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Disturbances in cardiac rhythm occur in a large proportion of the
population. Arrhythmias can have sequelae that range from incon-
sequential to lifeshortening. Sudden cardiac deaths and chronic
disability are among the most frequent serious complications
resulting from arrhythmias.

Braunwald’s Heart Disease: A Textbook of Cardiovascular Medi-
cine includes an excellent section on rhythm disturbances edited
and largely written by Douglas Zipes, the most accomplished and
respected investigator and clinician in this field. However, there
are many subjects that simply cannot be discussed in sufficient
detail, even in a 2000-page, densely packed book. For this reason,
the current editors and I decided to commission a series of com-
panions to the parent title. We were extremely fortunate to enlist
Dr. Zipes’ help in editing and writing Clinical Arrhythmology and
Electrophysiology.Dr.Zipes, in turn,enlisted two talented collabora-
tors, Drs. Ziad F. Issa and John M. Miller, to work with him to pro-
duce this excellent volume.

This second edition is superbly illustrated, with the number of
figures and tables increasing by almost half from its predecessor.
What has not changed, however, is the very high quality of the
content, which is accurate, authoritative, and clear; second, it is as
up-to-date as last month’s journals; and third, the writing style and
illustrations are consistent throughout with little, if any,duplication.
As this important branch of cardiology has grown,so has this book.

The first seven chapters, on Molecular Mechanisms of Cardiac
Electrical Activity, Cardiac lon Channels, Electrophysiological
Mechanisms of Cardiac Arrhythmias, Electrophysiological Test-
ing, Conventional Intracardiac Mapping Techniques, Advanced
Mapping and Navigation Modalities, and Ablation Energy Sources,
provide a superb introduction to the field. This is followed by 24
chapters on individual arrhythmias, each following a similar out-
line. Here, the authors lead us from a basic understanding of the
arrhythmia to its clinical recognition, natural history,and manage-
ment. The latter is moving rapidly from being largely drug-based
to device-based, although many patients receive combination
device-drug therapy. These options, as well as ablation therapy, are
clearly spelled out as they apply to each arrhythmia.The final chap-
ter discusses the complications of catheter ablation of cardiac
arrhythmias.

We are proud to include Clinical Arrhythmology and Electrophysi-
ology as a Companion to Braunwald’s Heart Disease, and we are
fully confident that it will prove to be valuable to cardiologists,
internists, investigators,and trainees.

Eugene Braunwald, MD
Peter Libby, MD
Robert Bonow, MD
Douglas Mann, MD
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Readers’ responses to the first edition of this textbook have been
extremely gratifying, so much so that we were encouraged to update
and revise the text relatively early after its initial publication in 2009.
As all who work in this field know, however, the knowledge base is
changing very rapidly at virtually all levels, from basic understand-
ing of mechanisms to new ablation techniques, mapping, imaging
advances, and development of new ablation energy sources. In
addition, we are learning about new clinical states that have been
“right under our noses” for a long time, such as the short QT and J
wave syndromes. We have therefore added new chapters on those
topics as well as on molecular mechanisms and ion channels,
advanced mapping and navigation, and arrhythmias in congenital
heart disease. For clarity, we have divided the idiopathic ventricular
tachycardias (VTs) into adenosine- and verapamil-sensitive types
and have written new chapters on both epicardial VTs and VTs in
the different cardiomyopathies. The “old” chapters are no longer
old; all have been totally revised and expanded with updated infor
mation. Additionally, we have included 27 new videos that vividly
exemplify a variety of techniques and mapping observations.

As with the first edition, this book has been written by just the
three of us, so that once again we can “explain,integrate,coordinate

and educate in a comprehensive, cohesive fashion while avoid-
ing redundancies and contradictions.” Having lived through the
changes of the past several years, we have been able to extract and
write about those advances that we think are important and use-
ful to the readers. This is similar to a travel guidebook written by
someone who has actually stayed in that unique hotel or eaten
in that special restaurant. We have experienced the progress first-
hand and are able to pass on our experiences to you. In addition,
as before—but expanded even further—readers have the option
to delve deeper into basic mechanisms or invasive procedures...
or not, depending on the level of interest. We have tried to keep
the appeal for all levels of learners, from the beginner to the expe-
rienced electrophysiologist, so that you can stop reading with the
fascinating array of ECGs or dig deeper into the mechanism of cal-
cium handling—your call. We hope you enjoy learning from this
second edition.

Ziad F. Issa
John M. Miller
Douglas P. Zipes

ix



Look for These Other Titles in the
Braunwald’s Heart Disease
Family

Braunwald’s Heart Disease Companions

PIERRE THEROUX
Acute Coronary Syndromes

ELLIOTT M. ANTMAN & MARC S. SABATINE
Cardiovascular Therapeutics

CHRISTIE M. BALLANTYNE
Clinical Lipidology

DOUGLAS L. MANN
Heart Failure

HENRY R. BLACK & WILLIAM J. ELLIOTT
Hypertension

ROBERT L. KORMOS & LESLIE W. MILLER
Mechanical Circulatory Support

ROGER BLUMENTHAL, JOANNE FOODY, & NATHAN WONG
Preventive Cardiology

CATHERINE M. OTTO & ROBERT O. BONOW
Valvular Heart Disease

MARC A. CREAGER, JOSHUA A. BECKMAN, & JOSEPH LOSCALZO
Vascular Disease

Braunwald’s Heart Disease Imaging Companions

ALLEN J. TAYLOR
Atlas of Cardiac Computed Tomography

CHRISTOPHER M. KRAMER & W. GREGORY HUNDLEY
Atlas of Cardiovascular Magnetic Resonance Imaging

AMI E. ISKANDRIAN & ERNEST V. GARCIA
Atlas of Nuclear Imaging

JAMES D. THOMAS
Atlas of Echocardiography



CHAPTER 1

Molecular Mechanisms of Cardiac

Electrical Activity

IONICEQUILIBRIUM, 1
TRANSMEMBRANE POTENTIALS, 1

THE CARDIACACTION POTENTIAL, 2
The Fast Response Action Potential, 3
The Slow Response Action Potential, 6

EXCITABILITY, 7
REFRACTORINESS, 7
CONDUCTION, 7

Ionic Equilibrium

The lipid bilayer of the cell membrane is hydrophobic and imper-
meable to watersoluble substances such as ions. Hence, for the
hydrophilic ions to be able to cross the membrane, they need
hydrophilic paths that span the membrane (i.e., pores), which are
provided by transmembrane proteins called ion channels. Once a
hydrophilic pore is available, ions move passively across the mem-
brane driven by two forces: the electrical gradient (voltage differ-
ence) and the chemical gradient (concentration difference). The
chemical gradient forces the ions to move from a compartment of
a higher concentration to one of lower concentration. The electri-
cal gradient forces ions to move in the direction of their inverse
sign (i.e., cations [positively charged ions] move toward a nega-
tively charged compartment, whereas anions [negatively charged
ions] move toward a positively charged compartment). Because
the chemical and electrical gradients can oppose each other, the
direction of net ion movement will depend on the relative con-
tributions of chemical gradient and electrical potential (i.e., the
net electrochemical gradient),so that ions tend to move spontane-
ously from a higher to a lower electrochemical potential.

The movement of an ion down its chemical gradient in one direc-
tion across the cell membrane results in build-up of excess charge
carried by the ion on one side of the membrane, which generates
an electrical gradient that impedes continuing ionic movement in
the same direction. When the driving force of the electrical gradient
across the membrane becomes equal and opposite to the force gen-
erated by the chemical gradient,the ion is said to be in electrochemi-
cal equilibrium, and the net transmembrane flux (or current) of that
particular ion is zero.In this setting, the electrical potential is called the
equilibrium potential (E;,,) (reversal potential or Nernst potential) of
that individual ion.The E;, for a given ion depends on its concentra-
tion on either side of the membrane and the temperature,and it mea-
sures the voltage that the ion concentration gradient generates when
it acts as a battery At membrane voltages more positive to the rever
sal potential of the ion, passive ion movement is outward, whereas it
is inward at a membrane potential (also known as transmembrane
potential; E,,) more negative to the Nernst potential of that channel.!3

When multiple ions across a membrane are removed from their
electrochemical equilibrium, each ion will tend to force the E,
toward its own E;,,.The contribution of each ion type to the overall
E. at any given moment is determined by the instantaneous per
meability of the plasma membrane to that ion.The larger the mem-
brane conductance to a particular ion, the greater is the ability of
that ion to bring the E, toward its own E,,,.Hence,the E , is the aver
age of the E,,, of all the ions to which the membrane is permeable,
weighed according to the membrane conductance of each individ-
ual ion relative to the total ionic conductance of the membrane.!2

Transmembrane Potentials

All living cells, including cardiomyocytes, maintain a difference in
the concentration of ions across their membranes.There is a slight
excess of positive ions on the outside of the membrane and a slight
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excess of negative ions on the inside of the membrane, resulting in
a difference in the electrical charge (i.e.,voltage difference) across
the cell membrane, called the membrane potential (E,,). A mem-
brane that exhibits an E,, is said to be polarized.?

