although the computer comment suggesting left anterior fascicular block tends to agree with the visual reading of
the derived -lead ECG, occasional examples of disagreement should not be a surprise in the light of the foregoing. Of
course, these examples could be reduced to zero by the expedient of adopting the mean QRS axis, despite its faults, as the
discriminator. This could easily be done but it seems like a backward step.

.. Left Ventricular Hypertrophy

In the course of developing polarcardiographic criteria for LVH, electrocardiographic and autopsy criteria were closely
examined. Problems were encountered with both. Nevertheless, some correlation exists between the mass of cardiac
muscle and the strength of the electric field generated by the heart. This is exploited in the voltage criteria of the ECG,
but amplitudes in several leads must be measured and correlated because individual variations in the orientation of the
maximum heart vector produce maximal projections on different leads. This problem is solved in polarcardiography in
which theM tracing gives a direct indication of field strength. Thus, one measurement,MR, the spatial magnitude of the
maximumQRS vector, R⃗, can replace measurements of several limbs and chest leads of the ECG. Another measurement,
mtR, the magnitude of the projection of R⃗ in the transverse plane, is also useful because there is a tendency for LVH to be
associated with a ○ change in longitude of R⃗ toward the transverse plane, so thatmtR is increased by these two effects.
A study of  autopsied cases, comparing the ratio of heart weight to body length with MR andmtR yielded correlation
coefficients of . and ., respectively []. These are not impressive, but fibrosis and scarring was present in many
of the cases, and these tend to reduce voltage. (Pure LVH, observed in children, yielded much higher correlations [].)
Performance of ECG voltage criteria, if measurements are carefully made, on tracings obtained with good equipment
turns out to be about the same, but not all cases of LVH recognized electrocardiographically meet polarcardiographic
criteria for LVH, and vice versa.

An exact definition of LVH is difficult. Heart weights in normal subjects show such a wide variation that a patient’s
heart weight may undergo % hypertrophy, yet still not exceed the upper bounds for normal []. Taking body length
into consideration reduces the spread somewhat but the coefficients of correlation are very low []. Body-surface area is
commonly employed as a correlate of LVH diagnosed by echocardiography (see also > Chap. ). An echopolar study is
overdue. Body build, athletic activity, and aging are normal factors that have a pronounced effect onbody-surface voltages.
If the effects of fibrosis, scarring, andmyopathies are added to these, it is easy to appreciate that the diagnosis of LVH from
body-surface potentials, whether these are studied as ECGs, VCGs, or vector magnitudes, is apt to be inexact. A further
disquieting factor is that some patients show considerable day-to-day variations in voltage, beyond those attributable to
differences in electrode placement or electrical activation.

The polarcardiographic criteria for LVH are indicated in > Table .. The appendix (Table Al.) gives medians
and upper  percentiles for  Cretan villagers for MR and mtR. Up to the age of  years, MR is greater in males but
gradually reduces with age in men, less clearly so in women. For the entire group, aged – years, for both sexes, the
upper  percentiles for MR andmtR are .mV and .mV, respectively.
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Of the ECG criteria of LVH – hypervoltage, left axis deviation, increased ventricular activation, and ST-T changes –
only the first, and to some extent the second, have polarcardiographic equivalents (MR and mtR). The ST-T changes
were considered secondary and nonspecific. When abnormal, ST-T-vector directions, as shown on the Aitoff plot,
resemble those seen in ischemia. Ventricular activation time is based on the concept of intrinsicoid deflection, which
is untenable vectorcardiographically since precordial-lead tracings can be simulated from derivations of the xyz
signals.

.. Right Ventricular Hypertrophy

“Probable” right ventricular hypertrophy (RVH) is stated by the computer program if R⃗ is directed to the right, that is, if
the longitude of R⃗ is not in the range −○ < longitude of R < +○, provided that:
(a) The ratio of maximum anterior forces to maximal posterior forces, during the QRS complex, exceeds 
(b) MP > .mV
(c) T is not posterior to P, and
(d) RBBB is not diagnosed

It is also stated that if the direction of R⃗ is more than ○ outside the normal bounds, IR⃗ is not in the range −I ○ <
longitude of IR⃗ < +○, and the angle between R⃗ and the direction of the lead I lead vector (A, + ) is less
than ○.

.. Ischemia

In myocardial ischemia, the T tend to be distributed around the ○ meridian (see > Table .), that is, approximately
○ from the normal direction of the T⃗. This corresponds to T-wave inversions in the ECG in ischemia. When ST seg-
ments of the ECG are depressed in ischemia, the directions of ST tend to parallel those of T⃗. During exercise testing,
ischemia produces characteristic polarcardiographic changes which have been incorporated into an index of ischemia,
MSθ. In the M tracing, the S point, instead of lying on or close to the zero baseline, becomes elevated (> Fig. .); MS

increases. The magnitude of the T wave, MT in the M tracing tends to diminish, while that of the ST segment midway
between the points S and T is variable. However, the directional change of ST is characteristic.The optimal time selected
for sampling the directional ST changes is ms after IR (> Fig. .) []. The directional change from normal is given
by the spatial angle θ between the ST vector so defined and the normal direction of that vector, which is taken as (A,+) (latitude and longitude) after exercise, or (A, +) at rest.The product ofMS and θ gives the ischemic indexMSθ.
Because directions becomemeaningless asmagnitudes reduce to zero, θ is considered to be zero ifMST, the spatial mag-
nitude of the ST vector, is �.mV. For normal subjects,MSθ <  and the test is positive for ischemia ifMSθ exceeds
.; however,MSθmay reach .Thus, ischemic changes seen in various leads of the ECG are reduced to a single number
that has muchmore resolution than the microvolts of ST depression observed in various leads of the ECG. Furthermore,
the ischemic index is easily programmed into the computer. It has shown statistically significant drug-induced changes
that could not be demonstrated in the ECGs of the same patients [].

. Conclusion

The polar approach is but one of many means for studying and characterizing the electric field produced by the heart.
Although it may strike the reader as strange, even alien, it often provides a relatively efficient means for categorizing
abnormalities. In this regard, its very strangeness can be an asset since previously unrecognized features may be revealed.
From a programming standpoint, the polar approach is attractive because it tends to be explicit.
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 A Appendix : Adult Normal Limits

A. Normal Limits of the -Lead ECG inWhite Caucasians

The data in the following tables have been derived from a study of over , apparently healthy Caucasians living
in the west of Scotland. A few tables are based on smaller numbers. Further details can be found in > Chap. . The
results are presented as mean ± standard deviation together with the % range; that is, % of measurements have
been excluded from each extreme of the range. P-, Q, S, T- wave amplitudes are presented as negative measurements
(> Tables A.–A.).

⊡ Table A.

Interval and duration of measurements (in milliseconds) from Caucasian normals

QTc QTc

PR QRS QT interval interval P-wave Heart rate

Age-group Sex interval duration interval Hodgesa Bazettb duration (bpm)

→ Male . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

Female . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

→ Male . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

Female . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

→ Male . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

Female . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

+ Male . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

Female . ± . . ± . . ± . . ± . . ± . . ± .  ± 
→ → → → → → →
n =  n =  n =  n =  n =  n =  n = 

aQTC = QT + . (rate – ) – Ref. [] in> Chap. .
bQTC = QT (rate/)

/ – Ref. [] in> Chap. .

⊡ Table A.

Intervalmeasurements (in milliseconds) from Caucasian normals versus heart rate

Heart rate (bpm) PR interval QT interval QTc interval Hodges
a QTc interval Bazett

b

< . ± . . ± . . ± . . ± .
→ → .→. .→.
n =  n =  n =  n = 

→ . ± . . ± . . ± . . ± .
→ → →. .→.
N =  N =  n =  n = 
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⊡TableA. (Continued)

Heart rate (bpm) PR interval QT interval QTc interval Hodges
a QTc interval Bazett

b

→ . ± . . ± . . ± . . ± .
→ → .→. .→.
n =  n =  n =  n = 

→ . ± . . ± . . ± . . ± .
→ → .→ .→.
n =  n =  n =  n = 

→ . ± . . ± . . ± . . ± .
→ → .→. .→.
n =  n =  n =  n = 

→ . ± . . ± . . ± . . ± .
→ → .→. .→.
n =  n =  n =  n = 

≥  . ± . . ± . . ± . . ± .
→ → .→. .→.
n =  n =  n =  n = 

aQTc = QT + .(rate – )
bQTc = QT (rate/)

/.

⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead I

Age-group Sex Q duration R duration S duration

→ Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

  →  → 

n =  n =  n = 
→ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
→ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→   →   → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
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⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead II

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead III

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
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⊡TableA. (Continued)

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead aVR

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 
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n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
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⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead aVL

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 
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Female  ±   ±   ± 
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Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead aVF

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
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⊡TableA. (Continued)

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead V

Age-group Sex Q duration R duration S duration

– Male   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ± 

→  → 

n =  n = 
– Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
+ Male  ±   ±   ± 

→  →  → 

n =  n =  n = 
Female   ±   ± 

→  →  → 

n =  n =  n = 
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Age-group Sex Q duration R duration S duration
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⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead V

Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
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→  →  → 

n =  n =  n = 
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n =  n =  n = 
Female  ±   ± 

→  → 
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Age-group Sex Q duration R duration S duration

– Male  ±   ±   ± 
→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 
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→  →  → 

n =  n =  n = 
Female  ±   ±   ± 

→  →  → 

n =  n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian adults: lead V

Age-group Sex Q duration R duration S duration
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→  →  → 
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Female  ±   ±   ± 

→  →  → 

n =  n =  n = 
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Age group Sex Q duration R duration S duration
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⊡ Table A.

P terminal force in V, intrinsicoid deflection (ID) in V, V, and body-surface area (BSA) in the Caucasians studied as described

in > Chap. .

Age group Sex P terminal force in V  (mVms) ID V (ms) ID V (ms) BSA (m)

– Male . ± .  ± .  ± . . ± .
.–. – – .–.

n =  n =  n =  n = 
Female . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 
– Male . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 
Female . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 
– Male . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 
Female . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 
± Male . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 
Female . ± .  ± .  ± . . ± .

.–. – – .–.

n =  n =  n =  n = 

A. Normal Limits of the -Lead ECG in Chinese

The data in > Tables A.–A. were obtained from a study of  Chinese people with normal cardiovascular sys-
tems (see > Chap. ). There were  males and  females. The most significant differences with the Caucasian data
presented in > Sect. A. were in the QRS amplitudes, and for this reason, only some amplitude data are tabulated here.
Fuller details are available in: ChenCY, Chiang BN,Macfarlane PW.Normal limits of the electrocardiogram in aChinese
population. J. Electrocardiol. ;(): –. Most of these tables are reproduced from that article with the permission
of Churchill Livingstone, New York. Data are presented as mean ± standard deviation together with % ranges; that is,
% of the measurements have been excluded from each extreme of the range. Where numbers of subjects studied in a
subgroup is small, the full range is given. P-, Q, S, T- wave amplitudes are presented as positive measurements.

A. Normal Limits of the -Lead ECG in Japanese

The data in > Tables A.–A. are taken from a study of , normal Japanese individuals. The ECGs were recorded
on paper and measurements made by hand. For this reason, only selected amplitudes are presented. These data have
been reproduced from: The normal value of electrocardiogram in the Japanese. Jpn. Heart J. ; : – with the
permission of the University of Tokyo Press, Tokyo. Note that the maximum and minimum values are presented and not
the % range. Q, S wave amplitudes are treated as positive values.
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Appendix : Adult Normal Limits A 

A. Normal Limits of Right-Sided Chest Leads in Caucasians

The tables in this section were derived from  subjects with no evidence of heart disease (> Tables A.–A.b).
The data is reproduced from: Andersen HR, Nielsen D, Hansen LG. The normal right chest electrocardiogram. J.
Electrocardiol. ;: – with the permission of Churchill Livingstone, New York.

⊡ Table A.

R-wave amplitudes (millimeters)

Median % fractile values Mean
−
x Range Number n

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

⊡ Table A.

S-wave amplitudes (millimeters)

Median % fractile values Mean
−
x Range Number n

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

⊡ Table A.

Secondary r-wave (qr, rSr′) amplitudes (millimeters)

Median % fractile values Mean
−
x Range Number n

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

⊡ Table A.

Q-wave amplitudes (millimeters)

Median % fractile values Mean
−
x Range Number n

VR 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 

VR . .–. . .–. 
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⊡ Table A.

r + r′ amplitudes (millimeters)

Median % fractile values Mean
−
x Range Number n

VR . .–. . .–. 
VR

∑
VR

r + r′ . .–. . .–. 

VR

∑
VR

r + r′ . .–. . .–. 

VR

∑
VR

r + r′ . .–. . .–. 

VR

∑
VR

r + r′ . .–. . .–. 

⊡ Table A.

J-point deviation (millimeters)

Median % fractile values Mean
−
x Range Number n

VR −. . to −. −. −. to +. 

VR −. . to −. −. −. to +. 

VR . . to −. −. −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

⊡ Table A.

ST-segment deviation (millimeters) ms after last QRS deflection

Median % fractile values Mean
−
x Range Number n

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

⊡ Table A.(a)

ST-segment deviation (millimeters) ms after last QRS deflection

Median % fractile values Mean
−
x Range Number n

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

VR . . to −. . −. to +. 

⊡ Table A.(b)

Q-wave duration (ms)

Median % fractile values Mean
−
x Range Number n

VR 

VR  –  – 

VR  –  – 

VR  –  – 

VR  –  – 



Appendix : Adult Normal Limits A 

A. Normal Limits of the Three-Orthogonal-Lead ECG

A.. Normal Limits in Males

Some of the earliest work on the three-orthogonal-lead ECG was undertaken in the laboratory of Pipberger. His group
studied  men, including whites and blacks, and with the use of computer methods, analyzed the ECGs automatically.
> Tables A.–A. are reproduced from Draper H W et al. The corrected orthogonal electrocardiogram and vector-
cardiogram in  normal men (Frank-lead system). Circulation ;: – with the permission of the American
Heart Association, Dallas, Texas.

⊡ Table A.

Measurementsof P, QRS andT in scalar orthogonal leadsX ,Y andZ. Themeanand standarddeviationof each item is shownon

the upper line. The second line indicates the limits of a  percentile range. A similar pattern is used for A. to A.. Figures

in parentheses in A. show the actual number of measurements taken (e.g., Q waves in lead X were present in  cases

only). Results not followed by a number in parentheses were obtained from the total series. All wave durations are based on

the total QRS duration derived from the three leads. The earliest or last deflection in any one of the simultaneously recorded

leads indicates onset or end of this complex

Item X Y Z

P amplitude (mV) . ± . . ± . . ± .
.–. .–. −.–.

Q amplitude (mV) . ± . () . ± . () . ± .
.–. .–. .–.

Q duration (s) . ± . () . ± . () . ± .
.–. .–. .–.

R amplitude (mV) . ± . . ± . . ± .
.–. .–. .–.

R duration (s) . ± . . ± . . ± .
.–. .–. .–.

S amplitude (mV) . ± . () . ± . ()

.–. .–.

S duration (s) . ± . () . ± . ()

.–. .–.

T amplitude (mV) . ± . . ± . −.± .
.–. −.–. −. to −.

Q/R amplitude ratio . ± . () . ± . () . ± .
.–. .–. .–.

R/S amplitude ratio . ± . () . ± . ()

.–. .–.

R/T amplitude ratio . ± . . ± . . ± .
.–. .–. .–.

Time from beginning of QRS
to largest R peak (s)

. ± . . ± . . ± .
.–. .–. .–.
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⊡ Table A.

Time intervals obtained from three simultaneously recorded leads. The method of measurement is the same as indicated for

Table A.

Item Measurement (s)

P duration .+.

.–.

PR interval . ± .
.–.

PR segment . ± .
.–.

QRS duration . ± .
.–.

QT interval (uncorrected) . ± .
.–.

⊡ Table A.

Maximal P, QRS and T vectors in the frontal, sagittal and horizontal planes together with spatial amplitude and orientation.

The vectors in the plane projections were obtained from XY, YZ and XZ leads, respectively, and do not therefore represent

projections of the spatial maximal vectors onto these planes

Item Maximal P vector Maximal QRS vector Maximal T vector

Frontal plane

Amplitude (mV) . ± . . ± . . ± .
.–. .–. .–.

Direction (○)  ±   ±   ± 
– – –

Sagittal plane

Amplitude (mV) . ± . . ± . . ± .
.–. .–. .–.

Direction (○)  ±   ±   ± 
– – –

Horizontal plane

Amplitude (mV) . ± . . ± . . ± .
.–. .–. .–.

Direction (○)  ±   ±   ± 
– – –

Spatial amplitude (m)V . ± . . ± . . ± .
.–. .–. .–.

Spatial orientation

Azimuth (○)  ±   ±   ± 
– – –

Elevation (○)  ±   ±   ± 
– – –
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⊡ Table A.

Quantitative analysis of eight instantaneous QRS vectors

Instantaneous Scalar amplitude (mV) Spatial magnitude and orientation

vectors a X Y Z Amplitude (mV) Azimuth (○) Elevation (○)
/ QRS −.± . −.± . −.± . . ± .  ±  −± 

−.−. −.−. −.−. .–. – −−
/ QRS . ± . . ± . −.± . . ± .  ±   ± 

−.–. −.–. −.−. .–. − −–
/ QRS . ± . . ± . . ± . . ± .  ±   ± 

.–. .–. −.–. .–. – –

/ QRS . ± . . ± . . ± . . ± .  ±   ± 
−.–. .–. −.–. .–. – –

/ QRS . ± . . ± . . ± . . ± .  ±   ± 
−.–. −.–. .–. .–. – −–

/ QRS −.± . . ± . . ± . . ± .  ±   ± 
−.−. −.–. −.–. .–. – −−

/ QRS −.± . . ± . . ± . . ± .  ±   ± 
−.−. −.–. −.–. .–. − −–

/ QRS . ± . . ± . −.± . . ± .  ±   ± 
(J point) −.–. −.–. −.−. .–. – −–

aObtained after each eighth of the QRS duration.

⊡ Table A.

Quantitative analysis of ST and T vectors

Instantaneous Scalar amplitude (mV) Spatial magnitude and orientation

vectors a X Y Z Amplitude (mV) Azimuth (○) Elevation (○)
/ (ST-T) . ± . . ± . −. ± . . ± .  ±   ± 

−.–. −.−. −.−. .–. − −–
/ (ST-T) . ± . . ± . −. ± . . ± .  ±   ± 

−.–. −.–. −.−. .–. − −–
/ (ST-T) . ± . . ± . −.± . . ± .  ±   ± 

.–. −.–. −. to −. .–. – −–
/ (ST-T) . ± . . ± . −. ± . . ± .  ±   ± 

.–. −.–. −. to −. .–. – −–
/ (ST-T) . ± . . ± . −. ± . . ± .  ±   ± 

.–. .–. −. to −. .–. – –

/ (ST-T) . ± . . ± . −. ± . . ± .  ±   ± 
.–. .–. −.−. .–. − –

/ (ST-T) . ± . . ± . −. ± . . ± .  ±   ± 
−.–. −.–. −.−. .–. − −–

aDetermined through time normalization of the ST-T segment.
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⊡ Table A.

Eigenvectors A⃗, B⃗ and C⃗ of the P, QRS, and T loops. The polar vector is identical with eigenvector C⃗. The ratios between eigen-

vectors give an estimate of the planarity of the loop and its configuration. The magnitude of the polar vector is based on the

area of the loop in its ‘broadside’projection. Amultiplication constant was used for P and T because of their small magnitude

Item P loop QRS loop T loop

Eigenvector C⃗ (polar vector)

Azimuth (○)  ±   ±   ± 
– – –

Elevation (○) − ±  − ±  − ± 
−− − to − −−

Eigenvector B⃗

Azimuth (○)  ±   ±   ± 
– – –

Elevation (○)  ±   ±  − ± 
−− −− −−

Eigenvector A⃗

Azimuth (○)  ±   ±   ± 
– – –

Elevation (○)  ±   ±   ± 
– −− –

Eigenvector ratios

C/B . ± . . ± . . ± .
.–. .–. .–.

B/A . ± . . ± . . ± .
.–. .–. .–.

C/A . ± . . ± . . ± .
.–. .–. .–.

Spatial amplitude of the Polar
vector (area of “broadside”
projection of the spatial loop)
(mV)

. ± . × − . ± . . ± . × −

.–. × − .–. .–. × −

A.. Normal Limits in Females

The group of Pipberger, in a later paper, published data on the normal limits of the Frank orthogonal-lead ECG in 
women, including both whites and blacks. > Tables A.–A. are reproduced from Nemati M et al. The orthogonal
electrocardiogram in normal women. Implications of sex differences in diagnostic electrocardiography. Am. Heart J.
;: –, with the permission of Mosby, St. Louis, Missouri.
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⊡ Table A.

Measurements of P, QRS and T in orthogonal X ,Y and Z leads

Item X Y Z

P amplitudea . ± .c . ± . Positive component

.–.d .–. . ± .
–.

Negative
component

−. ± .
−.−

Q amplitude −. ± . ()e −. ± . () −. ± . ()

−. to −. −. to −. −. to −.
R amplitude . ± . . ± . . ± .

.–. .–. .–.

S amplitude −. ± . () −. ± . () −. ± . ()

−. to −. −. to −. −. to −.
T amplitude . ± . . ± . −. ± .

.–. −.−. −.−.
Q/R amplitude ratio . ± . () . ± . () . ± . ()

.–. .–. .–.

R/S amplitude ratio . ± . () . ± . () . ± . ()

.–. .–. .–.

Q durationb . ± . () . ± . () . ± . ()

.–. .–. .–.

R duration . ± . . ± . . ± .
.–. .–. .–.

S duration . ± . () . ± . () . ± . ()

.–. .–. .–.

R peak time . ± . . ± . . ± .
(instrinsicoid deflection) .–. .–. .–.

RX + RZ . ± .
.–.

aAmplitudes are in millivolts bDurations are in seconds cMean ± standard deviation of each item dLimits of a  percentile range eFigures in
parentheses show the actual number of observation: results not followed by a number in parentheses were obtained from total series.

A.. Effect of Age, Build and Race on the Orthogonal-Lead ECG

The correlation of various ECG parameters with age and race (black and white) was investigated by Pipberger et al.
In general terms, voltages were higher in black men than in white men. > Tables A.–A. are reproduced from
Pipberger HV et al. Correlations of the orthogonal electrocardiogram and vectorcardiogramwith constitutional variables
in  normal men. Circulation ;: – with the permission of the American Heart Association, Dallas, Texas.
> Table A. sets out the distribution of ages of subjects in > Tables A.–A..
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⊡ Table A.

Measurements of initial, terminal and instantaneous vectors in orthogonal X ,Y and Z leads

X Y Z

Initial vectors from the onset of QRS

. s −. ± . −. ± . −. ± .
−.−. −.−. −.−.

. s . ± . . ± . −.± .
−.−. −.−. −.−.

. s . ± . . ± . −.± .
.–. −.−. −.−.

. s . ± . . ± . . ± .
.–. −.−. −.−.

Terminal vectors from the end of QRS

J point . ± . . ± . . ± .
−.−. −.−. −.−.

. s −.± . . ± . . ± .
−.−. −.−. −.−.

. s −.± . . ± . . ± .
−.−. −.−. −.−.

. s . ± . . ± . . ± .
−.−. −.−. −.−.

. s . ± . . ± . . ± .
−.−. −.−. −.−.

Instantaneous ST vectors

. s after J point −.± . −.± . −.± .
−.−. −.−. −.−.

. s after J point −.± . −.± . −.± .
−.−. −.−. −.−.

. s after J point . ± . −.± . −.± .
−.−. −.−. −.−.

⊡ Table A.

Measurements of P, PR, QRS and QT

Item Measurement (s)

P duration . ± .
.–.

PR interval . ± .
.–.

PR segment . ± .
.–.

QRS duration . ± .
.–.

QT interval (uncorrected) . ± .
.–.
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⊡ Table A.

Measurement of P, QRS and T vectors in frontal, left sagittal and horizontal plane

Frontal Left sagittal Horizontal

Item Amplitude Angle Amplitude Angle Amplitude Angle

Maximal P vector . ± .a b . ± .  . ± . 

.–. –b .–. – .–.  to −
Maximal QRS vector . ± .  . ± .  . ± . 

.–. – .–. −− .–.  to −
Maximal T vector . ± .  . ± .  . ± . −

.–. – .–.  to − .–.  to −
Half-area QRS
vector

. ± .  . ± .  . ± . 

.–. −− .–. −− .–.  to −
Initial QRS vectors

. s . ± . −c . ± . − . ± . −
.–.  to − .–.  to − .–. − to −

. s . ± .  . ± .  . ± . −
.–. −− .–.  to − .–.  to −

. s . ± .  . ± .  . ± . −
.–. – .–. – .–.  to −

. s . ± .  . ± .  . ± . 

.–. −− .–. −− .–.  to −
Terminal QRS
vectors

. s . ± . −c . ± . − . ± . c

.–.  to − .–. −− .–. − to −
. s . ± . −c . ± . − . ± . 

.–.  to − .–. −− .–. −−
. s . ± . c . ± .  . ± . 

.–. − to − .–. −− .–.  to −
. s . ± .  . ± .  . ± . 

.–. − to − .–. −− .–.  to −
aAmplitudes are in millivolts bAngles are in ○ . All angular ranges should be read in a clockwise sequence cAngles show no significant clustering as
evidenced by wide  percentile ranges.

⊡ Table A.

Spatial magnitude and orientation of maximal P, QRS and T vectors

Item Magnitude (mV) Azimuth (○) Elevation (○)

Maximal PXYZ vector . ± .  

.–.  to −a −−
Maximal QRSXYZ vector . ± .  

.–.  to − −−
Maximal TXYZ vector . ± . − 

.–.  to − −−
aAngular ranges should be read in a clockwise sequence.
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⊡ Table A.

Direction of inscription of QRS loops in the frontal, left sagittal and horizontal planes in  normal women: CW, clockwise;

CW/CCW, figure-of-eight, clockwise then counterclockwise; CCW/CW, figure-of-eight, counterclockwise then clockwise; CCW,

counterclockwise

Frontal Left sagittal Horizontal

CW  (%)  (%)  (%)

CW/CCW  (%)  (%)  (%)

CCW/CW  (%)  (%)  (%)

CCW  (%)  (%)  (%)

⊡ Table A.

Sex-specific limits. Data are derived from records of  normal men and  normal women, unless indicated otherwise in

parentheses (p < . for all measurements)

Item Men Women

Scalar measurements

QRS durationa . ± . . ± .
.–. .–.

QZ amplitudeb −.± . −.± . ()

−. to −. −. to −.
RX amplitude . ± . . ± .

.–. .–.

RY amplitude . ± . . ± .
.–. .–.

RZ amplitude . ± . . ± .
.–. .–.

SX amplitude −.± . () −.± . ()

−. to −. −. to −.
TZ amplitude −.± . −. ± .

−. to − −.−.
Q/RZ amplitude ratio . ± . . ± . ()

.–. .–.

RX + RZ amplitude . ± . . ± .
.–. .–.

J point in lead Z −.± . −.± .
−.−. −.−.

A. Normal Limits of Polarcardiographic Data

The technique of polarcardiography is explained in > Chap. . As an adjunct, some tables of normal limits derived
from the work of Dower are presented in > Tables A. to > A.. The terminology is also discussed in the chapter. In
addition, data from exercise testing of normals is included.
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⊡TableA. (Continued)

Item Men Women

Planar measurements

Max. QRSXY amplitude . ± . . ± .
.–. .–.

Max. QRSZY amplitude . ± . . ± .
.–. .–.

Max. QRSXZ amplitude . ± . . ± .
.–. .–.

Max. TZY amplitude . ± . . ± .
.–. .–.

Max. TXZ amplitude . ± . . ± .
.–. .–.

Max. TZY anglec  

–  to −
Max. TXZ angle − −

− to −  to −
Spatial measurements

Max. QRSXYZ magnitude , ± . . ± .
.–, .–.

Max. TXYZ magnitude . ± . . ± .
.–. .–.

aDuration are in seconds bAmplitudes are in millivolts cAngles are in degrees.

⊡ Table A.

Age distribution of subjects included in the study

Age-group – – – – – total

Number of cases      

Note that in > Table A., the median values were obtained from grouped data. Prominent sex differences can be
seen by comparing adjacent columns marked∗. Progressive change with age can be seen by comparing corresponding
columns at the same level; for example, systolic blood pressure (BP) increases from  to mmHg for male and female
(M + F) with increasing age.

With increasing age, the R vector decreases in magnitude and tends toward the transverse and frontal planes (longi-
tude and latitude of R); the ST vector tends to be greater in the men than in the women; the longitude difference between
the T and R vectors (long. T–long. R) also tends to decrease. Offered for comparative purposes the systolic blood pressure
shows an increase with age, especially in the women.

With respect to sex differences the T vector is more anterior (latitude of T) in the men, and its magnitude is greater,
especially in the – age-group. Relative to the R vector, the T vector is more strongly anterior (lat. T–lat. R) in the
men, and of greater magnitude (MT/MR) (> Tables A.–A.).
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⊡ Table A.

Correlations between subjects of the white and black race

Race
Correlation

p

coefficient White Black (W versus B)

Scalar QRS measurements

QRS duration (s) −. . ± . . ± . <.
.–. .–.

QX duration (s) −. . ± . () . ± . () <.
.–. .–.

QY duration (s) −. . ± . () . ± . () <.
.–. .–.

QY (mV) −. . ± . () . ± . () <.
.–. .–.

RX (mV) . . ± . . ± . <.
.–. .–.

RY (mV) . . ± . . ± . <.
.–. .–.

RZ (mV) . . ± . . ± . <.
.–. .–.

Q/RX ratio −. . ± . () . ± . () <.
.–. .–.

Q/RY ratio −. . ± . () . ± . () <.
.–. .–.

Initial . s, lead X (mV) . . ± . . ± . <.
.–. .–.

Initial . s, lead Y (mV) . −.± . . ± . <.
−.−. −.−.

Initial . s, lead Y (mV) . . ± . . ± . <.
−.−. −.−.

Initial . s, lead Y (mV) . . ± . . ± . <.
.–. .–.

Terminal . s, lead Z (mV) . . ± . . ± . <.
.–. .–.

Planar QRSmeasurements

Maximal vc. frontal (mV) . . ± . . ± . <.
.–. .–.

Maximal vc. sagittal plane (mV) . .± . . ± . <.
.–. .–.

Maximal vc. horizontal plane (mV) . . ± . . ± . <.
.–. .–.