In nonexcitable cells, and in excitable cells in their baseline
states (i.e., not conducting electrical signals), the E,, is held at a
relatively stable value, called the resting potential. All cells have
a negative resting E;, (i.e., the cytoplasm is electrically negative
relative to the extracellular fluid), which arises from the interac-
tion of ion channels and ion pumps embedded in the membrane
that maintain different ion concentrations on the intracellular and
extracellular sides of the membrane.2

When an ion channel opens, it allows ion flux across the mem-
brane that generates an electrical current (I).This current affects
the E,, depending on the membrane resistance (R), which refers
to the ratio between the E, and electrical current, as shown
in Ohm’s law: E = I x R or R = E/I. Resistance arises from the fact
that the membrane impedes the movement of charges across it;
hence, the cell membrane functions as a resistor. Conductance
describes the ability of a membrane to allow the flux of charged
ions in one direction across the membrane. The more permeable
the membrane is to a particular ion, the greater is the conductance
of the membrane to that ion. Membrane conductance (g) is the
reciprocal of R:g = 1/R.!

Because the lipid bilayer of the cell membrane is very thin,accu-
mulation of charged ions on one side gives rise to an electrical
force (potential) that pulls oppositely charged particles toward
the other side. Hence, the cell membrane functions as a capaci-
tor. Although the absolute potential differences across the cell
membrane are small, they give rise to enormous electrical poten-
tial gradients because they occur across a very thin surface. As a
consequence, apparently small changes in E, can produce large
changes in potential gradient and powerful forces that are able to
induce molecular rearrangement in membrane proteins, such as
those required for opening and closing ion channels embedded in
the cell membrane.The capacitance of the membrane is generally
fixed and unaffected by the molecules that are embedded in it.In
contrast, membrane resistance is highly variable and depends on
the conductance of ion channels embedded in the membrane.23

The sodium (Na*), potassium (K*), calcium (Ca2*), and chlo-
ride (CI-) ions are the major charge carriers,and their movement
across the cell membrane creates a flow of current that generates
excitation and signals in cardiac myocytes.The electrical current
generated by the flux of an ion across the membrane is deter
mined by the membrane conductance to that ion (g,,) and the
potential (voltage) difference across the membrane.The potential
difference represents the potential at which there is no net ion flux
(i.e.,the E,,) and the actual E: current = gj,, x (Er, — Ejgp,). 14

By convention, an inward current increases the electroposi-
tivity within the cell (i.e., causes depolarization of the E, [to be
less negative]) and can result from either the movement of posi-
tively charged ions (most commonly Na* or Ca2t) into the cell or
the efflux of negatively charged ions (e.g., CI) out of the cell. An
outward current increases the electronegativity within the cell



(i.e., causes hyperpolarization of the E;, [to become more nega-
tive]) and can result from either the movement of anions into the
cell or the efflux of cations (most commonly K+) out of the cell.3

Opening and closing of ion channels can induce a departure
from the relatively static resting E,, called a depolarization if the
interior voltage rises (becomes less negative) or a hyperpolariza-
tion if the interior voltage becomes more negative.The most impor-
tant ion fluxes that depolarize or repolarize the membrane are
passive (i.e., the ions move down their electrochemical gradient
without requiring the expenditure of energy), occurring through
transmembrane ion channels.In excitable cells,a sufficiently large
depolarization can evoke a short-lasting all-ornone event called an
action potential, in which the E, very rapidly undergoes specific
and large dynamic voltage changes.!

Both resting E,;, and dynamic voltage changes such as the action
potential are caused by specific changes in membrane permeabili-
ties for Na*, K+, Ca2*, and CI-, which, in turn, result from concerted
changes in functional activity of various ion channels, ion trans-
porters,and exchangers.3

The Cardiac Action Potential

During physiological electrical activity, the E, is a continuous
function of time. The current flowing through the cell membrane
is, at each instant, provided by multiple channels and transporters
carrying charge in opposite directions because of their different
ion selectivity The algebraic summation of these contributions is
referred to as net transmembrane current.!

The cardiac action potential reflects a balance between inward
and outward currents. When a depolarizing stimulus (typically
from an electric current from an adjacent cell) abruptly changes
the E, of a resting cardiomyocyte to a critical value (the threshold
level), the properties of the cell membrane and ion conductances
change dramatically, precipitating a sequence of events involving
the influx and efflux of multiple ions that together produce the
action potential of the cell. In this fashion, an electrical stimulus
is conducted from one cell to all the cells that are adjacent to it.2

Unlike skeletal muscle, cardiac muscle is electrically coupled
so that the wave of depolarization propagates from one cell to
the next, independent of neuronal input. The heart is activated
by capacitive currents generated when a wave of depolarization
approaches a region of the heart that is at its resting potential.
Unlike ionic currents, which are generated by the flux of charged
ions across the cell membrane, capacitive currents are generated
by the movement of electrons toward and away from the surfaces
of the membrane 23 The resulting decrease in positive charge at the
outer side of the cell membrane reduces the negative charge on the
intracellular surface of the membrane. These charge movements,
which are carried by electrons,generate a capacitive current. When
an excitatory stimulus causes the E, to become less negative and
beyond a threshold level (approximately —-65 mV for working atrial
and ventricular cardiomyocytes), Na* channels activate (open)
and permit an inward Na* current (Iy,), resulting in a rapid shift of
the E, to a positive voltage range.This event triggers a series of suc-
cessive opening and closure of selectively permeable ion channels.
The direction and magnitude of passive ion movement (and the
resulting current) at any given transmembrane voltage are deter
mined by the ratio of the intracellular and extracellular concentra-
tions and the reversal potential of that ion, with the net flux being
larger when ions move from the more concentrated side.3

The threshold is the lowest E,;, at which opening of enough Na*
channels (or Ca? channels in the setting of nodal cells) is able
to initiate the sequence of channel openings needed to generate
a propagated action potential. Small (subthreshold) depolarizing
stimuli depolarize the membrane in proportion to the strength
of the stimulus and cause only local responses because they do
not open enough Na* channels to generate depolarizing currents
large enough to activate nearby resting cells (i.e., insufficient to
initiate a regenerative action potential). On the other hand, when
the stimulus is sufficiently intense to reduce the E,, to a threshold

P wave
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A AP waveform . .
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? /o2
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FIGURE 1-1 A, Depiction of a standard ECG tracing with respect to its under-
lying ventricular action potential (AP). B, The different ionic currents (see text)
that contribute to action potential generation and the putative encoding genes
are shown. Depolarizing currents are shown in yellow, repolarizing currents in
blue. (Modified with permission from Saenena JB, Vrints CJ: Molecular aspects of the
congenital and acquired long QT syndrome: clinical implications. J Mol Cell Cardiol
44:633-646, 2007.)

value, regenerative action potential results, whereby intracellular
movement of Na* depolarizes the membrane more, a process that
increases conductance to Na* more, which allows more Na* to
enter,and so on. In this fashion, the extent of subsequent depolar
ization becomes independent of the initial depolarizing stimulus,
and more intense stimuli do not produce larger action potential
responses; rather, an all-ornone response results.?

Electrical changes in the action potential follow a relatively fixed
time and voltage relationship that differs according to specific
cell types. Whereas the entire action potential takes several milli-
seconds in nerve cells, the cardiac action potential lasts several
hundred milliseconds. The course of the action potential can be
divided into five phases (numbered 0 to 4).Phase 4 is the resting
E..,and it describes the E, when the cell is not being stimulated.

During the action potential, membrane voltages fluctuate in the
range of =94 to +30 mV (Fig. 1-1).With physiological external K+,the
reversal potential of K+ (Ey) is approximately =94 mV, and passive
K* movement during an action potential is out of the cell. On the
other hand, because the calculated reversal potential of a cardiac
Ca* channel (E¢,) is +64 mV, passive Ca?* flux is into the cell.?

In normal atrial and ventricular myocytes and in His-Purkinje
fibers,action potentials have very rapid upstrokes, mediated by the
fast inward Iy,.These potentials are called fast response potentials.
In contrast,action potentials in the normal sinus and atrioventricu-
lar (AV) nodal cells and many types of diseased tissues have very
slow upstrokes, mediated by a slow inward, predominantly L-type
voltage-gated Ca?* current (Ic,;), rather than by the fast inward
Ina (Fig. 1-2). These potentials have been termed slow response
potentials.25
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FIGURE 1-2 Action potential waveforms,
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regions of the heart. AV = atrioventricular

(node); endo = endocardial; epi = epicardial;
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The Fast Response Action Potential

PHASE 4: THE RESTING MEMBRANE POTENTIAL

The E,, of resting atrial and ventricular cardiomyocytes remains
steady throughout diastole. The resting E, is caused by the dif-
ferences in ionic concentrations across the membrane and the
selective membrane permeability (conductance) to various ions.
Large concentration gradients of Na*, K*, Ca**, and CI- across the
cell membrane are maintained by the ion pumps and exchangers
(Table 1-1).

Under normal conditions, the resting membrane is most perme-
able to K* and relatively impermeable to other ions.K* has the larg-
est resting membrane conductance (g is 100 times greater than
gna) because of the abundance of open K* channels at rest,whereas
Na*and Ca?* channels are generally closed.Thus,K* exerts the larg-
est influence on the resting E, ;. As a consequence, the resulting E,,
is almost always close to the K* reversal potential (E;, approximates
Ex).The actual resting E,, is slightly less negative than Ex because
the cell membrane is slightly permeable to other ions.2

The inwardly rectifying K* (Kir) channels underlie an outward K*
current (Ig;) responsible for maintaining the resting potential near
the Ex in atrial, His-Purkinje, and ventricular cells, under normal
conditions.®7 Kir channels preferentially allow currents of K* ions
to flow into the cell with a strongly voltage-dependent decline of
K+ efflux (i.e.,reduction of outward current) on membrane depo-
larization. As such, I; is a strong rectifier that passes K* currents
over a limited range of E, (see Chap. 2 for detailed discussion on
the concept of rectification); at a negative E, Ix; conductance
is much larger than that of any other current, thus, it clamps the
resting E, close to the reversal potential for K* (Ey). Ix; density is

SA nodal

Atrial

Endo

Mid

Epi

100 mV

0.2 sec

much higher in ventricular than in atrial myocytes, a feature that
protects the ventricular cell from pacemaker activity. By contrast,
Ix; is almost absent in sinus and AV nodal cells, thus allowing for
relatively more depolarized resting diastolic potentials compared
with atrial and ventricular myocytes (Table 1-2).2

A unique property of Kir currents is the unusual dependence
of rectification on extracellular K* concentration. Specifically, on
increase in extracellular K+, the Ig; current-voltage relationship
shifts nearly in parallel with the Ex and leads to a crossover phe-
nomenon. One important consequence of such behavior is that
at potentials positive to the crossover, K* conductance increases
rather than decreases, against an expectation based on a reduced
driving force for K* ions as a result of elevated extracellular K*
concentration.68

The resting E, also is powered by the Na*-K* adenosine tri-
phosphatase (ATPase) (the Na*K* pump), which helps establish
concentration gradients of Na* and K+ across the cell membrane.
Under physiological conditions, the Na*-K* pump transports two
K* ions into the cell against its chemical gradient and three Na*
ions outside against its electrochemical gradient at the cost of one
adenosine triphosphate (ATP) molecule. Because the stoichiom-
etry of ion movement is not 1:1, the Na*K* pump is electrogenic
and generates a net outward movement of positive charges (i.e.,an
outward current). At faster heart rates, the rate of Na*-K* pumping
increases to maintain the same ionic gradients, thus counteracting
the intracellular gain of Na* and loss of K* with each depolarization.

Although Ca® does not contribute directly to the resting E,
(since the voltage-activated Ca2+ channels are closed at the hyper-
polarized resting E,,), changes in intracellular free Ca2* concen-
tration can affect other membrane conductance values. Increases
in intracellular Ca?* levels can stimulate the Na*-Ca?* exchanger
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Intracellular and Extracellular lon Concentrations and Equilibrium Potentials in Cardiomyocytes

INTRACELLULAR

TABLE 1-1
EXTRACELLULAR
ION CONCENTRATION (mM)
Na* 135-145
K* 35-50
Ca’* 2

CONCENTRATION (mM)

EQUILIBRIUM POTENTIAL (mV)

10 +70
155 -94
0.0001 +132

TABLE 1-2  Regional Differences in Cardiac Action Potential

PROPERTY

SINUS NODAL CELL

ATRIAL MUSCLE CELL AV NODAL CELL

VENTRICULAR

Resting potential (mV) —-50--60 —-80--90
Action potential 60-70 110-120
amplitude (mV)

Action potential 100-300 100-300

duration (msec)

PURKINJE FIBER MUSCLE CELL
-60 --70 -90 - -95 -80--90
70-80 120 110-120
100-300 300-500 200-300

AV = atrioventricular.

(Inaca), which exchanges three Na* ions for one Ca?* ion; the direc-
tion depends on the Na* and Ca%* concentrations on the two sides
of the membrane and the E, difference. At resting E,, and during
a spontaneous sarcoplasmic reticulum Ca2* release event, this
exchanger would generate a net Na* influx, possibly causing tran-
sient membrane depolarizations.3

PHASE 0: THE UPSTROKE—RAPID DEPOLARIZATION

On excitation of the cardiomyocyte by electrical stimuli from
adjacent cells, its resting E;, (approximately -85 mV) depolarizes,
leading to opening (activation) of Na* channels from its resting
(closed) state and enabling a large and rapid influx of Na* ions
(inward Iy,) into the cell down their electrochemical gradient. As
a consequence of increased Na* conductance, the excited mem-
brane no longer behaves like a K* electrode (i.e., exclusively per
meable to K*), but more closely approximates an Na* electrode,
and the membrane potential moves toward the Na* E;,, (En,; see
Table 1-1).Once an excitatory stimulus depolarizes the E, beyond
the threshold for activation of Na* channels (approximately —65
mV),the activated Iy, is regenerative and no longer depends on the
initial depolarizing stimulus; the influx of Na* ions further depo-
larizes the membrane and thereby increases conductance to Na*
more, which allows more Na* to enter.2?

Normally, activation of Na* channels is transient; fast inactiva-
tion (closing of the pore) starts simultaneously with activation,
but because inactivation is slightly delayed relative to activation,
the channels remain transiently (less than 1 millisecond) open to
conduct Iy, during phase 0 of the action potential before it closes.
Additionally, the influx of Na* into the cell increases the positive
intracellular charges and reduces the driving force for Na*. When
the Ey, is reached, no further Na* ions enter the cell.?

The rate at which depolarization occurs during phase 0, that is,
the maximum rate of change of voltage over time, is indicated by
the expression dV/dt,,,,, which is a reasonable approximation of
the rate and magnitude of Na* entry into the cell and a determi-
nant of conduction velocity for the propagated action potential.2

The threshold for activation of I, is approximately =30 to -40 mV.
Although I¢,; is normally activated during phase 0 by the regenera-
tive depolarization caused by the fast Iy,, [c,.. is much smaller than
the peak Iy,. The amplitude of I, is not maximal near the action
potential peak because of the time-dependent nature of I, activa-
tion, as well as the low driving force (E, — Ec,) for I, Therefore,
Ica contributes little to the action potential until the fast Iy, is inac-
tivated, after completion of phase 0.As a result, I,;, affects mainly
the plateau of action potentials recorded in atrial and ventricular
muscle and His-Purkinje fibers. On the other hand, I, can play a

prominent role in the upstroke of slow response action potentials
in partially depolarized cells in which the fast Na* channels have
been inactivated.?