Spatial QRS measurements

Maximal vc. (mV) . . ± . . ± . <.
.–. .–.

Initial . s vc., elevation angle (○) . − ±   ±  <.
−– −–

Initial . s vc. (mV) . . ± . . ± . <.
.–. .–.

Initial . s vc. (mV) . . ± . . ± . <.
.–. .–.

Terminal . s vc., azimuth angle (○) .  ±   ±  <.
– –
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 A Appendix : Adult Normal Limits

⊡ Table A.

Magnitudes in space (MR) and transverse plane (mtR) in Cretan villagers. Up to age , MR is greater in males, but not mtR.

In males, MR reduces with age, also in FEMALEs but only up to age . In females mtR tends to increase with age, but not in

males. No overall sex difference forMR andmtR, but younger males show greaterMR. Medians ofMR are always greater than

mtR, also  percentiles.  percentiles for R or T in either sex do not show changewith age, but numbers are too small to draw

a reliable conclusion

Age-group Sex n MR(mV) median MR (mV) upper % mt R (mV) median mt R (mV)upper%

– M+F  . . . .

M  . . . .

F  . . . .

– M+F  . . . .

M  . . . .

F  . . . .

– M+F  . . . .

M  . . . .

F  . . . .

– M+F  . . . .

M  . . . .

F  . . . .

– M+F  . . . .

M  . . . .

F  . . . .

– M+F  . . . .

M  . . . .

F  . . . .

⊡ Table A.

Normal lower and upper / percentiles (After Dower G. Polarcardiography. . © Thomas: Springfield, Illinois. Reproduced

with permission)

 young women on

university campus

 young men on

university campus

 elderly men with

normal ECGs

Lower Upper Lower Upper Lower Upper

PR interval (s) . . . . . .

QRS duration (ms) . . . . . .

QTC interval (s) . . . .

QT interval (ms) . .

MP (mV) . . . .

MR(Mv) . . . . . .

MST(mV) . . . . . .

MT(mV) . . . . . .

MST/MR . . . . . .

MT/MR . . . . . .

Latitude difference (○) −. −. −. −.
Longitude difference (○) −. . −. .

Angle between R̂ and T̂ (○) . . . . . .
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⊡ Table A.

Lower / percentiles, medians, and upper  / percentiles for various polarcardiographic quantities (measured by computer

in apparently healthy hospital staff).Mp, spatial magnitude of maximum P vector, P⃗;MR, spatial magnitude of maximumQRS

vector, R⃗;MT spatial magnitude of maximum T vector, T⃗;mtR, magnitude of maximum transverse plane QRS vector; MST, spa-

tial magnitude of vector ST⃗ occurring midway in time between end of QRS complex and T⃗; lat., latitude posterior or anterior

to frontal plane; long., longitude, or angle α in the frontal plane (After Dower G E, Osborne JA. Polarcardiographic study of

hospital staff-abnormalities found in smokers. J. Electrocardiol. ; : –. © Churchill Livingstone, NewYork. Reproduced

with permission)

 women, median age   men, median age 

Lower / percentile Median Upper / percentile Lower / percentile Median

Upper / per-
centile

PR interval (s) . (.)a . . (.)a . (.) . . (.)a

QRS duration (ms)  ()   ()  ()   ()

QTC interval (s) . (.) . . (.) . (.) . . (.)

MP (mV) . (.) . . (.) . (.) . . (.)

. (.)b . (.)b

MR (mV) . (.) . . (.) . (.) . . (.)

. (.)b . (.)b

mtR (mV) . (.) . . (.) . (.) . . (.)

. (.)b . (.)b

MST (mV) . (.) . . (.) . (.) . . (.)

MT (mV) . (.) . . (.) . (.) . . (.)

MST/MR . (.) . . (.) . (.) . . (.)

MT/MR . (.) . . (.) . (.) . . (.)

Lat. difference

between R̂ and T̂ (○) − (−) − + (−) − (−) − − (−)
Long. difference

between R̂ and T̂ (○) − (−) + + (+) − (−)   (+)

Angle between

R̂ and T̂ (○)  ()   ()  ()   ()

aCorresponding values from  young women and  young men.
bUpper  percentiles.

A. Linear and Directional Statistics

A.. Acknowledgment

The work in this section has been compiled by Dr. Jerome Liebman of the Rainbow Babies and Children’s Hospital,
Cleveland, Ohio.

A.. Linear Statistics

Linear statistics are utilized for all linear measurements such as durations and magnitudes. Standard statistical methods
are readily available, although there are many issues which must be understood in order to ensure appropriate use.

First, most standard ECGs are recorded with a maximal frequency response of –Hz, as are some orthogo-
nal ECGs. However, for most orthogonal ECGs, the frequency response has been at least Hz, often Hz. In the
author’s laboratory, for recording the standard ECG, an upper frequency response limit above Hz is preferred while
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the machine which is regularly used has an upper limit listed at Hz. Although it is not well known by most electro-
cardiographers, the higher-frequency response electrocardiograph allows detection of higher-frequency content in the
ECG. It has been shown that in order to detect a frequency content of at least Hz, it is necessary that the instrument
have a frequency response of at least Hz []. It should be appreciated that, in the same patient, with the electrodes
attached and an appropriate electrocardiograph running, merely switching from the normal high-frequency response to
the low-frequency response usually to avoid ac interference produces a significant decrease in QRS voltage. Therefore,
separate tables of normal ranges should be available [, ] for both low-frequency responsemachines and high-frequency
responsemachines.This is particularly true for the pediatric ECG.Manufacturers have a responsibility to produce equip-
ment that meets the required standards. Nowadays, equipment has to meet strict standards but technical staff often opt
for a low frequency setting to reduce noise, thereby running the risk of distorting the ECG.

A second issue is that from puberty, different age/sex groups have different normal voltage ranges. Pediatric cardi-
ologists are aware that the voltages in pubescent females are lower than those of males. The same is true in virtually all
age-groups through adulthood. In addition, for each decade throughout adulthood, total voltage decreases in both males
and females, so that standards should be available for each, throughout the decades [].

Prior to puberty, there is no difference in normal ECG ranges between males and females.
However, of great interest is the fact that the newborn baby has lower voltages than older infants and children, and

these increase dramatically from the newborn period till about the age of months. It is also striking that the prematurely-
born infant has even lower voltages than does the full-term baby [, ]. Catch-up occurs at varying ages for each individual
baby, and usually at about  months.

Racial differences are also important, but, again, probably not until puberty. Blacks may have much higher voltages
than whites, and, occasionally, individual normal black teenagers may have extremely high voltages, with no available
explanation. Unfortunately, separate large tables for normal blacks are not available.

A fourth major issue is that electrocardiographic amplitude data is skewed. The mean and the median are rarely the
same, the distribution in the various age ranges not being Gaussian [, ]. Almost always the th percentile is below
the mean, in addition to which the mean plus twice standard deviation may be higher than the maximal value recorded.
Therefore, the use of means and standard deviations for magnitude is not appropriate, which is why the use of percentiles
to describe the distribution is necessary (see > Chap. ). In describing the complete distribution, as is frequently done,
a series of percentiles is optimal. In using the percentiles to describe low and high limits of the normal range, the / and
/ percentiles are recommended.However, because of known inaccuracies ofmeasurement, the th and th percentiles
denoted p and p are considered as being satisfactory by the author.

A.. Directional Statistics

For directional (circular and spherical) data, linear statistics are not appropriate.The fallacies in employing linearmethods
for directional statistics are easily understood, although, because of the lack of availablemethodology, such incorrectmea-
surementswere almost invariably used []. For example, if two vectors, ○ and ○ are grouped, themeanof ○/ = ○

is obviously incorrect, since it is ○ away from the true average direction of ○. Why not, therefore, change the ter-
minology to +○ and −○? The mean of ○/ = ○ would be correct. However, suppose two vectors at ○ and ○

were then averaged. According to the new terminology, the electrocardiographer would then have to average +○
and −○ in order to be consistent. The average of +○ and −○ = ○/ = ○, which is again ○ away from the
true average direction of ○. Some of these rotational adjustments have been reported [], but in using linear statis-
tics, the adjustments have a minimal error only when there is an intense clustering of the data. Every linear treatment of
directional data has inherent error. Whether the angles are, measured from −○ to +○, or from ○ to ○, and so
on, some of the observations (actually close together)must inevitably be treated as being far apart. Therefore, appropriate
statistical analyses of planar data as well as spherical data were developed by Downs et al. [, ], based upon the Von
Mises distribution [–]. This new set of statistics was termed the “center of gravity method.” In linear analysis, there is
an arithmetic mean. In circular analysis, there is a prevalent direction.

For details of the methods, the reader is referred to pertinent literature, including utilization with tabular data. How-
ever, some explanations and descriptions will be given here. > Table A. is a segment of a table from  premature
infants where the ECG was recorded with the Frank system.
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⊡ Table A.

Segment of a table from  premature infants where the ECGwas recorded with the Frank-lead system. nf , ns, nh are the num-

ber of angles under study; df , ds, dh are the distances to the center of gravity; α̂f , α̂s, α̂h are the prevalent directions of the

vector. All parameters represent measurements taken in the frontal, sagittal and horizontal planes, respectively (denoted by

the subscripts f, s, h)

Age (h)

Times

vector

(ms) nf df α̂f χ
f

ns ds α̂s χs nh dh α̂h χh
   .  .  .  .  .  .

⊡ Figure A.

The center of gravity (Xf , Yf) or, in polar coordinates (df , αf) of points (xf , yf) on the circle X + Y =  in the frontal plane.

Imagine the data for the ms vector of the  premature infants to be on a circular disk, balanced on a fulcrum at its
center. If all the observations were in approximately the same direction, then they would all cluster together and the disk
would tilt maximally.The direction of tilt would be toward the center of gravity of the points: this is termed the prevalent
direction. If the points were scattered equally around the disk, there would be no tilt and there would be no prevalent
direction.

In calculating the prevalent direction ⌢αf the “average” of the  ms angles (each αf ) in the frontal plane, reference
is made to > Fig. A..

For each angle αf , Xf and Yf are computed as follows.

Xf = cos αf , Yf = sin αf (A.)

The means are then computed from:
Xf =∑Xf/nf Y f =∑Yf/nf (A.)

where nf is number of angles under study in the frontal plane.
The center of gravity corresponds to the point (Xf , Y f) and the distance df to the center of gravity is then

df = (Xf + Y f) (A.)
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The direction αf toward the center of gravity is calculated from

cos ⌢αf = Xf/df or sin ⌢αf = Y f/df (A.)

where df is termed the precision. If it is zero, then there is no prevalent direction. If it is ., then all the individual
measurements are the same.The higher the precision d, the more the clustering; the lower the precision d, the more the
scatter.

In order to determine whether a calculated prevalent direction can be trusted, that is, whether a true prevalent
direction actually exists, a χ value can be calculated where:

χf = nfd

f (A.)

Values of χ greater than . are significant at the % level, and values of χ greater than . are significant at the % level.
For > Table A., df is not high (.), so that there is little cluster of the ⌢αf . However, the prevalent direction of

○ can be trusted, since the χf  = .. For the sagittal and horizontal planes, the values of χ are extremely high at .
and . so that the high precisions ds = . and db = . (and thus high cluster) can be very reliably trusted. (To
determine whether a particular measured angle α is likely to be within the accepted normal range, it is only necessary to
determine whether the angle is between the p and p for the normal population.)

For spatial data, a methodology has been developed similar to that of the above planar data. In this case, consider
that there exists a sample of spatial vectors with coordinates (X, Y , Z) and that it is desired to determine an “average”
spatial direction for n measurements. Imagine a sphere placed in the surface of a liquid. If the n measurements cluster
about some direction, then the sphere will rotate in the liquid until the center of gravity of the n measurements points
downward. This is the spatial prevalent direction (> Fig. A.).

As before, the distance from the center of the sphere to the center of gravity (X,Y , Z) is a measure of how much the
observations cluster, and is called the spatial precision. The center of gravity (X,Y , Z) can also be expressed in spherical
coordinates (d, ⌢α, β̂) where ⌢α is the longitude or angular deviation from the left in the horizontal plane (–○) and β̂ is
the colatitude or angular deviation from the superior (–○). (The spherical α is identical to the planar αh.) The spatial
prevalent direction is ( ⌢α, β̂) and can be determined uniquely.

⊡ Figure A.

An example of the spatial prevalent direction expressed in spherical and Cartesian coordinates.
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⊡ Table A.

Segment of spatial data for the same  premature babies tabulated in > Table A.

Age (h) Timed vector (ms) X Y Z d
⌢
α (○) β (○) χ n

  . . -. .   . 

A χ can be calculated to test whether the clustering about the spatial prevalent direction can be trusted. Values of χ

greater than . are significant at the % level and values of χ larger than . are significant at the % level. For further
details and the methodology (with equations) for calculation of the above, the reader is referred to an original paper and
a recent summary [].

> Table A. is a segment of spatial data for the same  premature babies given in > Table A..
The d and χ are both very high, consistent with the high d for the horizontal and sagittal planes, despite the low d for

the frontal plane. The α of ○ is actually the ⌢αh. The β̂ of ○ has no corollary in the planar directions. However, from
these spatial data, all the planar data can be calculated.

For detailed research (as well as descriptive) purposes, this methodology has been very satisfactory. As with linear
statistics, for example, it is frequently necessary to determine whether two different samples of directional measurements
are from the same or different populations. The necessary methodology is detailed in the appendix to [].
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A. Normal Limits of the Paediatric -Lead ECG

This appendix is based on a series of , ECGs collected from neonates, infants and children in Glasgow, Scotland in
the late s. Some outline information was previously published [, ] but the detailed normal limits as presented in
this chapter have never previously been published. Lead VR has been recorded to the exclusion of lead V. Precordial
leads are therefore presented in the sequence V, V, VR, V, V, V.

One of the significant aspects of this data is the availability of ECGs from over  neonates from birth to  days of
life. Nowadays, new mothers tend to be discharged from hospital within – h and so the difficulty of collecting such
a database is significantly increased.

The standard presentation of mean together with standard deviation and  percentile range has been used through-
out. (> Tables A.–A.)With small numbers in some groups this leads to an irregular upper limit of normal for some
measures but in practice, continuous equations for normal limits can be developed (see > Chap. ).

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead I

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ± 

→  →  → 

n =  n =  n = 
< days  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ± 

→  →  → 

n =  n =  n = 
< year  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
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⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ± 
→  →  → 

n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years 

→ 

n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead II

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

< month  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 
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⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead III

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< day  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead aVR

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
< day  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead aVL

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

< days  ±   ±   ±   ± 
→  →  →  → 

n =  n = n =  n = 
< week  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 



Appendix : Paediatric Normal Limits A 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead aVF

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ± 

→  →  → 

n =  n =  n = 
< month  ±   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
<  year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 



 A Appendix : Paediatric Normal Limits

⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead V

Age-group Q duration S duration R duration R′ duration

< h  ±   ±  

→  →  → 

n =  n =  n = 
< day  ±   ±   ± 

→  →  → 

n =  n =  n = 
< days  ±   ±   ± 

→  →  → 

n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ± 

→  → 

n =  n = 
< month   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ± 

→  →  → 

n =  n =  n = 
< year  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead V

Age-group Q duration S duration R duration R′ duration

< h  ±   ±  !