PHASE 1: EARLY REPOLARIZATION

Phase 0 is followed by phase 1 (early repolarization) during which
the membrane repolarizes rapidly and transiently to almost 0 mV
(early notch), partly because of the inactivation of Iy, and con-
comitant activation of several outward currents. The transient
outward K* current (I,) is mainly responsible for phase 1 of the
action potential. I, rapidly activates (with time constants less than
10 milliseconds) by depolarization and then rapidly inactivates
(25 to 80 milliseconds for the fast component of Iy, [lio¢],and 80 to
200 milliseconds for the slow component of I, [l;,]).The influx
of K* ions via i, channels partially repolarizes the membrane,
thus shaping the rapid (phase 1) repolarization of the action
potential and setting the height of the initial plateau (phase 2;see
Fig. 1-1). Additionally, an Na* outward current through the Na*Ca2*
exchanger operating in reverse mode likely contributes to early
repolarization.36.10

PHASE 2: THE PLATEAU

Phase 2 (plateau) represents a delicate balance between the depo-
larizing inward currents (Ic,. and a small residual component of
inward Iy,) and the repolarizing outward currents (ultrarapidly
[Ikur], rapidly [Ig,],and slowly [Ig] activating delayed outward rec-
tifying currents; see Fig. 1-1). Phase 2 is the longest phase of the
action potential, lasting tens (atrium) to hundreds of milliseconds
(His-Purkinje system and ventricle). The plateau phase is unique
among excitable cells and marks the phase of Ca’* entry into
the cell. It is the phase that most clearly distinguishes the cardiac
action potential from the brief action potentials of skeletal muscle
and nerve.?

I,y is activated by membrane depolarization, is largely respon-
sible for the action potential plateau,and is a major determinant of
the duration of the plateau phase.Ic,;, also links membrane depo-
larization to myocardial contraction. L-type Ca%* channels activate
on membrane depolarization to potentials positive to —40 mV. I¢,.
peaks at an E, of 0 to +10 mV and tends to reverse at +60 to +70 mV,
following a bell-shaped current-voltage relationship.?

Na* channels also make a contribution, although minor, to the
plateau phase.After phase 0 of the action potential,some Na* chan-
nels occasionally fail to inactivate or exhibit prolonged opening or
reopening repetitively for hundreds of milliseconds after variable
and prolonged latencies, resulting in a small inward Iy, (less than



1% of the peak Iy,).This persistent or “late” Iy, (Ina), along with
Icar, helps maintain the action potential plateau.?11:12

Iy, and I are activated at depolarized potentials. I, activates
relatively fast (in the order of tens of milliseconds) on membrane
depolarization, thus allowing outward diffusion of K* ions in accor
dance with its electrochemical gradient, but voltage-dependent
inactivation thereafter is very fast. Hence, only limited numbers of
channels remain in the open state,whereas a considerable fraction
resides in the nonconducting inactivated state. The fast voltage-
dependent inactivation limits outward current through the channel
at positive voltages and thus helps maintain the action potential
plateau phase that controls contraction and prevents premature
excitation. However, as the voltage becomes less positive at the end
of the plateau phase of repolarization, the channels recover rapidly
from inactivation; this process leads to a progressive increase in I,
amplitudes during action potential phases 2 and 3, with maximal
outward current occurring before the final rapid declining phase
of the action potential 61213

Ixs, which is approximately 10 times larger than I, also contrib-
utes to the plateau phase. I, activates in response to membrane
depolarization to potentials greater than —30 mV and gradually
increases during the plateau phase because its time course of acti-
vation is extremely slow, slower than any other known K* current,
and steady-state amplitude is achieved only with extremely long
membrane depolarization. Hence, the contribution of i to the net
repolarizing current is greatest late in the plateau phase, particularly
during action potentials of long duration. Importantly, although Iy
activates slowly compared with action potential duration, it is also
slowly inactivated. As heart rate increases, Iy, increases because
channel deactivation is slow and incomplete during the shortened
diastole. This allows Ig, channels to accumulate in the open state
during rapid successive depolarizations and mediate the faster rate
of repolarization. Hence, Iy plays an important role in determining
the rate-dependent shortening of the cardiac action potential 61214

Iy, is detected only in human atria but not in the ventricles, so
that it is the predominant delayed rectifier current responsible for
human atrial repolarization.>!2 The Na*Ca?* exchanger operating
in forward mode and the Na*K* pump provide minor current com-
ponents during phase 2.

Importantly, during the plateau phase, membrane conductance
to all ions falls to rather low values. Thus, less change in current
is required near plateau levels than near resting potential levels
to produce the same changes in E ;. In particular, K* conductance
falls during the plateau phase as a result of inward rectification
of Iy, and I, (that is, voltage-dependent decline of K* efflux and
hence reduction of outward current) on membrane depolarization,
in spite of the large electrochemical driving force on K* ions during
the positive phase of the action potential (phases 0, 1,and 2).This
property allows membrane depolarization following Na* channel
activation, slows membrane repolarization, and helps maintain a
more prolonged cardiac action potential. This also confers ener
getic efficiency in the generation of the action potential 6714

PHASE 3: FINAL RAPID REPOLARIZATION

Phase 3 is the phase of rapid repolarization that restores the E,
to its resting value.Phase 3 is mediated by the increasing conduc-
tance of the delayed outward rectifying currents (I, and Is), the
inwardly rectifying K* currents (Ig; and acetylcholine-activated
K* current [Igacn]), and time-dependent inactivation of I¢,;. (see
Fig. 1-1).Final repolarization during phase 3 results from K* efflux
through the Ig; channels, which open at potentials negative to
90 mV6.12-14

PHASE 4: RESTORATION OF RESTING
MEMBRANE POTENTIAL

During the action potential, Nat and Ca?* ions enter the cell and
depolarize the E,. Although the E, is quickly repolarized by the
efflux of K* ions, restoration of transmembrane ionic concentration

gradients to the baseline resting state is necessary. This is achieved
by the Na*-K* ATPase (Na*K* pump, which exchanges two K* ions
inside and three Na* ions outside) and by the Na*Ca?* exchanger
(Inaca» Which exchanges three Na* ions for one Ca2* ion).

Reduction of cytosolic Ca?* concentration during diastole is
achieved by the reuptake Ca2* by the sarcoplasmic reticulum via
activation of the sarco/endoplasmic reticulum Ca2-ATPase Ca®
pump (SERCA), in addition to extrusion across the sarcolemma
via the Na*Ca? exchanger. In the human heart under resting
conditions, the time required for cardiac myocyte depolariza-
tion, contraction, relaxation, and recovery is approximately 600
milliseconds.>15.16

REGIONAL HETEROGENEITY
OF THE ACTION POTENTIAL

Substantial differences in the expression levels of ion channels
undetlie the substantial heterogeneity in action potential duration
and configuration between cardiomyocytes located in different
cardiac regions.The characteristics of the action potential differ in
atrial versus ventricular myocardium,as well as across the ventricu-
lar myocardial wall from endocardium, midmyocardium (putative
M cells), to epicardium (see Fig. 1-2).3:12

The density of [, varies across the myocardial wall and in dif-
ferent regions of the heart. The markedly higher densities of I,
together with the expression of I, accelerate the early phase of
repolarization and lead to lower plateau potentials and shorter
action potentials in atrial cells. In human ventricles, I;, densities
are much higher in the epicardium and midmyocardium than in
the endocardium. These regional differences are responsible for
the shorter duration and the prominent phase 1 notch and the
spike and dome morphology of epicardial and midmyocardial
action potentials compared with endocardium. A prominent [,
mediated action potential notch in ventricular epicardium but
not endocardium produces a transmural voltage gradient dur
ing early ventricular repolarization that registers as a J wave or
J point elevation on the ECG.17 I, densities are also reportedly
higher in right than in left (midmyocardial and epicardial) ven-
tricular myocytes, consistent with the more pronounced spike and
dome morphology of right, compared with left, ventricular action
potentials.38.10.12

Experimental studies in wedge preparations strongly suggest
the presence of a subpopulation of cells in the midmyocardium
(referred to as the M cells) that exhibits distinct electrophysiologi-
cal (EP) properties, although the presence of M cells has not been
consistently confirmed by intact heart experiments.!82! The puta-
tive midmyocardial cells appear to have the longest action poten-
tial duration across the myocardial wall, largely attributed to their
weaker Iy, current but stronger late Iy, and Na*-Ca?* exchanger cur-
rents. Hence, the M cells have been proposed to underlie the EP
basis for transmural ventricular dispersion of repolarization and the
T wave on the surface ECG, with the peak of the T wave (in wedge
preparations) coinciding with the end of epicardial repolarization
and the end of the T wave coinciding with the end of repolariza-
tion of the M cells. Although the role of M cells under physiologi-
cal conditions remains controversial, these cells appear to have a
significant role in arrhythmogenesis under a variety of pathological
conditions, such as the long QT and Brugada syndromes, second-
ary to exaggeration of transmural repolarization gradients.18.19

As noted, Iy, is detected only in human atria and not in the
ventricles, so that it is the predominant delayed rectifier current
responsible for human atrial repolarization and is a basis for the
much shorter duration of the action potential in the atrium (see
Table 1-2).3.12

Ix; density is much higher in ventricular than in atrial myocytes,
and this explains the steep repolarization phase in the ventricles
(where the more abundant I plays a larger role in accelerating the
terminal portion of repolarization) and the more shallow phase in
the atria.The higher Ix; channel expression in the ventricle protects
the ventricular cell from pacemaker activity.6.7
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Changes in expression levels or gating properties of ion chan-
nels in pathological conditions can aggravate the regional hetero-
geneities in action potential duration and configuration that can
be arrhythmogenic.?12

The Slow Response Action Potential

In normal atrial and ventricular myocytes and in the His-Purkinje
fibers,action potentials have very rapid upstrokes mediated by the
fast inward Iy,.These potentials are called fast response potentials.
In contrast, action potentials in the normal sinus and AV nodal
cells and many types of diseased tissue have very slow upstrokes,
mediated predominantly by the slow inward Ic,, rather than by
the fast inward Iy, (see Fig. 1-2).These potentials have been termed
slow response potentials.®

As noted, the action potentials of pacemaker cells in the sinus
and AV nodes are significantly different from those in working
atrial and ventricular myocardium. The slow response action
potentials are characterized by a more depolarized E, at the
onset of phase 4 (=50 to —65 mV), slow diastolic depolarization
during phase 4, reduced action potential amplitude, and a much
slower rate of depolarization in phase 0 than that in the working
myocardial cells, thus resulting in slow conduction velocity of the
cardiac impulse in the nodal regions (see Table 1-2). Cells in the
His-Purkinje system can also exhibit phase 4 depolarization under
special circumstances.57

PHASE 4: DIASTOLIC DEPOLARIZATION

In contrast to working atrial and ventricular myocytes and fibers
in the His-Purkinje system, which maintain a steady diastolic E,,
level of approximately -85 mV,sinus and AV nodal excitable cells
exhibit a spontaneous, slow, progressive decline in the E; during
diastole (spontaneous diastolic depolarization or phase 4 depo-
larization) that underlies normal automaticity and pacemaking
function. Once this spontaneous depolarization reaches threshold
(approximately 40 mV),a new action potential is generated 22223

The ionic mechanisms responsible for diastolic depolarization
and normal pacemaker activity in the sinus node are still contro-
versial. Originally, a major role was attributed to the decay of the
delayed K* conductance (an outward current) activated during
the preceding action potential (the Ig-decay theory).This model of
pacemaker depolarization lost favor on the discovery of the “funny”
current (I),sometimes referred to as the pacemaker current. Other
ionic currents gated by membrane depolarization (i.e., Ic,. and
Ttype Ca2* currents), nongated and nonspecific background leak
currents,and a current generated by the Na*-Ca%* exchanger were
also proposed to be involved in pacemaking.

Ic is a hyperpolarization-activated inward current (often referred
to as the funny current because, unlike the majority of voltage-
sensitive currents, it is activated by hyperpolarization rather than
depolarization) that is carried largely by Na* and, to a lesser extent,
K+ ions.The [; channels are deactivated during the action potential
upstroke and the initial plateau phase of repolarization. However,
they begin to activate at the end of the action potential as repolar-
ization brings the E, to levels more negative than approximately
-40 to =50 mV, and they are fully activated at approximately —100
mV.Once activated, I; depolarizes the membrane to a level where
the Ca2* current activates to initiate an action potential.? At the
end of the repolarization phase of the action potential, because I;
activation occurs in the background of a decaying outward time-
dependent K* current, the current flow quickly shifts from outward
to inward, thus giving rise to a sudden reversal of voltage change
(from repolarizing to depolarizing) at the maximum diastolic
potential 2226

On the other hand, several studies have shown that I is not the
only current that can initiate the diastolic depolarization process
in the sinus node. In addition to voltage and time, the electrogenic
and regulatory molecules on the surface membrane of sinus
node cells are strongly modulated by Ca* and phosphorylation,

a finding suggesting that intracellular Ca?* is an important player
in controlling pacemaker cell automaticity Newer evidence sug-
gests that the sarcoplasmic reticulum, a major Ca2* store in sinus
node cells,can function as a physiological clock within the cardiac
pacemaker cells and have a substantial impact on late diastolic
depolarization.

The sarcoplasmic reticulum generates spontaneous, rhythmic,
local Ca?* releases (via ryanodine receptors, RyR2) beneath the
surface of the membrane, in the absence of Ca?+ overload. Acti-
vation of the local oscillatory Ca2* releases is independent of
membrane depolarization and is driven by a high level of basal
state phosphorylation of Ca?* cycling proteins. Critically timed
Ca?* releases occur during the later phase of diastolic depolariza-
tion in the form of multiple locally propagating wavelets beneath
the cell membrane, and they activate the forward mode of the
Na*Ca2* exchanger, thus resulting in an inward membrane cur
rent (In.ca)-The Iy.ca causes the late diastolic depolarization to
increase exponentially, driving the E,; to the threshold to activate
a sufficient number of Ltype Ca?* channels and leading to gen-
eration of the upstroke of the next action potential. Although regu-
lated by the E,, and submembrane Ca?*, the Na*Ca2* exchanger
does not have time-dependent gating,as do ion channels,but gen-
erates an inward current almost instantaneously when submem-
brane Ca?* concentration increases.2425.27.28

Ca2* influx via Ic,, during the action potential triggers Ca2
induced Ca?* release from the sarcoplasmic reticulum. The result-
ing global sarcoplasmic reticular Ca* depletion synchronizes the
sarcoplasmic reticulum throughout the cell in a Ca?*-depleted state.
Refilling of the sarcoplasmic reticulum ensures that the threshold
of Ca2* load required for spontaneous release is achieved at about
the time when RyR2 inactivation is removed following prior activa-
tion;then the spontaneous local Ca2* releases occur,thus activating
Inaca tO ignite the next action potential.>2428

Such rhythmic, spontaneous intracellular Ca?* cycling has
been referred to as the intracellular Ca* clock. Phosphorylation-
dependent gradation of speed at which Ca?* clock cycles is the
essential regulatory mechanism of normal pacemaker rate and
rhythm. The robust regulation of pacemaker function is ensured
by tight integration of the Ca* clock and the classic sarcolemmal
ion channel clock (formed by voltage-dependent membrane ion
channels) to form the overall pacemaker clock.The action poten-
tial shape and ion fluxes are tuned by membrane clocks to sustain
operation of the Ca?* clock, which produces timely and powerful
ignition of the membrane clocks to effect action potentials.2425.28

There is some degree of uncertainty about the relative role of
I; versus that of intracellular Ca?* cycling in controlling the nor
mal pacemaker cell automaticity. Furthermore, the interactions
between the membrane ion channel clock and the intracellular
Ca2* clock and cellular mechanisms underlying this internal Ca2*
clock are not completely elucidated. A further debate has arisen
around their individual (or mutual) relevance in mediating the
positive and negative chronotropic effects of neurotransmitters.
Nevertheless, these interactions are of fundamental importance
for understanding the integration of pacemaker mechanisms at
the cellular level 242527

PHASE 0: THE UPSTROKE—SLOW DEPOLARIZATION

Ix; is almost absent in sinus and AV nodal cells, thus allowing
for relatively more depolarized resting diastolic potentials (=50 to
-65 mV) compared with atrial and ventricular myocytes and
facilitating diastolic depolarization mediated by the inward cur-
rents (e.g., [;). At the depolarized level of the maximum diastolic
potential of pacemaker cells, most Na* channels are inactivated
and unavailable for phase 0 depolarization. Consequently, action
potential upstroke is mainly achieved by I¢,.6-7

Ltype Ca?* channels activate on depolarization to poten-
tials positive to —40 mV, and I, peaks at 0 to +10 mV. The peak
amplitude I, is less than 10% that of Iy,, and the time required
for activation and inactivation of I¢,; is approximately an order of



magnitude slower than that for Iy,. As a consequence, the rate of
depolarization in phase 0 (dV/dt) is much slower and the peak
amplitude of the action potential is less than that in the working
myocardial cells.51529

Excitability

Excitability of a cardiac cell describes the ease with which the cell
responds to a stimulus with a regenerative action potential. A cer
tain minimum charge has to be applied to the cell membrane to
elicit a regenerative action potential (i.e., the stimulus should be
sufficiently intense to reduce the E,, to the threshold value); excit-
ability is inversely related to the charge required for excitation.?