→  →  → 

n =  n =  n = 
< day   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< days   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 



 A Appendix : Paediatric Normal Limits

⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

< week   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< month   ±   ± 

→  →  → 

n =  n =  n = 
< months   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ± 

→  →  → 

n =  n =  n = 
< year   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 



Appendix : Paediatric Normal Limits A 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead VR

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 



 A Appendix : Paediatric Normal Limits

⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead V

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ± 

→  →  → 

n =  n =  n = 
< days  ±   ±   ± 

→  →  → 

n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ± 

→  →  → 

n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

< year  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ± 

→  →  → 

n =  n =  n = 
– years  

→  → 

n =  n = 
< h  ±   ±   ± 

→  →  → 

n =  n =  n = 
< day  ±   ±   ± 

→  →  → 

n =  n =  n = 
< days  ±   ±   ± 

→  →  → 

n =  n =  n = 



 A Appendix : Paediatric Normal Limits

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead V

Age-group Q duration S duration R duration R′ duration

< days  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ± 

→  →  → 

n =  n =  n = 
< month  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years   

→  →  → 

n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡ Table A.

Durations (in milliseconds) in Caucasian children: lead V

Age-group Q duration S duration R duration R′ duration

< h  ±   ±   ± 
→  →  → 

n =  n =  n = 
< day  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< days  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< week  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< month  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< months  ±   ±   ± 

→  →  → 

n =  n =  n = 
< months  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
< year  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±   ± 

→  →  →  → 

n =  n =  n =  n = 



 A Appendix : Paediatric Normal Limits

⊡TableA. (Continued)

Age-group Q duration S duration R duration R′ duration

– years  ±   ±   ±   ± 
→  →  →  → 

n =  n =  n =  n = 
– years  ±   ±   ±  

→  →  →  → 

n =  n =  n =  n = 
– years  

→  → 

n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead I

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− →  −, →− →− →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  −±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  −±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±   ±   ± 
→  −→− −→− → , −, →− −→  → 

n =  n =  n =  n =  n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
< year  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− → , −, →− −→  → −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→ →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±   ± 
→  −→− →  → 

n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead II

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− →  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 



 A Appendix : Paediatric Normal Limits

⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  , ±  − ±   ±   ± 
→  −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n = 
< months  ±  − ±  , ±  − ±   ±   ± 

→  −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n = 
< year  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→  −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  −±  − ±  , ±  − ±   ±   ± 
→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
N =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±   ±   ± 
→  −→− →  →  → 

n =  n =  n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead III

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  - −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  - −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −, →− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  , ±   ±   ± 
→  −→− ,→ , →  → 

n =  n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead aVR

Age-group P+ P− Q R S STj T+ T−
< h − ±  − ±   ±  − ±  − ±   ±  − ± 

−→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  −±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months − ±  − ±   ±  − ±  − ±  − ± 
−→− −, →− →  −,  to − −→  −→−
n =  n =  n =  n =  n =  n = 

< months −±  − ±   ±  − ±  − ±  − ± 
−→− −,  to − →  −,  to − −→  −→−
n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±   ±  − ±  − ±  − ± 
→  −→− −, →− →  −,  to − −→  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±  − ±  − ± 
→  −→− −, →− →  −,  to − −→  −→−
n =  n =  n =  n =  n =  n =  n = 

– years − ±  − ±   ±  − ±  − ±  − ± 
−→− −,  →

−
→  −,  to − −→  −→−

n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
– years  ±  − ±  − ±   ±  − ±  − ±   ±  −± 

→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±  − ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±  − ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±  − ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years − ±   ±  − ±  − ±  − ± 
−→− →  −→− −→− −→−
n =  n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead aVL

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 

→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  −±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
< month  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  −±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −−→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years − ±   ±  −,  ±  − ±   ± 
−→− →  −, →

−,
−→− → 

n =  n =  n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead aVF

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  −±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− →  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− →− →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±   ±   ± 
→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
< months  ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− →− →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− →− →  −→−
n = n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  , ±   ±   ± 
→  −→− ,→ , →  → 

n =  n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead V

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  , ±  − ±  − ±   ±  − ± 

→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±  , ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±  , ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±  , ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  , ±  − ±  − ±   ±  − ± 
→  −→− ,→  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→ 

n =  n =  n =  n =  n =  n =  n =  n = 
< months  ±  − ±   ±  − ±  − ±   ±  − ± 

→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
– years  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 

→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− - −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− −, →− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  , ±  − ±  − ±  − ± 
→  −→− ,→ , −→− −→− −→−
n =  n =  n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead V

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  , ±  −,  ±  − ±   ±  − ± 

→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±  , ±  −,  ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±  , ±  −,  ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±  , ±  −,  ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
< week  ±  − ±  − ±  ,±  −,  ±  − ±   ±  − ± 

→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  −,  ±   ±   ±  −± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  , ±  −,  ±   ±   ±  − ± 
→ −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  −, ±,   ±  −,  ±   ±   ±  − ± 
→  −→− −, →− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− - → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  , ±  −,  ±  − ±   ±  − ± 
→  ,→ , −, →−, −→− -- −→−
n =  n =  n =  n =  n =  n = 



Appendix : Paediatric Normal Limits A 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead VR

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±  − ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→ 

n =  n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  −±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− →  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  − ±  − ±  − ± 
→  −→− →  −→− −→− −→−
n =  n =  n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead V

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 

→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− ,→  −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− ,→ , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
< year  ±  − ±  − ±  , ±  − ±   ±   ±  −± 

→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  −±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n =

– years  ±  − ±  − ±  , ±  −,  ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  −±  − ±  , ±  − ±   ±   ± 
→  −→− −→− → , −, →− −→  → ,

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→− −→− → , −, →− −→  → ,

n =  n =  n =  n =  n =  n =  n = 
– years  ±  −±  − ±  , ±  −,  ±   ±   ±  − ± 

→  −→− −→− → , −, →− −→  → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  , ±  −,  ±   ±   ± 
→  ,→ , −, →−, →  → 

n =  n =  n =  n =  n = 

⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead V

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
< days  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  −±  − ±  , ±  − ±   ±   ± 
→  −→− −→− ,→ , −, →− −→  → ,

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→− −→− ,→ , −, →− −→  → ,

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  ,±  − ±   ±   ± 

→  −→− −→− ,→ , −, →− −→  → ,

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  ,±  − ±   ±   ±  − ± 

→  −→− −→− → , −, →− −→  → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  ,±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  → , −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±  − ±   ±   ± 
→  −→− →  −→− →  → 

n =  n =  n =  n =  n =  n = 
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⊡ Table A.

Amplitudes (inμV) in Caucasian children: lead V

Age-group P+ P− Q R S STj T+ T−
< h  ±  − ±  − ±   ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< day  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< days  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< week  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< month  ±  − ±  − ±   ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< months  ±  − ±  − ±  , ±  − ±   ±   ± 
→  −→− −→− → , −, →− −→  → 

n =  n =  n =  n =  n =  n =  n = 
< months  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

< year  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ± 
→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  − ±  − ±  , ±  − ±   ±   ± 

→  −→− −→− ,→ , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
– years  ±  −±  − ±  , ±  − ±   ±   ± 

→  −→− −→− → , −→− −→  → 

n =  n =  n =  n =  n =  n =  n = 
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⊡TableA. (Continued)

Age-group P+ P− Q R S STj T+ T−
– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 

→  −→− −→− → , −→− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±  − ±  , ±  − ±   ±   ±  − ± 
→  −→− −→− → , −, →− −→  →  −→−
n =  n =  n =  n =  n =  n =  n =  n = 

– years  ±  − ±   ±   ±   ± 
→  −→→  →  →  → 

n =  n =  n =  n =  n = 

A. Percentile Charts

The following percentile charts showing normal -lead ECG limits were obtained from a study of , white chil-
dren between birth and  years. Data were derived from computer-assisted methods where the sampling rate was 
samples per second so that there may be some underestimation of upper limits of normal. The charts are reproduced
from: Davignon A et al. Normal ECG standards for infants and children. Pediatr. Cardiol. /; : – with the
permission of Springer, New York. Note that VR was included while V was omitted in this study (> Figs. A.–A.).

⊡ Figure A.

Heart rate versus age (●, mean).
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⊡ Figure A.

Frontal plane QRS angle versus age (●, mean).

⊡ Figure A.

PR duration in lead II versus age (●, mean).
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⊡ Figure A.

Heart rate versus PR duration in lead II (●, mean).

⊡ Figure A.

QRS duration in lead V versus age (●, mean).
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⊡ Figure A.

QT duration in lead V versus heart rate (●, mean).

⊡ Figure A.

QT duration in lead V versus age (●, mean).
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⊡ Figure A.

P amplitude in lead II versus age (●, mean).

⊡ Figure A.

Q amplitude in lead III versus age (●, mean).
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⊡ Figure A.

Q amplitude in lead a VF versus age (●, mean).

⊡ Figure A.

Q amplitude in lead V versus age (●, mean).
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⊡ Figure A.

Q amplitude in lead V versus age (●, mean).

⊡ Figure A.

R amplitude in lead aVR versus age (●, mean).
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⊡ Figure A.

R amplitude in lead VR versus age (●, mean).

⊡ Figure A.

R amplitude in lead V versus age (●, mean).
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⊡ Figure A.

R amplitude in lead V versus age (●, mean).

⊡ Figure A.

R amplitude in lead V versus age (●, mean).
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⊡ Figure A.

R amplitude in lead V versus age (●, mean).

⊡ Figure A.

R amplitude in lead V versus age (●, mean).
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⊡ Figure A.

S amplitude in lead VR versus age (●, mean).

⊡ Figure A.

S amplitude in lead V versus age (●, mean).
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⊡ Figure A.

S amplitude in lead V versus age (●, mean).

⊡ Figure A.

S amplitude in lead V versus age (●, mean).
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⊡ Figure A.

S amplitude in lead V versus age (●, mean).

⊡ Figure A.

S amplitude in lead V versus age (●, mean).
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⊡ Figure A.

T amplitude in lead VR versus age (●, mean).

⊡ Figure A.

T amplitude in lead V versus age (●, mean).
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⊡ Figure A.

T amplitude in lead V versus age (●, mean).

⊡ Figure A.

T amplitude in lead V versus age (●, mean).
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⊡ Figure A.

T amplitude in lead V versus age (●, mean).

⊡ Figure A.

R/S amplitude ratio in lead VR versus age (●, mean).



 A Appendix : Paediatric Normal Limits

⊡ Figure A.

R/S amplitude ratio in lead V versus age (●, mean).

⊡ Figure A.

R/S amplitude ratio in lead V versus age (●, mean).
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⊡ Figure A.

R/S amplitude ratio in lead V versus age (●, mean).

⊡ Figure A.

R + S amplitude in lead V versus age (●, mean).
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⊡ Figure A.

R + S amplitude in lead V versus age (●, mean).

⊡ Figure A.

R amplitude in lead V + S amplitude in lead V versus age (●, mean).
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⊡ Figure A.

R amplitude in lead V + S amplitude in lead V versus age (●, mean).

⊡ Figure A.

Ventricular activation time in lead V versus age (●, mean).
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A. Additional -Lead Pediatric ECG Normal Limits

Liebman, who has contributed > Chap.  as well as a short technical note on linear and directional statistics (see
>Appendix , Sect. A.), has published extensively on normal limits of the pediatric and adolescent ECG.He has stressed
the difference between using equipment with high (adequate) and low (poor) frequency response. Some tables which are
mostly complementary to > Sect. A. are reproduced from: Liebman J, Plonsey R, Gillette PC, eds. Pediatric Cardiol-
ogy. , with the permission of Williams and Wilkins, Baltimore, Maryland. These include a mixture of “high-” and
“low-frequency data.” The former are more correct for use with modern recording equipment (> Tables A.–A.).

⊡ Table A.

High-frequency data

Heart rate (bpm) PR interval (s)

Age Min % Mean % Max. SD Min % Mean % Max. SD

– h      . . . . . . .

– days      . . . . . . .

– days      . . . . . . .

– months      . . . . . . .

– months      . . . . . . .

– months      . . . . . . .

– years      . . . . . . .

– years      . . . . . . .

– years      . . . . . . .

– years      . . . . . . .

– years      . . . . . . .

P-wave duration (s) QRS duration (s)

– h . . . . . . . . . . . .

– days . . . . . . . . . . . .

– days . . . . . . . . . . . .

– months . . . . . . . . . . . .

– months . . . . . . . . . . . .

– months . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .
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⊡ Table A.

Heart rate and durations: adolescents

Sex Mean SD % % %

Heart rate Male     

Female     

Total     

P-wave duration Male . . . . .

Female . . . . .

Total . . . . .

PR interval Male . . . . .

Female . . . . .

Total . . . . .

QRS duration Male . . . . .

Female . . . . .

Total . . . . .

QT interval Male . . . . .

Female . . . . .

Total . . . . .

T-wave duration Male . . . . .

Female . . . . .

Total . . . . .

⊡ Table A.

Heart rate (bpm): prematures

Infants Mean Percentile

Age Number Heart rate th th

 h    

 h    

 week    

 month    

 months    

 months    

 months  

 year  

⊡ Table A.

P amplitude in lead II× (mV): prematures

Infants Mean Percentile

Age Number P amplitude th th

 h  . . .

 h  . . .

 week  . . .

 month  . . .

 months  . . .

 months  . . .

 months  .

 year  .
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⊡ Table A.

Amplitudes in V(high-frequency data) × (mV)

R wave S wave

Age Min. % Mean % Max. SD Min. % Mean % Max. SD

– h . . . . . . . . . . . .

– days . . . . . . . . . . . .

– days . . . . . . . . . . . .

– months . . . . . . . . . . . .

– months . . . . . . . . . . . .

– months . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

– years . . . . . . . . . . . .

⊡ Table A.

Amplitude in lead VR (low-frequency data) × (mV)

R wave S wave

Age Min. % Mean % Max. Min. % Mean % Max.

 h . . . . . . . . . .

 month . . . . . . . . . .

–
months

. . . . . . . . . .

–
months

. . . . . . . . . .

–
months

. . . . . . . . . .


months–
years

. . . . . . . . . .

– years . . . . . . . . . .

– years . . . . . . . . . .

A. Normal Limits of the Pediatric Orthogonal-Lead ECG

A number of tables are included to provide an indication of the normal limits of the orthogonal-lead ECG in infants and
children. The terminology is discussed in > Chap.  and in addition, the concept of prevalent direction is described in
Appendix , > Sect. A. by Liebman. Tables have been reproduced from Liebman J, Plonsey R, Gillette PC. Pediatric
Electrocardiography. , with the permission of Williams and Wilkins, Baltimore, Maryland. However, some of these
tables are from earlier publications and the list at the end of the section relates to the identifying superscript in the legend
to each table (> Tables A.–A.). > Figures A. and > A. are reproduced from the work of Davignon and
Rautaharju with the permission of Springer (> See A.).
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⊡ Table A.

Direction of inscription of the QRS complex: adolescentsa

Clockwise Figure-of-eight Counterclockwise

Sex Number No. % No. % No. %

Frontal plane male   .  .  .

female   .  .  .

total   .  .  .

Horizontal plane male     .  .

female     .  .

total     .  .

⊡ Table A.

Direction of inscription of the QRS complex: prematures C, clockwise; CC, counterclockwiseb

Frontal plane Horizontal plane

Figure-of-eight

Age of infants C (%) CC (%) C (%) CC (%) initially CC (%) Narrowa loop (%)

 h   .   

 h . . . . . 

 week   .  .

 month . . .   .

 months . . .  . .

 months  .  . 

 months   .  

 year  .   .

aPresence of a QRS loop so narrow that the specific direction of inscription has no significance.