Excitability of a cardiac cell depends on the passive and active
properties of the cell membrane. The passive properties include
the membrane resistance and capacitance and the intercellular
resistance. The more negative the E , the more Na* channels are
available for activation, the greater the influx of Na* into the cell
during phase 0, and the greater the conduction velocity. In con-
trast, membrane depolarization to approximately —60 to =70 mV
can inactivate half the Na* channels,and depolarization to =50 mV
or less can inactivate all the Na* channels, thereby rendering Na*
channels unavailable for mediating an action potential upstroke
and reducing tissue excitability.®

On the other hand, supernormal excitability can be observed
during a brief period at the end of phase 3 of the action potential.
During the supernormal period, excitation is possible in response
to an otherwise subthreshold stimulus; that same stimulus fails to
elicit a response earlier or later than the supernormal period. Two
factors are responsible for supernormality: the availability of fast
Na* channels and the proximity of the E, to threshold potential.
During the supernormal phase of excitability, the cell has recov-
ered enough to respond to a stimulus (i.e.,an adequate number of
Na* channels is available for activation).At the same time, because
the E, is still reduced, it requires only a little additional depolariza-
tion to bring the fiber to threshold; thus, a smaller stimulus than is
normally required elicits an action potential.3031

Reduced membrane excitability occurs in certain physiological
and pathophysiological conditions. Genetic mutations that result
in loss of Na* channel function, Na* channel blockade with class |
antiarrhythmic drugs, and acute myocardial ischemia can cause
reduced membrane excitability.32

Refractoriness

During a cardiac cycle, once an action potential is initiated, the
cardiomyocyte becomes unexcitable to stimulation (i.e.,unable to
initiate another action potential in response to a stimulus of thresh-
old intensity) for some duration of time (which is slightly shorter
than the “true” action potential duration) until its membrane
has repolarized to a certain level. This period of refractoriness to
stimulation is physiologically necessary for the mechanical func-
tion of the heart; it allows only gradual recovery of excitability, thus
permitting relaxation of cardiac muscle before subsequent activa-
tion. Additionally, the refractory period acts as a protective mecha-
nism by preventing multiple, compounded action potentials from
occurring (i.e., it limits the frequency of depolarization and heart
rate). Therefore, this property is a determinant of susceptibility to
arrhythmias .33

There are different levels of refractoriness during the action
potential. During the absolute refractory period (which extends
over phases 0, 1, 2, and part of phase 3 of the action potential),
no stimulus, regardless of its strength, can reexcite the cell. After
the absolute refractory period, a stimulus may cause some cel-
lular depolarization, but it does not lead to a propagated action
potential. The sum of this period (which includes a short interval of
phase 3 of the action potential) and the absolute refractory period
is termed the effective refractory period (ERP).The ERP is followed
by the relative refractory period,which extends over the middle and
late parts of phase 3.During the relative refractory period,initiation

of a second action potential is inhibited but not impossible; a
largerthan-normal stimulus can result in activation of the cell and
lead to a propagating action potential. However,the upstroke of the
new action potential is less steep and of lower amplitude, and its
conduction velocity is slower than normal.As noted, there is a brief
period in phase 3, the supernormal period, during which excita-
tion is possible in response to an otherwise subthreshold stimulus
(supernormal excitability).

The refractory period is determined, in part, by the action poten-
tial duration and the E,,and the degree of refractoriness primarily
reflects the number of Na* channels that have recovered from their
inactive state. With repolarization, the Na* channel normally recov-
ers rapidly from inactivation (within 10 milliseconds) and is ready
to open again.The ERP extends from phase 0 to approximately —60
mV during phase 3 of the action potential, a time during which it
is impossible for the myocardium to respond with a propagated
action potential, or even to a strong stimulus. The relative refrac-
tory period extends from approximately -60 mV during phase 3
to the end of phase 3 of the action potential. During this period,
a depressed response is possible to a strong stimulus. Therefore,
when premature stimulation occurs during the relative refractory
period (i.e., before full recovery and at less negative potentials of
the cell membrane), a portion of Na* channels will still be refrac-
tory and unavailable for activation. Consequently, the Iy, and phase
0 of the next action potential will be reduced, and conduction of
the premature stimulus will be slowed.3:32

In pacemaking tissues, Iy, is predominantly absent, and excit-
ability is mediated by the activation of I¢,;. After inactivation, the
transition of Ca%* channels from the inactivated to the closed rest-
ing state (i.e, recovery from inactivation) is relatively slow. The
time constant for recovery from inactivation depends on both the
E,, and the intracellular Ca?* concentration (typically 100 to 200
milliseconds at -80 mV and low intracellular Ca2* concentration).
This means that Ic,; must recover from inactivation between action
potentials. As a result, excitability in pacemaking cells may not be
recovered by the end of phase 3 of the action potential and full res-
toration of maximum diastolic potential, because L-type Ca** chan-
nels require longer time to recovery from inactivation to be able
to mediate the upstroke of a new action potential. In other words,
sinus and AV nodal cells remain refractory for a time interval that
is longer than the time it takes for full voltage repolarization to
occur,a phenomenon termed postrepolarization refractoriness.>
This can also occur during some disease states such as myocardial
infarction.

Conduction

Cardiac excitation involves generation of the action potential by
individual cells, followed by propagation of the electrical impulse
along each cardiac cell and rapidly from cell to cell throughout
the cardiac tissue. The propagating electrical wavefront interacts
with structural boundaries that exist at the cellular level (cell
membranes, intercellular gap junctions), as well as at the more
macroscopic level (microvasculature, connective tissue barriers,
trabeculation).

Conduction velocity refers to the speed of propagation of the
action potential through cardiac tissue and is determined by
source-sink relationships, which reflect the interplay between the
active membrane properties of cardiac cells (i.e., electrical excit-
ability or refractoriness of the source generating the action poten-
tial, or both) and the passive properties determined by cell-to-cell
coupling and tissue geometry (sink).334

During action potential propagation, an excited cell serves as a
source of electrical charge for depolarizing neighboring unexcited
cells.The requirements of adjacent resting cells to reach the thresh-
old E,, constitute an electrical sink (load) for the excited cell. For
propagation to succeed, the excited cell must provide sufficient
charge to bring the E,, at a site in the sink from its diastolic value
to the threshold. Once threshold is reached and action potential is
generated, the load on the excited cell is removed, and the newly
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excited cell switches from being a sink to being a source for the
downstream tissue, thus perpetuating the process of action poten-
tial propagation.Action potentials are “regenerative” because they
can be conducted over large distances without attenuation.

The current provided by the source must reach the sink. The
pathway between the source and the sink includes intracellular
resistance (provided by the cytoplasm) and intercellular resis-
tance (provided by the gap junctions). Extracellular resistance
plays a role, but it can often be neglected.The coupling resistance
is mainly determined by resistance of the gap junctions. There-
fore, the number and distribution of gap junctions, as well as the
conductance of the gap junction proteins (connexins) and the
geometry of the source-sink relationship, are important factors for
conduction of the action potential.

The safety factor for conduction predicts the success of action
potential propagation and is based on the source-sink relationship.
The safety factor is defined as the ratio of the current generated
by the depolarizing ion channels of a cell (source) to the current
consumed during the excitation cycle of a single cell in the tis-
sue (sink).Thus, the safety factor for propagation is proportional to
the excess of source current over the sink needs. By this definition,
conduction fails when the safety factor drops to less than 1 and
becomes increasingly stable as it rises to more than 1.This concept
of propagation safety provides information about the dependence
of propagation velocity on the state of the ion channels, cell-to-cell
coupling,and tissue geometry.

An action potential traveling down a cardiac muscle fiber is
propagated by local circuit currents, much as it does in nerve and
skeletal muscle. Conduction velocity along the cardiac fiber is
directly related to the action potential amplitude (i.e., the voltage
difference between the fully depolarized and the fully polarized
regions) and the rate of change of potential (i.e.,the rate of rise of
phase 0 of the action potential [dV/dt]).These factors depend on
the amplitude of Iy,,which,in turn,is directly related to the E, at the
time of stimulation, the availability of Na* channels for stimulation,
and the size of the Na* electrochemical potential gradient across
the cell membrane.A reduction in Iy,,leading to a reduction in the
rate or amplitude of depolarization during phase 0 of the action
potential, can decrease axial current flow (and therefore capaci-
tive current) and slow conduction or produce conduction block.
Tissues with high concentration of Na* channels, such as Purkinje
fibers, which contain up to 1 million Na* channels per cell, have a
large, fast inward current.The large Iy, spreads quickly within and

between cells to support rapid conduction (approximately 4 m/
sec).In contrast,at a less negative resting E,,Na* channel availabil-
ity is limited because of the inactivation of a portion of the chan-
nels; hence, Iy, amplitude is attenuated, and the upstroke velocity
is slowed.With progressive reduction of excitability;less Na* source
current is generated,and conduction velocity and the safety factor
decrease monotonically When the safety factor falls to less than
1, conduction can no longer be sustained, and failure (conduc-
tion block) occurs.Action potentials with reduced upstroke veloc-
ity resulting from partial inactivation of Na* channels are called
depressed fast responses.3®

In tissues with slow response action potentials (sinus and AV
nodes), the upstroke of the action potential is formed by I¢,; rather
than Iy,. Because I, has lower amplitude and slower activation
kinetics than Iy,, slow response action potentials exhibit lower
amplitudes and upstroke velocities. Hence, slow conduction
(approximately 0.1 to 0.2 m/sec) and prolonged refractoriness
are characteristic features of nodal regions.These cells also have a
reduced safety factor for conduction, which means that the stimu-
lating efficacy of the propagating impulse is low,and conduction
block occurs easily.

Excitation-Contraction Coupling

EXxcitation-contraction coupling describes the physiological process
by which electrical stimulation of the cardiomyocytes (the action
potential) results in a mechanical response (muscle contraction).
The contraction of a cardiac myocyte is governed primarily by
intracellular Ca?* concentration (Fig. 1-3). Ca?* enters the cell dur
ing the plateau phase of the action potential through the L-type
Ca?* channels that line areas of specialized invaginations known
as transverse (T) tubules. Although the rise in intracellular Ca2* is
small and not sufficient to induce contraction, the small amount
of Ca2* entering the cell via I, triggers a massive release of Ca2*
from the sarcoplasmic reticulum (the major store for Ca?*) into
the cytosol by opening the RyR2 channels (present in the mem-
brane of the sarcoplasmic reticulum) in a process known as Ca%-
induced Ca?* release (CICR).Approximately 75% of Ca2* present in
the cytoplasm during contraction is released from the sarcoplas-
mic reticulum.

Each junction between the sarcolemma (T tubule) and sarco-
plasmic reticulum, where 10 to 25 L-type Ca2* channels and 100 to
200 RyRs are clustered, constitutes a local Ca®* signaling complex,

FIGURE 1-3 Ca?* transport in ventricular
myocytes. Inset, The time course of action
potential (AP), Ca?* transient and contrac-
tion at 37°C in a rabbit ventricular myocyte.
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or a couplon.When a Ca?* channel opens,local cytosolic Ca2* con-
centration rises in less than 1 millisecond in the junctional cleft
to 10 to 20 uM, and this activates RyR2 to release Ca* from the
sarcoplasmic reticulum. The close proximity of the RyR2 to the T
tubule enables each Ltype Ca® channel to activate 4 to 6 RyR2s
and generate a Ca2* spark. Ca2* influx via I¢,, simultaneously acti-
vates approximately 10,000 to 20,000 couplons in each ventricular
cardiomyocyte with every action potential.36-38

CICR raises cytosolic Ca?* levels from approximately 10~7 M to
approximately 105 M. The free Ca2* binds to troponin C, a com-
ponent of the thin filament regulatory complex, and thus causes
a conformational change in the troponin-tropomyosin complex,
such that troponin [ exposes a site on the actin molecule that is
able to bind to the myosin ATPase located on the myosin head.This
binding results in ATP hydrolysis that supplies energy for a confor
mational change to occur in the actin-myosin complex.The result
of these changes is a movement (ratcheting) between the myosin
heads and the actin,such that the actin and myosin filaments slide
past each other and thereby shorten the sarcomere length.Ratchet-
ing cycles occur as long as cytosolic Ca?* levels remain elevated.

CICR typically induces release of only approximately 50% to 60%
of sarcoplasmic reticulum Ca2?* content. RyR2 channels are inacti-
vated by a feedback mechanism from the rising Ca2* concentration
in the cleft and, more importantly, by the decline of sarcoplasmic
reticulum Ca2* content (a process referred to as luminal Ca2*
dependent deactivation). This process ensures that the sarcoplas-
mic reticulum never is fully depleted of Ca?* physiologically.3:39

Relaxation requires the removal of Ca%* from the cytosol, a pro-
cess vital for enabling ventricular chamber relaxation and filling,
as well as for prevention of arrhythmias. At the end of phase 2 of
the action potential, Ca?* entry into the cell slows, and most of the
surplus Ca?* in the cytosol is resequestered into the sarcoplasmic
reticulum by the SERCA, the activity of which is controlled by the
phosphoprotein phospholamban. Additionally, some of the Ca2* is
extruded from the cell by the sarcolemmal Na*-Ca2* exchanger and,
to a minor degree, the cell membrane Ca%* ATPase, to balance the
Ca2* that enters with I¢,;..As the cytosolic Ca2+ concentration drops,
Ca2* dissociates rapidly from the myofilaments, thus inducing a con-
formational change in the troponin complex leading to troponin [
inhibition of the actin binding site. At the end of the cycle, a new
ATP binds to the myosin head and displaces the adenosine diphos-
phate,and the initial sarcomere length is restored, thus ending con-
traction. Recurring Ca?* release-uptake cycles provide the basis for
periodic elevations of cytosolic Ca2* concentration and contrac-
tions of myocytes, hence for the orderly beating of the heart.3839
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lon channels are pore-forming membrane proteins that regulate
the flow of ions passively down their electrochemical gradient
across the membrane. lon channels are present on all membranes
of cells (plasma membrane) and intracellular organelles (nucleus,
mitochondria, endoplasmic reticulum). There are more than 300
types of ion channels in a living cell. The channels are not ran-
domly distributed in the membrane, but tend to cluster at the inter
calated disc in association with modulatory subunits.!

lon channels are distinguished by two important characteristics:
ion permeation selectivity and gating kinetics.lon channels can be
classified by the strongest permeant ion (sodium [Na*], potassium
[K*], calcium [Ca2*], and chloride [CI-]), but some channels are
less selective or are not selective, as in gap junctional channels.
Size, valency, and hydration energy are important determinants
of selectivity Na* channels have a selectivity ratio for Na* to K+ of
12:1.Voltage-gated K* and Na* channels exhibit more than 10-fold
discrimination against other monovalent and divalent cations,and
voltage-gated Ca?+ channels exhibit a more than 1000-fold discrimi-
nation against Na* and K* ions and are impermeable to anions.
lons move through the channel pore at a very high rate (more than
106 ions/sec).

Gating is the mechanism of opening and closing of ion channels
and represents time-dependent transitions among distinct conforma-
tional states of the channel protein resulting from molecular move-
ments, most commonly in response to variations in voltage gradient
across the plasma membrane (termed voltage-dependent gating)
and, less commonly; in response to specific ligand molecules bind-
ing to the extracellular or intracellular side of the channel (ligand-
dependent gating) or in response to mechanical stress such as
stretch, pressure, shear, or displacement (mechanosensitive gating).