⊡ Table A.

Evolution of the Frank vectorcardiogam in normal infants. In frontal plane, initial QRS to left .% frombirth to days; initial

QRS to left .% from  to  months; initial QRS to left .% from to  to  months; initial QRS to left .% by –monthsc

Frontal Horizontal

Groups CW Figure-of-eight CCW CW Figure-of-eight CCW

I (birth– h) . . . . . .

II ( month) . .  . . .

III (– months) .  . . . .

IV (– months) . . .  . .

V (– months) . . .  . .

VI (– months) . . .  . .
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⊡ Table A.

Prevalent direction of the QRS in the frontal plane: adolescentsa

Prevalent direction

Sex Age d χ α̂f % % %

Male →  . .    

Male →  . .    

Female →  . .    

Female →  . .    

Male →  . .    

Female →  . .    

Total →  . .    

⊡ Table A.

Prevalent direction of the QRS in the horizontal plane: adolescentsa

Prevalent direction

Sex Age d χ α̂h % % %

Male →  . .    

Male →  . .    

Female →  . .    

Female →  . .    

Male →  . .    

Female →  . .    

Total →  . .    

⊡ Table A.

Prevalent direction of the T in the frontal plane: adolescentsa

Prevalent direction

Sex Age d χ α̂f % % %

Male →  . .    

Male →  . .    

Female →  . .    

Female →  . .    

Male →  . .    

Female →  . .    

Total →  . .    
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⊡ Table A.

Prevalent direction of the T in the horizontal plane: adolescentsa

Prevalent direction

Sex Age d χ α̂h % % %

Male →  . .    

Male →  . .    

Female →  . .    

Female →  . .    

Male →  . .    

Female →  . .    

Total →  . .    

⊡ Table A.

Frontal angular deviation of T fromQRS: adolescentsa

Prevalent direction

Sex Age d χ α̂f % % %

Male →  . .    

Male →  . .    

Female →  . .    

Female →  . .    

Male →  . .    

Female →  . .    

Total →  . .    

⊡ Table A.

Horizontal angular deviation of T fromQRS: adolescentsa

Prevalent direction

Sex Age d χ α̂h % % %

Male →  . .    

Male →  . .    

Female →  . .    

Female →  . .    

Male →  . .    

Female →  . .    

Total →  . .    
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⊡ Table A.

Prevalent direction of QRS: prematuresb

Frontal plane First horizontal vector Second horizontal vector

Age of

infants

No. of

infants

Prevalent

direction % %

No. of

infants

Prevalent

Direction % %

No. of

Infants

Prevalent

direction % %

 h          

 h          

 week            

 month          

 months          

 months          

 months      

 year      

⊡ Table A.

Prevalent direction of T: prematuresb

Frontal plane Horizontal plane

Age of infants No. of infants Prevalent direction % % No. of infants Prevalent direction % %

 h        

 h        

 week        

 month        

 months        

 months        

 months    

 year    

⊡ Table A.

QRSmagnitudes × (mV): prematuresb

Age of infants No. of infants R wave % % No. of infants S wave % %

Lead V (X axis)

 h  . . .  . . .

 h  . . .  . . .

 week  . . .  . . .

 month  . . .  . . .

 months  . . .  . . .

 months  . . .  . . .

 months  .  .

 year  .  .
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⊡TableA. (Continued)

Age of infants No. of infants R wave % % No. of infants S wave % %

Lead aVF (Y axis)

 h  . . .  . . .

 h  . . .  . . .

 week  . . .  . . .

 month  . . .  . . .

 months  . . .  . . .

 months  . . .  . . .

 months  .  .

 year  .  .

Lead V(Z axis)

 h  . . .  . . .

 h  . . .  . . .

 week  . . .  . . .

 month  . . .  . . .

 months  . . .  . . .

 months  . . .  . . .

 months  .  .

 year  .  .

⊡ Table A.

Spatial magnitude and orientation (MSVR in mV). M, male; F, female; T, totald

n α̂ β D χ

MSVR

mean

mag. SD P. P P P P P P.

Frank-lead system

M -    . . . . . . . . .

M -    . . . . . . . . . . .

M -    . . . . . . . . . . .

F -    . . . . . . . . .

F -    . . . . . . . . . . .

F -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .
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⊡ Table A.

Spatial magnitude and orientation (MSVL). M, male; F, female; T, totald

n β D χ
MSVR

meanmag. SD P. P P P P P P.

Frank-lead system

M -    . . . . . . . . .

M -    . . . . . . . . . . .

M -    . . . . . . . . . . .

F -    . . . . . . . . .

F -    . . . . . . . . . . .

F -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

⊡ Figure A.

Percentile distributions for the spatial magnitude of the QRS integral sector in normal children from birth to aged  years.g
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⊡ Figure A.

Percentile distribution for the spatial magnitude of the ST-T integral vector in normal children from birth to aged  years.g

⊡ Table A.

Maximal projections. M, male; F, female; T, totald: Magnitude is in mV

Frank system

n
Mean

mag. SD p. p p po p p p.

X initial right

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .
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⊡TableA. (Continued)

Frank system

n
Mean

mag. SD p. p p po p p p.

X left

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

X terminal right

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

⊡ Table A.

Maximal projections. M, male; F, female; T totald: Magnitude is in mV

Frank-lead system

n Mean Mag. SD p. p p po p p p.
X initial superior

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .
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⊡TableA. (Continued)

Frank-lead system

n Mean Mag. SD p. p p po p p p.

Y inferior

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . .

Y terminal superior

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

⊡ Table A.

Maximal projections. M, male; F, female; T totald: Magnitude is in mV

Frank-lead system

n Mean mag. SD p. p p po p p p.

Z anterior

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .
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⊡TableA. (Continued)

Frank-lead system

n Mean mag. SD p. p p po p p p.

Z posterior

M -  . . . . . . .

M -  . . . . . . . . .

M -  . . . . . . . . .

F -  . . . . . . .

F -  . . . . . . . . .

F -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

T -  . . . . . . . . .

⊡ Table A.

Ratios of maximal projections. M, male; F, female; T, totald: Magnitude is in mV

X terminal right/X left Y terminal superior/Y interior Z anterior/Z posterior

n
Mean

mag. SD P P P

Mean

mag. SD P P P n
Mean

mag. SD P P P P P

Frank-lead system

M -  . . . . . . . . . .  . . . . . . .

M -  . . . . . . . . . .  . . . . . . .

M -  . . . . . . . . . .  . . . . . . .

F -  . . . . . . . . . .  . . . . . . .

F -  . . . . . . . . . .  . . . . . . .

F -  . . . . . . . . . .  . . . . . . .

F -  . . . . . . . . . .  . . . . . . .

T -  . . . . . . . . . .  . . . . . . .

Total  . . . . . . . . . .  . . . . . . .

⊡ Table A.

Maximal spatial angles and magnitudes- QRS + T. M, male; F, female; T, totald: Magnitude is in mV

n β D χ
Mean

Mag. SD P. P P P P P P.

Frank-lead system

QRS

M -    . . . . . . . . .

M -    . . . . . . . . . . .

M -    . . . . . . . . . . .

F -    . . . . . . . . .

F -    . . . . . . . . . . .

F -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .
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⊡TableA. (Continued)

n β D χ
Mean

Mag. SD P. P P P P P P.

T wave

M -    . . . . . . . . .

M -    . . . . . . . . . . .

M -    . . . . . . . . . . .

F -    . . . . . . . . .

F -    . . . . . . . . . . .

F -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

T -    . . . . . . . . . . .

⊡ Table A.

Normal values – magnitudes – Frank scalars (atrial)f

Age Median n Mean SD p p p P p

X left (μV)
Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

Y interior (μV)
Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

Z interior (μV)
Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

Z posterior (μV)
birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        
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⊡TableA. (Continued)

Age Median n Mean SD p p p P p

Spatial voltage anterior (μV)
Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

Spatial voltage posterior (μV)
Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

⊡ Table A.

Normal values (timing) – Frank scalars (atrial)f

Age Median n Mean SD p p p p p

P duration (ms)

Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

PR interval (ms)

Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

Macruz index

birth– months . months  . . . . . . .

 months– years . years  . . . . . . .

– years . years  . . . . . . .

– years . years  . . . . . . .

Entire group . years  . . . . . . .
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⊡TableA. (Continued)

Age Median n Mean SD p p p p p

Timemaximal anterior (%)

Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

Time ant.-post. shift (%)

Birth– months . months        

 months– years . years        

– years . years        

– years . years        

Entire group . years        

(a) Strong, W.B., T.F. Downs, J. Liebman, and R. Liebowitz, The normal adolescent electrocardiogram. Am. Heart J.,
;: . The tables are reproduced with the permission of Mosby, St Louis, Missouri.

(b) Sreenivasan, V.V., B.J. Fisher, J. Liebman, and T.D. Downs, A longitudinal study of the standard electrocardiogram in
the healthy premature infant during the first year of life.Am. J. Cardiol., ;: .The tables are reproduced with the
permission of Yorke Medical Group, New York.

(c) Namin, E.P., R.A. Arcilla, I.A. D’Cruz, and B.M. Gasul, Evolution of the Frank vectorcardiogram in normal infants.
Am. J. Cardiol., ;: . The tables are reproduced with the permission of Yorke Medical Group, New York.

(d) Kan, J.S., J. Liebman,M.H. Lee, and A.Whitney, Quantification of the normal Frank andMcFee-Parungao orthogonal
electrocardiogram at ages two to ten years. Circulation, ;: . The tables are reproduced with the permission of
the American Heart Association, Dallas, Texas.

(e) Liebman, J., M.H. Lee, P.S. Rao, andW.McKay, Quantification of the normal and Frank-McFee-Parungao orthogonal
electrocardiogram in the adolescent. Circulation, ;: . The tables are reproduced with the permission of the
American Heart Association, Dallas, Texas.

(f) Ferrer, P.L. and R.C. Ellison, The Frank scalar atrial vectorcardiogram in normal children. Am. Heart J., ;: .
The tables are reproduced with the permission of Mosby, St Louis, Missouri.

(g) Rautaharju, P.M., A. Davignon, F. Soumis, E. Boiselle, and C. Hoquette, Evolution of QRS- T relationship from birth
to adolescence in Frank-lead orthogonal electrocardiograms of  normal children. Circulation, ;: –.
The tables are reproduced with the permission of the American Heart Association, Dallas, Texas.
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 A Appendix : Instrumentation Standards and Recommendations

A. Introduction

All ECG instruments such as direct writing electrocardiographs, cardiac monitors, ambulatory monitoring electrocar-
diographic devices, stress ECG machines, fetal monitors and other ECG devices that process signals from galvanic
biopotential sensors share the same designprinciples.ModernECGequipment utilizes integrated digital signal processors
(DSP) to perform signal amplification, analog-to-digital conversion, digital filtering, formatting and communication.

This section lists several of the available standards and recommendations related to the design of such instruments.
The concepts discussed and their terminology are introduced in > Sect. . (Vol. ).

A. General Design Considerations

Electrocardiographs have been optimized to best suit their particular application. The function of the analog processor
is to form an ECG lead signal, amplify it, eliminate the common mode noise, and minimize the external interference.

The front-end, which is responsible for processing of the body surface potentials must be able to work with low
voltage alternating current (AC) signals ranging from . to . mV, combined with a direct current (DC) common-
mode component of up to ± mV resulting from the electrode–skin interface and a common-mode noise of up to
. V AC.

The bandwidth of the electrocardiograph depends on the application and can range from Hz for monitoring appli-
cations to  kHz for late-potential measurements. The bandwidth is of great importance in ECG diagnosis since many
interpretation criteria are based on exactmeasurements of small notches and slurs.The faithful reproduction of the lower
frequency regions, such as the ST segment, is essential since these have a critical diagnostic value. Many studies have
been carried out for determining the frequency content of the adult and pediatric ECGs. The American Heart Associa-
tion (AHA) recommends  Hz as minimum bandwidth and  Hz as minimum sampling rate for recording adult and
pediatric ECGs.The report also states that it is unknown how far the bandwidth of systemsmay need to be extended, due
to limitations of previous studies [].

The analog ECG signal is then sampled and converted into digital data (> Sect. .A). Inmodern electrocardiographs,
the sampling rate is usually much higher than is required by the Nyquist criterion and may be as high as  kHz in some
cases (> Sect. .A..).The advantage of sampling at such a high rate is the elimination of the need for using anti-aliasing
filters at the front-end and to facilitate the reduction of noise in the input signal by computing running averages.

Rijnbeek et al. [] reported on normal ECG features observed when using the higher sampling rate of , sps. On
the basis of this study, aminimumbandwidth of Hz for recording pediatric ECGswas recommended.He showed that
with a bandwidth of Hz, % of the cases in the study had an error > μV in the maximumpositive deflection in lead
V. For leads V and V, these percentages were % and %, respectively. Furthermore, % of the positive deflections
and % of the negative deflections in V have amplitude errors > μV when a  Hz filter is used.The effect of age on
the frequency content of the ECG signals was also addressed. It was found that the frequency content gradually decreases
from infancy to adulthood.The data for children aged  to  years indicate that the system bandwidth should be  Hz
to yield amplitude errors less than μV in % of the cases in this age group.This is close to the  Hz recommendation
of the AHA for the adult ECG []. In vectorcardiographic leads, Berson et al. [] found amplitude errors > μV in %
of the R-wave amplitudes and % of the S-wave amplitudes when using a  Hz filter.

The differences between the results of the two studiesmay, in part, be explained by the difference in the sampling rates
used ( versus , sps) and by the use of different lead systems. Furthermore, the analyses by Berson et al. [] were
not performed on separate leads but on leads X, Y, and Z combined, which is likely to underestimate the effect of filtering
on individual lead signals. More importantly, it was concluded that a threshold of  μV instead of  μV is preferable
for measuring the effect of a reduced bandwidth on signal amplitudes.

Rijnbeek recommended using the minimum bandwidth of  Hz for the entire pediatric population. The higher
bandwidth demands the sampling rate to be at least twice the bandwidth of the signal (> Sect. .A.). In order to facilitate
a high quality data representation, the AHA recommends a sampling rate of at least two or three times this theoretical
minimum. As a rule of thumb, the pediatric ECG should be sampled at least at , samples per second.
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A.. FDA Performance Standards

All diagnostic pieces of ECG equipment are classified by the Federal Drug Administration as Class II devices. Hence
their design is subject both to safety and performance standards. These standards have been developed by the Ameri-
can Association of Medical Instrumentation and adopted by the American National Standards Institute as ANSI/AAMI
EC:/(R).The standards establish minimum safety and performance requirements for ECG systems with direct-
writing devices that are intended for use under the operating conditions specified. Also included are standards for the
analysis of rhythm and of detailed morphology of complex cardiac complexes. Subject to this standard are all parts of
the ECG system necessary to (a) obtain the signal from the surface of the patient’s body, (b) amplify this signal, and (c)
display it in a form suitable for diagnosing the heart’s electrical activity. Hence, this standard includes requirements for
the entire electrocardiographic recording system, ranging from the input electrodes right up to the displayed output.

Included within the scope of this standard are:

. Direct-writing electrocardiographs.
. Electrocardiographs used in other medical devices (e.g., patient monitors, defibrillators, stress testing devices), when

such devices are intended for use in obtaining diagnostic ECG signatures.
. Electrocardiographs having a display that is remote from the patient (via cable, telephone, telemetry, or storagemedia),

when such devices are intended for use in obtaining ECG signatures. These devices are subject to the functional
performance requirements at the system output-input levels.

Excluded from the scope of this standard are:

. Devices that collect ECG data from locations other than the external surface of the body
. Devices for interpretation and pattern recognition (e.g., QRS detectors, alarm circuits, rate meters, diagnostic

algorithms)
. Fetal ECG monitors
. Ambulatory monitoring electrocardiographic devices, including ECG recorders and associated scanning and read-out

devices
. Diagnostic electrocardiographic devices utilizing non-permanent displays
. Vectorcardiographs, that is, a device for displaying loops derived from X,Y,Z leads (see > Chap. )
. Electrocardiographic devices intended for use under extreme or uncontrolled environmental conditions outside of a

hospital environment or physician’s office
. Cardiac monitorsl

See FDA: http://www.fda.gov/cdrh/ode/ecgs.pdf for further details

A.. Guidance for Diagnostic ECG

The Industry Diagnostic ECG Guidance (including Non-Alarming ST Segment Measurement) was issued on November
, . This guidance applies to most of the diagnostic electrocardiographs covered by the ANSI/AAMI EC- stan-
dard for Electrocardiographs (EC- standard). Included in the EC- standard are ECG devices intended for diagnostic
purposes.

The Guidance for Industry, Cardiac Monitors (including Cardiotachometer and Rate Alarm) was issued on:
November , . See

http://www.fda.gov/cdrh/ode/cmonitor.pdf
This guidance applies to most of the cardiac monitors covered by the ANSI/AAMI EC- standard for Cardiac

Monitors, Heart Rate Meters, and Alarms (EC standard). Included in the EC standard are ECG devices intended for
monitoring purposes.
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A.. Typical Design Specifications for an Electrocardiograph

Sampling rate:

● Digital sampling rate: , sps/channel
● , samples/s/channel used for pacemaker spike detection
● ECG analysis frequency:  sps

Dynamic range:

● AC differential: ± mV DC offset: ± mV
● Resolution: . μV/LSB @  sps
● Frequency response: – dB @ .– Hz
● Common mode rejection: > dB ( dB with AC filter disabled)
● Input impedance: > MΩ @  Hz, defibrillator protected
● Patient leakage: < μA
● Pace detect: Orthogonal LA, LL and V;  μV @  μs

Communication:

● Modem and Fax transmission, WI-FI wireless .X

Writers:

● Writer technology: Thermal dot array
● Writer speeds: , .,  and  mm/s (same as displayed)
● Number of traces: , ,  or , user selectable (same as displayed)
● Writer sensitivity/gain: ., , , , / (split calibration) mm/mV (same as displayed)
● Writer speed accuracy: ±%
● Writer amplitude accuracy: ±%
● Writer resolution: Horizontal: , dpi @  mm/s, Vertical:  dpi

Electrical power:

● Power supply: AC or battery operation
● Voltage: – VAC +, −%
● Current: .A @  VAC, . A @  VAC, typical
● Mains Frequency: – Hz ± %
● Battery type: User replaceable,  V @ . AH ± %, rechargeable NiMH

A.. Typical Performance Requirements for Cardiac Monitors

Cardiac monitors, with or without heart rate meters and alarms, are intended primarily for detecting cardiac rhythm and
are covered by the ANSI/AAMI standard for cardiacmonitors, heart ratemeters and alarms –ANSI/AAMI EC -.A
separate AAMI standard EC - covers the Ambulatory Electrocardiographs. The objective of these standards was to
provideminimum labeling, performance, and safety requirements and to help ensure a reasonable level of clinical efficacy
and patient safety in the use of cardiac monitors. With the few exceptions noted below, performance and disclosure
requirements in that standard remain appropriate.

In one section, the standard defines performance requirements, specifying a minimum, a maximumor a range of val-
ues, as applicable, thatmust bemet. A separate section lists several performance parameterswithout specifying values; the
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requirement is for disclosure of the achieved value to the consumer in a standardized manner. For example, a minimum
heart rate meter accuracy for irregular rhythms is not specified, but the accuracy of detecting several types of defined
ECG complexes must be disclosed. Designation of specifications as either performance requirements or disclosures is
appropriate. The reader is referred to standard- for further details, including test procedures and rationale. Below is a
partial listing of some important parameters in each category:

. Protection from overload: Protection should be adequate (no damage) for  V (peak to peak),  Hz, applied for  s
to any electrode connection. The device should recover within  s after defibrillation shocks of up to at least , V,
delivered with energies up to  J.

. Isolated patient connection: The system should include isolated patient connections to meet standards defined in the
publication: American National Standard for Safe Current Limits for Electromedical Apparatus: .

The American Heart Association has also published its own set of instrumentation and practice standards for electrocar-
diographic monitoring in coronary care units, intensive care units, telemetry units, surgical suites, emergency rooms, and
all other areas in which ECGmonitoring functions are performed.These were directed primarily at the cardiac monitors
that detect and diagnose arrhythmias and also at those that detect ST segment changes that suggest myocardial ischemia.
The AHA felt that specific guidelines for ECG monitors are required, even though much of the technology is similar to
other forms of ECG measurement.The clinical environment, including severity and acuteness of illness and immediacy
of treatment, combined with limited time for over-reading and editing, and initiation of urgent therapy by non-physicians
mandate more critical evaluation of automated arrhythmia detection and diagnostic systems.

A.. Typical Specifications for the ECGMonitoringDevices

Frequency response – dB @ .– Hz

Sampling Frequency  samples per second (sps)

Dynamic range AC differential: ± mV

DC offset: ±mV

Resolution .μV/LSB @  sps

Commonmode rejection > dB
Input impedance >MΩ@ Hz, defibrillator protected
Patient leakage current <μA
Pace detect  μV @  μs

Front-end circuits See below

To ensure correct operation with typical electrode-skin impedances and typical interference sources, the front-end of
an electrocardiograph should meet the following demands:

● Very high common mode input impedance (> MΩ at / Hz)
● High differential mode input impedance (> MΩ at / Hz)
● Equal common mode input impedances for all inputs
● High common mode rejection ratio (> dB at / Hz)

A. Patient Safety Standards

Power-line–operated electromedical equipment, connected to patients for monitoring, may permit accidental flow (leak-
age) of weak alternating current (AC) through a patient’s body to ground. An intracardiac catheter may provide a
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low-resistance path to ground through the patient’s heart and thereby place the patient at risk for electrically induced
ventricular tachycardia (VT) or ventricular fibrillation (VF).

In addition to the performance standards, the Safe Current Limits for Electromedical Apparatus (ANSI/AAMI
ES-) standards apply to all electrocardiograph designs. It states that: “The electrocardiographic (ECG) or vector-
cardiographic apparatus shall be designed so that no more than  μA root mean square, from direct current component
to the tenth harmonic of the power line frequency shall flow through any patient-connected lead under either normal
or single-fault conditions.” This raised the limit from  to  μA [], the value of the European standard since  [].
Both the -μA standard [, ] and the -μA standard were based on estimates of the risk of AC-induced VF. However,
AC may cause cardiovascular collapse at levels that are below the VF threshold [–]. This adverse response to AC was
not considered in the selection of either safety standard. Furthermore, safe levels of AC have not been determined in
closed-chest humans.

The -μA standard was adopted in  to ensure patient safety during cardiac catheterization [] and pacemaker
[] procedures. The annual number of invasive cardiac procedures in the United States has increased from less than
, when the -μA standard was adopted to more than  million today. The potential number of adverse outcomes
from leakage current increased correspondingly.

Electromedical devices contain electrical isolation circuits and insulation to limit leakage current. Manufacturers
continue to comply with the original -μA standard, but they may realize substantial cost savings by equipment designs
that comply onlywith the newer -μAstandard [].However, theAmericanHeartAssociation continues to recommend
the -μA standard [–].

A. Recommendations for the Standardization and Interpretation
of the Electrocardiogram

Around , the American Heart Association, the American College of Cardiology Foundation and the Heart Rhythm
Society agreed to collaborate on the establishment of a series of recommendations for the standardization and interpreta-
tion of the ECG. A number of working groups were set up and over the next few years, various publications emerged on
the topic. These were all endorsed by the International Society for Computerized Electrocardiology. The six papers form
an important contribution to the field and are recommended as essential reading for anyone interested in the development
of diagnostic criteria, particularly for computer assisted interpretation of the ECG.

The titles of the different papers are self explanatory and there is no need to expand on the content. However, it is
worthmentioning that the first paper [] is wide ranging and includesmany aspects of ECG recording through electrode
positioning to requirements for digital filters. The other papers deal with terminology [], intraventricular conduction
disturbances [], the ST Segment, T andUWaves, and the QT Interval [], cardiac chamber hypertrophy [] and acute
ischemia/infarction [].

It is also relevant to highlight again the guidelines published over  years ago in a paper [] entitled “Recommenda-
tions for standardization of leads and their specifications for instruments in electrocardiography and vectorcardiography,”
which still contains many points that are of relevance in this area.

A. Guidelines

A.. Heart Rate Variability

A Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiol-
ogy produced a guideline paper relating to heart rate variability []. The paper dealt with standards of measurement,
physiological interpretation and clinical use.
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A.. Electrocardiographic Monitoring in Hospital Settings

A scientific statement for the American Heart Association Councils on Cardiovascular Nursing, Clinical Cardiology and
Cardiovascular disease in the young, dealing with electrocardiographic monitoring in hospital settings was published
in  []. This sets out recommendations for the different types of monitoring that are necessary in the hospital
environment, ranging from arrhythmia analysis through to ischemia monitoring and QT interval assessment. Different
types of ECG lead systems for monitoring are described and recommendations relating to staffing, training and quality
improvement are given.

A.. Recommendations for Ambulatory Electrocardiography

A paper on instrumentation and ambulatory electrocardiography published as a set of recommendations was published
in  []. Much of the information there is still of relevance although equipment is now predominantly based around
digital recording techniques. A follow up paper was published in  []. These more recent guidelines review equip-
ment and also deal with assessment of symptoms that may be related to disturbances of rhythm and assessment of risk in
patients without symptoms of arrhythmias.

A.. Exercise Testing

Guidelines for clinical exercise testing laboratories were published in  [].These outlined the environment in which
exercise testing should be undertaken and discussed equipment requirements, etc. Clinical guidelines were published
in  [] and updated in  []. These papers essentially deal with the conditions under which exercise testing is
deemed to be appropriate.

A.. Clinical Competence

The ACC and AHA issued a statement on competence for reporting ECGs and ambulatory ECGs []. This publication
outlines the diagnostic areas where physicians are expected to have a high degree of competence in reporting resting and
ambulatory ECGs.

A.. Pacemakers/Electrophysiology Testing

One of the earliest guidelines on electrophysiology testing and pacemakers was published in  []. This outlined the
three position and the five position coding scheme for pacemakers. This was updated in  []. A paper on guide-
lines for implantation of pacemakers, which was published in  [], contained earlier  guidelines together with
updated guidelines.
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A. TheMinnesota Code

The Minnesota code was initially developed and published in  (see Ref. [] in (> Chap. ). It remains the most
widely used ECG coding scheme in epidemiological practice and has recently been revised and extended.The following
section has been reprinted from: Prineas RJ, Crow RS, Zhang Z-M.TheMinnesota CodeManual of Electrocardiographic
Findings. , with the permission of Springer, New York.

A.. Minnesota Code 

A... Q and QS Patterns

(Do not code in the presence of Wolff-Parkinson-White (WPW) code --), or artificial pacemaker code - or code
-, --, --, or -- with a heart rate ≥ . To qualify as a Q wave, the deflection should be at least . mV ( mm in
amplitude).

Anterolateral site (leads I, aVL, V)

● -- Q/R amplitude ratio ≥/, plus Q duration ≥. s in lead I or V.● -- Q duration ≥. s in lead I or V.● -- Q duration ≥. s, plus R amplitude ≥ mm in lead aVL.● -- Q/R amplitude ratio ≥/, plus Q duration ≥. s and <. s in lead I or V.● -- Q duration ≥. s and <. s in lead I or V.● -- QS pattern in lead I. Do not code in the presence of --.● -- Initial R amplitude decreasing to  mm or less in every beat (and absence of codes -, --, -- or -)
between V and V. (All beats in lead V must have an initial R > mm.)● -- Q/R amplitude ratio ≥/ and </, plus Q duration ≥. s and <. s in lead I or V.● -- Q duration ≥. s and <. s, plus R amplitude ≥ mm in lead aVL.● -- Initial R amplitude decreasing to mm or less in every beat (and absence of codes -, --, --, or -)
between V and V (All beats in lead V must have an initial R > mm.)

Posterior (inferior) site (leads II, III, aVF).

● -- Q/R amplitude ratio ≥/, plus Q duration ≥. s in lead II.● -- Q duration ≥. s in lead II.● -- Q duration ≥. s in lead III, plus a Q-wave amplitude ≥. mm in the majority of beats in lead aVF.● -- Q duration ≥. s in lead aVF.● -- Q/R amplitude ratio ≥/, plus Q duration ≥. s and<. s in lead II.● -- Q duration ≥. s and <. s in lead II.● -- QS pattern in lead II. Do not code in the presence of --.● -- Q duration ≥. s and <. s in lead III, plus a Q wave ≥. mm amplitude in the majority of beats in aVF.● -- Q duration ≥. s and <. s in lead aVF.● -- Q/R amplitude ratio ≥/ and </, plus Q duration ≥. s and <. s in lead II.● -- Q duration ≥. s and <. s in lead III, plus a Q wave ≥. mm amplitude in the majority of beats in lead
aVF.● -- Q duration ≥. s and <. s in lead aVF.● -- QS pattern in each of leads III and aVF. (Do not code in the presence of --.)● -- QS pattern in lead a aVF only. (Do not code in the presence of --)
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Anterior site (leads V ,V,V,V, V)

● -- Q/R amplitude ratio ≥/ plus Q duration ≥. s in any of leads V, V,V,V.● -- Q duration ≥. s in any of leads V, V, V, V, V.● -- QS pattern when initial R wave is present in adjacent lead to the right on the chest, in any of leads V, V,
V, V, V.● -- QS pattern in all of leads V–V or V–V.● -- Q/R amplitude ratio ≥/, plus Q duration ≥. s and <. s, in any leads V, V, V, V.● -- Q duration ≥. s and <. s in any leads V, V, V, V.● -- QS pattern in all of lead V, V, and V. (Do not code in the presence of --.)● -- Q/R amplitude ratio ≥/ and </ plus Q duration ≥. s and <. s in any of leads V, V, V, V.● -- QS pattern in lead V and V. (Do not code in the presence of - or --.)● -- Initial R amplitude decreasing to .mm or less in every beat (and absence of codes -, --, --, or -)
between any of leads V and V, V, and V, or V and V. (All beats in the lead immediately to the right
on the chest must have an initial R > mm.)

A... QRS Axis Deviation

(Do not code in presence of low-voltage QRS code -,WPW--, artificial pacemaker code -, ventricular conduction
defects --, --, - or -.)

● - Left. QRS axis from −○ through −○ in leads I, II, III. (The algebraic sum of major positive and major
negative QRS waves must be  or positive in I, negative in III, and  or negative in II).● - Right. QRS axis from +○ through −○ in leads I, II, III. (The algebraic sum ofmajor positive andmajor
negative QRS waves must be negative in I, and zero or positive in III, and in I must be one half or more of
that in III.)● - Right (optional code when - is not present). QRS axis from +○ through +○in leads I, II, III. (The
algebraic sum of major positive and major negative QRS waves must be zero or negative in I and positive
in II and III.)● - Extreme axis deviation (usually S, S, S pattern). QRS axis from −○ through −○ in leads I, II and III.
(The algebraic sum of major positive and major negative QRS waves must be negative in each of leads I, II
and III.)● - Indeterminate axis. QRS axis approximately ○ from the frontal plane. (The algebraic sumofmajor positive
andmajor negativeQRS waves is zero in each of leads I, II and III, or the information from these three leads
is incongruous.)

A... High-Amplitude RWaves

Do not code in the presence of codes --, -, --, --, -, or -.

● - Left: R amplitude > mm in either V or V, or R amplitude >. mm in any of leads I, II, III, aVF, or R
amplitude >. mm in lead aVL measured only on second to last complete normal beat.
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● - Right: R amplitude ≥. mm and R amplitude ≥S amplitude in the majority of beats in lead V, when S
amplitude is >R amplitude somewhere to the left on the chest of V (codes - and -, if criteria for both
are present).● - Left (optional code when - is not present): R amplitude >. mm but ≤. mm in lead I, or R amplitude
in V or V, plus S amplitude in V > . mm.● - Criteria for - and - both present.

A... ST Junction (J) and Segment Depression

(Do not code in the presence of codes --, -, --, --, -, or -. When -, -, or - is coded, then a -code
most often must also be assigned except in lead V.)

Anterolateral site (leads I, aVL, V)

● -- STJ depression ≥. mm and ST segment horizontal or downward sloping in any of leads I, aVL, or V● -- STJ depression ≥. mm but <. mm, and ST segment horizontal or downward sloping in any of leads I,
aVL, or V● - STJ depression ≥. mm and <. mm and ST segment horizontal or downward sloping in any of leads I,
aVL, or V● - No STJ depression as much as . mm but ST segment downward sloping and segment or T-wave nadir≥. mm below P-R baseline, in any of leads I, aVL, or V● - STJ depression ≥. mm and ST segment upward sloping or U-shaped, in any of leads I, aVL, or V

Posterior (inferior) site (leads II, III, aVF)

● -- STJ depression ≥. mm and ST segment horizontal or downward sloping in lead II or aVF● -- STJ depression ≥. mm but <. mm and ST segment horizontal or downward sloping in lead II
or aVF● - STJ depression ≥. mm and <. mm and ST segment horizontal or downward sloping in lead II
or aVF● - No STJ depression as much as . mm, but ST segment downward sloping and segment or T-wave nadir≥. mm below P-R baseline in lead II● - STJ depression ≥. mm and ST segment upward sloping, or U shaped, in lead II

Anterior site (leads V,V,V,V,V)

● -- STJ depression ≥. mm and ST segment horizontal or downward sloping in any of leads V, V, V, V,
V● -- STJ depression ≥. mm but <. mm and ST segment horizontal or downward sloping in any of leads V,
V, V, V, V● - STJ depression ≥. mm and <. mm and ST segment horizontal or downward sloping in any of leads V,
V, V, V, V● - No STJ depression as much as . mm, but ST segment downward sloping and segment or T-wave nadir≥. mm below P-R baseline in any of leads V, V, V, V● - STJ depression ≥. mm and ST segment upward sloping or U-shaped in any of leads V , V, V, V, V
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A... T-Wave Items

(Do not code in the presence of codes ––, -, ––, ––, -, or –.)

Anterolateral site (leads I, aVL, V)

● - T amplitude negative . mm or more in either of leads I, V, or in lead aVL when R amplitude is ≥. mm● - T amplitude negative or diphasic (positive–negative or negative–positive type) with negative phase at least .
mm but not as deep as . mm in lead I or V, or in lead aVL when R amplitude is ≥. mm● - T amplitude zero (flat), or negative, or diphasic (negative-positive type only) with less than . mm negative
phase in lead I or V, or in lead aVL when R amplitude is ≥. mm● - T amplitude positive and T/R amplitude ratio </ in any of leads I, aVL, V; R-wave amplitude must be≥. mm

Posterior (inferior) site (leads II, III, aVF)

● - T amplitude negative . mm or more in lead II, or in lead aVF when QRS is mainly upright● - T amplitude negative or diphasic with negative phase (negative–positive or positive–negative type) at least
. mm but not as deep as . mm in lead II, or in lead aVF when QRS is mainly upright● - T amplitude zero (flat), or negative, or diphasic (negative-positive type only) with less than . mm negative
phase in lead II; not coded in lead aVF● - T amplitude positive and T/R amplitude ratio </ in lead II; R-wave amplitude must be ≥. mm

Anterior site (leads V,V,V,V)
● - T amplitude negative . mm or more in any of leads V, V, V, V● - T amplitude negative (flat) n any codes, or diphasic (negative–positive or positive–negative type) with negative

phase at least . mm but not as deep as . mm, in any of leads V,V,V,V● - T amplitude zero (flat), or negative, or diphasic (negative–positive type only) with less than . mm negative
phase, in any of leads V, V, V● - T amplitude positive and T/R amplitude ratio </ in any of leads V, V, V; R-wave amplitude must be≥. mm

A... AV Conduction Defect in Codes

● - Complete (third degree)AVblock (permanent or intermittent) in any lead.Atrial and ventricular complexes
independent, and atrial rate faster than ventricular rate, with ventricular rate <.● -- Mobitz type II (occurrence of P wave on time with dropped QRS and T).● -- Partial (second degree) AV block in any lead (: or : block).● -- Wenckebach’s phenomenon (PR interval increasing from beat to beat until QRS and T dropped).● - PR(PQ) interval ≥. s in the majority of beats in any of leads I, II, III, aVL, aVF.● -- Wolff-Parkinson-White pattern (WPW), persistent. Sinus P wave. PR interval <. s, plus QRS duration≥. s, plus R peak duration ≥. s, coexisting in the same beat and present in the majority of beats in
any of leads I, II, aVL, V, V, V. (-- suppresses --, --, --, --, --, all , , , , -, -, -
codes.)
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● -- WPW pattern, intermittent. WPW pattern in ≤% of beats in appropriate leads.● - Short PR interval. PR interval <. s in all beats of any two of leads I, II, III, aVL, aVF.● - Intermittent aberrant atrioventricular conductions. PR > . s (except in presence of - or heart rate
greater than ); wide QRS complex >. s; normal P wave when most beats are sinus rhythm. (Do not
code in the presence of --.)● - Artificial pacemaker.

A... Ventricular Conduction Defect in Codes

● -- Complete left bundle branch block (LBBB). (Do not code in presence of -, --, -, -- or --,) QRS
duration ≥. s in a majority of beats (of the same QRS pattern) in any of leads I, II, III, aVL, aVF, plus
R peak duration ≥. s in a majority of beats (of the same QRS pattern) in any of leads I, II aVL, V,V

(-- suppresses --, --, --, --, --, all , , , , -, -, - codes. If any other codable Q wave
coexists with the LBBB pattern, code the Q and diminish the -- code to a - code.)● -- Intermittent LBBB. Same as -- but with presence of normally conducted QRS complexes of different
shape than the LBBB pattern.● -- Complete right bundle branch block (RBBB). (Do not code in the presence of -, --, -, -- or --.)
QRS duration ≥. s in amajority of beats (of the sameQRS pattern) in any of leads I, II, III, aVL, aVF, plus:
R′ > R in V or QRS mainly upright, plus R peak duration ≥. s in V or V; or S duration > R duration
in all beats in lead I or II. (Suppresses -- + --, all -, -, - and - codes, -, -, -.)● -- Intermittent RBBB. Same as -- but with presence of normally conducted QRS complexes of different
shape than the RBBB pattern.● - Incomplete right bundle branch block. QRS duration <. s in each of leads I, II, III, aVL, aVF, and R′ > R
in either of leads V, V. (Code as - in addition if those criteria are met. - suppresses code --.)● - Intraventricular block. QRS duration ≥. s in a majority of beats in any of leads I, II, III, aVL. (-
suppresses all , , , , -, -, - codes.)● - R-R′ pattern in either of leads V, V with R′ amplitude ≤ R.● - Incomplete LBBB. (Do not code in the presence of any codable Q or QS wave.) QRS duration ≥. and<. s in the majority of beats of each of leads I, aVL, and V or V.● - Left anterior hemiblock (LAH). QRS duration <. s in the majority of beats in leads I, II, III, aVL, aVF,
plus Q-wave amplitude ≥. mm and <. s duration in lead I, plus left axis deviation of −○ or more
negative. (In presence of -, code - if axis is <−○ and the Q wave in lead I meets the above criteria).● - Combination of - and -.● -- Type  Brugada pattern convex (coved) ST segment elevation ≥ mm plus T-wave negative with little or no
isoelectric (baseline) separation in at least  leads of V −V.● -- Type  Brugada pattern ST segment elevation ≥ mm plus T-wave positive or diphasic that results in a
“saddle-back” shape in at least  leads of V −V.● -- Type  Brugada pattern. -- plus ST segment elevation ≥ mm plus a “saddle-back” configuration in at
least  leads of V −V.● - FragmentedQRS.

A... Arrhythmias

● -- Presence of frequent atrial or junctional premature beats (% or more of recorded complexes).● -- Presence of frequent ventricular premature beats (% or more of recorded complexes).
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● -- Presence of both atrial and/or junctional premature beats and ventricular premature beats (so that
individual frequencies are <% but combined premature beats are ≥% of complexes).● -- Wandering atrial pacemaker.● -- Presence of -- and --.● -- Ventricular fibrillation or ventricular asystole.● -- Persistent ventricular (idioventricular) rhythm.● -- Intermittent ventricular tachycardia. Three or more consecutive ventricular premature beats occurring at a
rate ≥. This includes more persistent ventricular tachycardia.● -- Ventricular parasystole (should not be coded in presence of --).● -- Atrial fibrillation (persistent).● -- Atrial flutter (persistent).● -- Intermittent atrial fibrillation (code if  or more clear-cut, consecutive sinus beats are present in any
lead).● -- Intermittent atrial flutter (code if  or more clear-cut, consecutive sinus beats are present in any
lead).● -- Supraventricular rhythm persistent. QRS duration <. s; and absent P waves or presence of abnormal P
waves (inverted or flat in aVF); and regular rhythm.● -- Supraventricular tachycardia intermittent.Three consecutive atrial or junctional premature beats occurring
at a rate ≥ min−.● -- Sinoatrial arrest. Unexpected absence of P, QRS and T, plus a R-R interval at a fixed multiple of the normal
interval, ±%.● -- Sinoatrial block. Unexpected absence of P, QRS and T, preceded by progressive shortening of P-P intervals,
(R-R interval at a fixed multiple of the normal interval, ±%).● -- AV dissociation with ventricular pacemaker (without capture). Requires: P-P and R-R to occur at variable
rates with ventricular rate as fast as or faster than the atrial rate plus variable PR intervals, plus no capture
beats.● -- AV dissociation with ventricular pacemaker (with capture).● -- AV dissociation with atrial pacemaker (without capture).● -- AV dissociation with atrial pacemaker (with capture).● - Sinus tachycardia (≥  min−).● - Sinus bradycardia (≤  min−).● - Other arrhythmias. Heart rate may be recorded as a continuous variable.

A... ST-Segment Elevation

Do not code in the presence of codes --, -, --, --, -, or -.

Anterolateral site (leads I, aVL, V)

● - ST-segment elevation ≥. mm in any of leads I, aVL, V.

Posterior (inferior) site (leads II, III, aVF)

● - ST-segment elevation ≥. mm in any of leads II, III, aVF.

Anterior site (leads V ,V,V,V,V)

● - ST-segment elevation ≥. mm in lead V or ST-segment elevation ≥. mm in any of leads V, V, V, V.
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A... Miscellaneous Items

● - Low QRS amplitude. QRS peak-to-peak amplitude < mm in all beats in each of leads I, II, III, or < mm
in all beats in each of leads V , V, V, V, V, V. (Check calibration before coding).● - P-wave amplitude ≥. mm in any of leads II, III, aVF, in a majority of beats.● -- QRS transition zone atV or to the right ofV on the chest. (Do not code in the presence of --, -, --,
--, -, or -.)● -- QRS transition zone atV or to the left of V on the chest. (Do not code in the presence of --, -, --,
--, -, or -.)● - T-Wave amplitude > mm in any of leads I, II, III, aVL, aVF, V,V,V,V,V,V. (Do not code in the
presence of --, -, --, --, -, or -.● - Notched and widened P wave (duration ≥ . s) in frontal plane (usually lead II), and/or deep negative
component to the P wave in lead V duration ≥ . s and depth ≥ mm.● -- Definite Early Repolarization. STJ elevation ≥ mm in the majority of beats, T wave amplitude ≥ mm
prominent J point, upward concavity of the ST segment, and a distinct notch or slur on the down-stroke
of the R wave in any of V − V, OR STJ elevation ≥ mm in the majority of beats and T wave amplitude≥  mm prominent J point, and upward concavity of the ST segment in any of V −V.● -- Probable Early Repolarization. STJ elevation≥ mm in themajority of beats, prominent J point, and upward
concavity of the ST segment in any of V −V and T wave amplitude ≥  mm in any of the leads V −V.● -- Uncorrectable lead reversal.● -- Poor Quality/Technical problems which interfere with coding.● -- Correctable lead reversal.
i. Correctable limb lead connection error.
ii. Correctable chest lead connection error in V −V.
iii. Correctable chest lead connection error in V −V.
iv. Correctable other chest lead connection error.● -- Technical problems that do not interfere with coding.

A... Incompatible Codes

> Table A. gives a list of incompatible codes. The codes in the left-hand column suppress the codes in the right-hand
column.

A... ECG Criteria for Significant Serial ECG Change

A detailed explanation of criteria for serial change can be found in Chapter  of the recently published Minnesota Code
Manual of Electrocardiographic Findings (RJ Prineas, RS Crow, Z-M Zhang, Springer, ). An extract is given here.

Evolving Q-wave

Q. No Q-code in reference ECG followed by a record with a diagnostic Q-code (MC -- through --) OR an
Equivocal Q-code (--x) in reference ECG followed by record with any code --x Q-code.

-- was previously --
New code from first edition
-- in the first edition was --, and -- was -- in the first edition.
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⊡ Table A.

Incompatible codes

Code Suppresses this code(s)

All Q, QS codes -

Q ≥ . in Lead I -

- --

- --, -

- All other codes except -

-- All other codes

- All other codes

-- --, --, --, --, --, --, all -, -, -, and -codes, -,
-, -, -, -, -, -, --, --

-- --, all -, -, -, and -codes, -, -, -, --, --

- --

- All -, -, -, and -codes, -, -, -

- --, all -, -, -, and -codes, -, -, -, --, --

-- --

-- --, -

-- All other codes

-- All other codes

-- --

-- --, --

-- --, --, --

-- --, --

-- --

-- -

-- + heart rate ≥ bpm All other codes except - or -

Heart rate > bpm -

-- --

- All -codes

Q. An Equivocal Q-code (any MC - x code) and no major ST-segment depression (MC -, -, -) in reference
ECG followed by a record with a diagnostic Q-code (MC -- – --) Plus a major ST-segment depression (MC
--x or -).

Q. An Equivocal Q-code (any MC --x) and no major T-wave inversion (MC –, - or -) in reference ECG
followed by a record with a diagnostic Q-code (MC-- through --) Plus a major T-wave inversion (MC - or
-).

Q. An Equivocal Q-code (any MC --x) and Q-code (MC -- through --) Plus and ST-segment elevation (MC
-).

Q. No Q-code and no MC --x or - in reference ECG followed by a record with an Equivocal Q-code (any MC
--x) PlusMC --x or -.

Q. NoQ-code and noMC - or - in reference ECG followed by a record with an Equivocal Q-code (anyMC --x)
Plus a MC - or -.

Q. No Q-code and no MC - in reference ECG followed by a record with an Equivocal Q-code (any MC --x) Plus
a MC -.
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Evolving ST-Elevation

STE- MC - in reference ECG followed by a record with MC - in at least  leads and > % increase ST elevation
in both leads.

STE- MC - in reference ECG followed by a record withMC - in at least  leads and > % increase in ST elevation
in both leads.

STE- MC - and no MC - or - in reference ECG followed by a record appearance of MC - or - with %
increase in T wave inversion in at least  leads.

STE- Reversal of evolving STE- (within the hospital ECG only).
STE- Reversal of evolving STE- (within the hospital ECG only).

Evolving ST-Depression/TWave Inversion

ST-T Either MC - (no -code), – or – in reference ECG followed by a record with MC – or –- or --
and > % increase in ST segment depression.

ST-T EitherMC- –– in reference ECG followed by a recordwithMC–– and > % increase in ST segment
depression.

ST-T Either MC -, - or - in reference ECG followed by a record with MC - or - and > % increase in
T-wave inversion.

ST-T MC - in reference ECG followed by a record with MC - and > % in T-wave inversion.
ST-T MC –- in reference ECG followed by a record with MC –– and > % increase in ST depression.
ST-T MC - in reference ECG followed by a record with MC - and > % increase in T-wave inversion
ST-T MC - in reference ECG followed by a record with MC - and > % increase in T-wave inversion.
ST-TR Reverse of ST-T

ST-TR Reverse of ST-T

ST-TR Reverse of ST-T

ST-TR Reverse of ST-T

ST-TR Reverse of ST-T

ST-TR Reverse of ST-T

ST-TR Reverse of ST-T

Evolving Bundle Branch Block

E-BBB NoMC- in the reference ECG followed by an ECGwithMC-- in follow-upECG andQRSduration increase
by > . s.

E-BBB No MC - in the reference ECG followed by an ECG with MC -- in follow-up ECG and QRS duration
increase by > . s.

E-BBB NoMC- in the reference ECG followed by an ECGwithMC – in follow-upECG and QRSduration increase
by > . s.

Evolving ECG – LVH

E-LVH  MC - in reference ECG flowed by an ECG with a MC - in the follow-up ECG, confirmed as a significant
increase.

Requires > % decrease in ST depression or T-wave inversion of follow-up record compared to reference ECG, and code changes must occur
in the same lead groups.
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E-LVH  MC - in reference ECG flowed by an ECG with a MC - in the follow-up ECG, confirmed as a significant
increase.

E-LVH  MC - in reference ECG flowed by an ECG with a MC - in the follow-up ECG, confirmed as a significant
decrease.

E-LVH  MC - in reference ECG flowed by an ECG with a MC - in the follow-up ECG, confirmed as a significant
decrease.

E-LVH  MC - in reference ECG flowed by an ECG with a MC - in the follow-up ECG, confirmed by a significant
increase or a significant decrease.

E-LVH  MC - in reference ECG flowed by an ECG with a MC - in the follow-up ECG, confirmed by a significant
increase or a significant decrease.

A. The Punsar Code

One of the authors of the original publication of the Minnesota code, Punsar, developed an alternative scheme, in col-
laboration with others, for classifying the ST-T segment. The code is described simply in > Table A. and > Fig. A.
which is reproduced from: Punsar S, Pyorala K, Siltanen P. Classification of electrocardiographic ST segment changes
in epidemiological studies of coronary heart disease. Ann. Med. Intern. Fenn. ; :–, with the permission of
Annales Medicinae Internae Fenniae, Helsinki.
The authors tested their code in a -year follow-up of , men aged –. The incidence of events including death or
myocardial infarction was highest in the ischemic group and decreased in the remaining groups in a progressive fashion.
It was also noted that with each group, the prognosis varied according to the amount of ST depression present.

⊡ Table A.

Correspondence of the items in the new, modified code to those in the Minnesota code

Minnesota code

Modified code At rest Postexercisea

I  IV  XI 

  

  

  



S  IV  XI 

  





R  IV  

  XI 



aThe original  Minnesota code had postexercise classifications, coded X to XVI
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⊡ Figure A.

Categories of ST-segment changes in the new, modified classification (the Punsar code). Note that the figures beside each

arrow indicate the amount of ST depression in millimeters.
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Appendix A Normal Limits of Adult -Lead Vectorcardiogram

The tables of amplitudes and durations in this Appendix have been obtained from the X, Y, Z leads derived from the
-lead ECG according to the methods described in Chap. , Sect. . and using the coefficients presented in Table ..
Data have been derived from , adult ECGs whose age distribution is shown in the lower part of Table .. The 
males over  have been subdivided, with  men being aged  and over, while similarly  females include  aged 
and over.

Data are expressed as mean ± standard deviation below which is given the  percentile ranges, i.e., % of values
are excluded at either end of the distribution except in the case of the groups aged  and over where the % range is
presented. Angular data are presented with respect to the reference frames illustrated in Figure ..

A. Scalar Measurements from the Leads X, Y, and Z

A.. P Wave Amplitude and Duration

⊡ Table A.

P wave amplitudes (mV) in males

Age (years) X Y Z

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

⊡ Table A.

P wave amplitudes (mV) in females

Age (years) X Y Z

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .
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⊡ Table A.

P wave durations (ms) in males

Age (years) X Y Z

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

⊡ Table A.

P wave durations (ms) in females

Age (years) X Y Z

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

A.. QWave Amplitude and Duration

⊡ Table A.

Q wave amplitude (mV) in males

Age (years) X Y

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.
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⊡ Table A.

Q wave amplitude (mV) in females

Age (years) X Y

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

– −. ± . −. ± .
−.→ −. −.→ −.

⊡ Table A.

Q wave durations (ms) in males

Age (years) X Y

–  ±   ± 
→  → 

–  ±   ± 
→  → 

–  ±   ± 
→  → 

–  ±   ± 
→  → 

–  ±   ± 
→  → 

⊡ Table A.

Q wave durations (ms) in females

Age (years) X Y

–  ±   ± 
→  → 

–  ±   ± 
→  → 

–  ±   ± 
→  → 

–  ±   ± 
→  → 

–  ±   ± 
→  → 
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A.. RWave Amplitude and Duration

⊡ Table A.

R wave amplitudes (mV) in males

Age (years) X Y Z

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ±  . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

⊡ Table A.

R wave amplitudes (mV) in females

Age (years) X Y Z

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

⊡ Table A.

R wave durations (ms) in males

Age (years) X Y Z

–  ±   ±   ±
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 
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⊡ Table A.

R wave durations (ms) in females

Age (years) X Y Z

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

A.. SWave Amplitude and Duration

⊡ Table A.

S wave amplitudes (mV) in males

Age (years) X Y Z

– −. ± . −. ± . −. ± .
−. → −. −.→ −. −.→ −.

– −. ± . −. ± . −. ± .
−.→ −. −.→ −. −.→ −.

– −. ± . −. ± . . ± .
−.→ −. −.→ −. .→ .

– −. ± . −. ± . . ± .
−. → . −.→ −. .→ .

– −. ± . −. ± . −. ± .
−.→ −. −.→ −. −.→ −.

⊡ Table A.

S wave amplitudes (mV) in females

Age (years) X Y Z

– −. ± . −. ± . −. ± .
−.→ −. .→ . −.→ −.

– −. ± . −. ± . −. ± .
−.→ −. −.→ −. −.→ −.

– −. ± . −. ± . −. ± .
−.→ −. −.→ −. −.→ −.

– −. ± . −. ± . −. ± .
−.→ −. −.→ −. −.→ .

– −. ± . . ± . −. ± .
−.→ −. −.→ −. −.→ −.
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⊡ Table A.

S wave durations (ms) in males

Age (years) X Y Z

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

⊡ Table A.

S wave durations (ms) in females

Age (years) X Y Z

–  ±   ±   ±
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

A.. TWave Amplitude

⊡ Table A.

T wave amplitudes (mV) in males

Age (years) X Y Z

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .
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⊡ Table A.

T wave amplitudes (mV) in females

Age (years) X Y Z

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

A. Planar and Spatial Measurements

A.. Direction of Inscription in the QRS Vector Loop

⊡ Table A.

Direction of inscription of the QRS vector loop in males (%)

Frontal Left sagittal Transverse

Counterclockwise . . .

Figure of  . . .

Clockwise . . .

⊡ Table A.

Direction of inscription of the QRS vector loop in females (%)

Frontal Left sagittal Transverse

Counterclockwise . . .

Figure of  . . .

Clockwise . . .

A.. Magnitude of Maximal Spatial QRS Vector

⊡ Table A.

Magnitude of maximal spatial QRS vector (mV)

Age (years) Males Females

– . ± . . ± .
.→ . .→ .

– . ± . . ± .
.→ . .→ .
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⊡TableA. (Continued)

Age (years) Males Females

– . ± . . ± .
.→ . .→ .

– . ± . . ± .
.→ . .→ .

– . ± . . ± .
.→ . .→ .

A.. Magnitude of Maximal Planar QRS Vector

⊡ Table A.

Magnitude of the maximal QRS vector in frontal, sagittal, and transverse planes (mV) in males

Age (years) Frontal Sagittal Transverse

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

⊡ Table A.

Magnitude of the maximal QRS vector in frontal, sagittal, and transverse planes (mV) in females

Age (years) Frontal Sagittal Transverse

– . ± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .

– .± . . ± . . ± .
.→ . .→ . .→ .

– .± . . ± . . ± .
.→ . .→ . .→ .

– . ± . . ± . . ± .
.→ . .→ . .→ .
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A.. Maximal Planar QRS Vector Angle

⊡ Table A.

-Percentile ranges of maximal QRS vector angle (degrees) in males

Age (years) Frontal Sagittal Transverse

–  ±   ±  − ± 
→  →  −→ 

–  ±   ±  − ± 
→  −→  −→ 

–  ±   ±  − ± 
−→  −→  −→ 

–  ±   ±  − ± 
−→  −→  −→ 

–  ±   ±  − ± .
→  →  −→ 

⊡ Table A.

-Percentile ranges of maximal QRS vector angle (degrees) in females

Age (years) Frontal Sagittal Transverse

–  ±   ±  − ± 
→  −→  −→ 

–  ±   ±  − ± 
→  −→  − → −

–  ±   ±  − ± 
→  −→  −→ 

–  ±   ±  − ± 
→  −→  −→ 

–  ±   ±  − ± 
→  −→  −→ 

A.. Maximal T Vector Angle

⊡ Table A.

-Percentile ranges of maximal T vector angle (degrees) in males

Age (years) Frontal Sagittal Transverse

–  ±   ±   ± 
−→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  → 



Appendix : Normal Limits of Adult -Lead Vectorcardiogram A 

⊡ Table A.

-Percentile ranges of maximal T vector angle (degrees) in females

Age (years) Frontal Sagittal Transverse

–  ±   ±   ± 
→  →  −→ 

–  ±   ±  − ± 
→  →  −→ 

–  ±   ±   ± 
→  →  → 

–  ±   ±   ± 
→  →  −→ 

–  ±   ±   ± 
→  →  −→ 

Appendix B Normal Limits of Paediatric -Lead Vectorcardiogram

Thevector data presented in this Appendix have been obtained fromX, Y, Z leads derived from the -lead ECG according
to the methods described in . and using the coefficients presented in > Table .. Data have been derived from ,
neonates, infants, and children, whose age distribution is shown in the upper part of > Table ..

Data are expressed as mean ± standard deviation below which is given the  percentile ranges, i.e., % of values are
excluded at either end of the distribution except when the total number in the age group is small, in which case the %
range is presented. Angular data are presented with respect to the reference frames illustrated in > Figure ..

B. Scalar Measurements from the Leads X, Y and Z

⊡ Table B.

Maximal spatial P, QRS, and T magnitudes (mV)

Age Max P Max QRS Max T

<  h . ± . . ± . . ± .
.→ . .→ . .→ .

 day . ± . . ± . . ± .
.→ . .→ . .→ .

 days . ± . . ± . . ± .
.→ . .→ . .→ .

 days . ± . . ± . . ± .
.→ . .→ . .→ .

≤  week . ± . . ± . . ± .
.→ . .→ . .→ .

≤  month . ± . . ± . . ± .
.→ . .→ . .→ .

≤  months . ± . . ± . . ± .
.→ . .→ . .→ .

≤  months . ± . . ± . . ± .
.→ . .→ . .→ .
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⊡TableB. (Continued)

Age Max P Max QRS Max T

≤  year . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

– years . ± . . ± . . ± .
.→ . .→ . .→ .

⊡ Table B.

Maximal P, QRS, and T vector angles in transverse plane (degrees)

Age Max P Max QRS Max T

<  h  ±  − ±   ± 
−→  −→  −→ 

 day  ±  − ±  − ± 
−→  −→  −→ 

 days  ±   ±  − ± 
−→  −→  −→ 

 days  ±   ±  − ± 
−→  −→  −→ 

≤  week  ±   ±  − ± 
−→  −→  −→ 

≤  month  ±   ±  − ± 
−→  −→  − → 

≤  months  ±   ±  − ± 
−→  −→  − → 

≤  months  ±   ±  − ± 
−→  −→  −→ 

≤  year  ±   ±  − ± 
−→  −→  − → −

– years  ±  − ±  − ± 
−→  −→  −→ 

– years  ±  − ±  − ± 
−→  −→  −→ 

– years  ±  − ±  − ± 
−→  −→  −→ −
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⊡TableB. (Continued)

Age Max P Max QRS Max T

– years  ±  − ±  − ± 
−→  −→  −→ 

– years  ±  − ±   ± 
−→  →  −→ 

– years  ±  − ±   ± 
−→  −→  −→ 

– years  ±  − ±   ± 
−→  −→  −→ 

– years  ±  − ±   ± 
−→  −→  −→ 

⊡ Table B.

Maximal P, QRS, and T vector angles in frontal plane (degrees)

Age Max P Max QRS Max T

<  h  ±   ±   ± 
→  − →  → 

 day  ±   ±   ± 
→  −→  → 

 days  ±   ±   ± 
→  −→  → 

 days  ±   ±   ± 
− →  −→  → 

≤  week  ±   ±   ± 
→  −→  → 

≤  month  ±   ±   ± 
→  −→  → 

≤  months  ±   ±   ± 
→  →  → 

≤  months  ±   ±   ± 
→  −→  → 

≤  year  ±   ±   ± 
→  −→  → 

– years  ±   ±   ± 
→  −→  → 

– years  ±   ±   ± 
→  →  → 

– years  ±   ±   ± 
−→  →  → 

– years  ±   ±   ± 
→  →  → 

– years  ±   ±   ± 
−→  →  → 

– years  ±   ±   ± 
−→  →  → 

– years  ±   ±   ± 
− →  →  → 

– years  ±   ±   ± 
− →  →  → 
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