Importantly,channel opening and closing are not instantaneous
but usually take time.The transition from the resting (closed) state
to the open state is called activation. Once opened, channels do
not remain in the open state, but instead they undergo conforma-
tional transition in a time-dependent manner to a stable noncon-
ducting (inactivated) state. Inactivated channels are incapable of
reopening and must undergo a recovery or reactivation process
back to the resting state to regain their ability to open.Inactivation
curves of the various voltage-gated ion channel types differ in their
slopes and midpoints of inactivation and can overlap, in which
case a steady-state or noninactivating current flows.!

lon channels differ with respect to the number of subunits of
which they are composed and other aspects of structure.Many ion
channels function as part of macromolecular complexes in which
many components are assembled at specific sites within the mem-
brane.For most ion channels,the pore-forming subunit is called the
o subunit, whereas the auxiliary subunits are denoted 5, gamma,
and so on. Most ion channels have a single pore; however, some
have two.!

Sodium Channels
Structure and Physiology

The cardiac Na* channel complex is composed of a primary o
and multiple ancillary  subunits.The approximately 2000-amino-
acid o subunit contains the channel’s ion-conducting pore and
controls the channel selectivity for Na* ions and voltage-depen-
dent gating machinery. This subunit contains all the drug and
toxin interaction sites identified to date. The a subunit (Na,1.5),
encoded by the SCN5A gene, consists of four internally homol-
ogous domains (I to [V) that are connected to each other by
cytoplasmic linkers (Fig. 2-1). Each domain consists of six mem-
brane-spanning segments (S1 to S6), connected to each other
by alternating intracellular and extracellular peptide loops.The
four domains are arranged in a fourfold circular symmetry to
form the channel. The extracellular loops between S5 and S6
(termed the P segments) have a unique primary structure in
each domain (Fig.2-2).The P segments curve back into the mem-
brane to form an ion-conducting central pore whose structural
constituents determine the selectivity and conductance proper
ties of the Na* channel 2

Four auxiliary  subunits (Na,f1 to Na,p4,encoded by the genes
SCNIB to SCN4B, respectively) have been identified; each is a gly-
coprotein with a single membrane-spanning segment. The f; sub-
unit likely plays a role in modulation of the gating properties and
level of expression of the Na* channel 2

Na* channels are the typical example of voltage-gated ion
channels. Na* channels switch among three functional states:
deactivated (closed), activated (open), and inactivated (closed),
depending on the membrane potential (E,). These channel
states control Na* ion permeability through the channel into the



FIGURE 2-1 The sodium channel
macromolecular complex. See text for
discussion. (From Boussy T, Paparella
G, de Asmundis C, et al: Genetic basis of
ventricular arrhythmias. Heart Fail Clin
6:249-266, 2010.)
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FIGURE 2-2 Transmembrane organization of sodium channel subunits. The primary structures of the subunits of the voltage-gated ion channels are illustrated as
transmembrane folding diagrams. Cylinders represent probable a-helical segments: S1 to S3, blue; S4, green; S5, orange; S6, purple; outer pore loop, shaded orange
area. Bold lines represent the polypeptide chains of each subunit, with length approximately proportional to the number of amino acid residues in the brain sodium
channel subtypes. The extracellular domains of the 3; and {3, subunits are shown as immunoglobulin-like folds. ¥ shows sites of probable N-linked glycosylation.
P represents sites of demonstrated protein phosphorylation by protein kinase A (red circles) and protein kinase C (red diamonds); h in the blue circle signifies an inacti-
vation particle in the inactivation gate loop; the empty blue circles represent sites implicated in forming the inactivation gate receptor. The structure of the extracellular
domain of the B subunits is illustrated as an immunoglobulin-like fold based on amino acid sequence homology to the myelin PO protein. Sites of binding of a and 3
scorpion toxins (a-ScTx, B-ScTx) and a site of interaction between a and 3, subunits also are shown. HsN and NH; = ammonia. (From Caterall WA, Maier SK: Voltage-gated
sodium channels and electrical excitability of the heart. In Zipes DR, Jalife J, editors: Cardiac electrophysiology: from cell to bedside, ed 5, Philadelphia, 2009, Saunders, pp 9-17.)

cardiomyocyte. Na* channel activation allows Na* ion influx into
the cell,and inactivation blocks entry of Na* ions.?
On excitation of the cardiomyocyte by electrical stimuli from

adjacent cells, its resting E, (approximately -85 mV) depolarizes.

The positively charged S4 segment of each domain of the a sub-
unit functions as the sensor of the transmembrane voltage; these
segments are believed to undergo rapid structural conformational
changes in response to membrane depolarization, thus leading to
channel opening (activation) from its resting (closed) state and

enabling a large and rapid influx of Na* (inward Na* current [Iy,])
during the rapid upstroke (phase 0) of the action potential in atrial,
ventricular,and Purkinje cardiomyocytes.3

Normally; activation of Na* channels is transient; fast inactiva-
tion (closing of the pore) starts simultaneously with activation, but
because inactivation is slightly delayed relative to activation, the
channels remain transiently open to conduct Iy, during phase 0
of the action potential before it closes. Each Na* channel opens
very briefly (less than 1 millisecond) during phase 0 of the action
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potential; collectively, activation of the channel lasts a few millisec-
onds and is followed by fast inactivation.

Na* channel inactivation comprises different conformational
states, including fast, intermediate, and slow inactivation. Fast inac-
tivation is at least partly mediated by rapid occlusion of the inner
mouth of the pore by the cytoplasmic interdomain linker between
domains IIl and IV of the a subunit, which has a triplet of hydro-
phobic residues that likely functions as a hinged “latch” that limits
or restricts Na* ion pass through the pore. The carboxyl terminus
(C-terminus) also plays an important role in the control of Na*
channel inactivation and stabilizing the channels in the inacti-
vated state by interacting with the loop linking domains IIl and IV.
Importantly, although most Na* channels open before inactivating,
some actually inactivate without ever opening (a process known
as closed-state inactivation).4

Once inactivated, Na* channels do not conduct any more cur-
rent and cannot be reactivated (reopened) until after recovery
from inactivation. The recovery of the Na* channel to reopen is
voltage dependent. Channel inactivation is removed when the E,
of the cell repolarizes during phase 4 of the action potential. Mem-
brane repolarization is facilitated by the fast inactivation of the Na*
channels (limiting the inward current) and is augmented by activa-
tion of voltage-gated K+ channels (allowing the outward current).
The recovery of channels from inactivation is also time dependent;
Na* channels typically activate within 0.2 to 0.3 milliseconds and
inactivate completely within 2 to 5 milliseconds.

Following recovery, Na+ channels enter a closed state that repre-
sents a nonconducting conformation, which allows the channels
to be activated again during the next action potential. The fraction
of channels available for opening varies from almost 100% at —90
mV and 50% at—75 mV to almost 0% at +40 mV.Consequently highly
polarized (=80 to =90 mV) cell membranes can be depolarized
rapidly by stimuli because more Na* channels reopen, whereas
partially depolarized cells with potentials close to threshold -70
mV generate a much slower upstroke because of the inactivation
of a proportion of Na* channels. Given that Na* channels are major
determinants of conduction velocity, this velocity generally slows
at a reduced E,.

Nat* channel activation, inactivation, and recovery from inacti-
vation occur within a few milliseconds. At the end of phase 1 of
the action potential, more than 99% of Na* channels transit from
an open (activated) state to an inactivated state. However, a very
few Na* channels are not inactivated and may reactivate (reopen)
during action potential phase 3.The small current produced by
these channels (less than 1% of the peak Iy,) is called the “win-
dow” current because it arises when the sarcolemma reaches a
potential that is depolarized sufficiently to reactivate some chan-
nels, but not enough to cause complete inactivation. The volt-
age range for the window current is very restricted and narrow
in healthy hearts, thus granting it a small role during the cardiac
action potential.

In addition to these rapid gating transitions, Na* channels are
also susceptible to slower inactivating processes (slow inactiva-
tion) if the membrane remains depolarized for a longer time.These
slower events can contribute to the availability of active channels
under various physiological conditions. Whereas fast-inactivated
Na* channels recover rapidly (within 10 milliseconds) during the
hyperpolarized interval between stimuli,slow inactivation requires
much longer recovery times (ranging from hundreds of millisec-
onds to many seconds).The molecular movements leading to slow
inactivation are less well understood.The P segments seem to play
a key role in slow inactivation.

Some Na* channels occasionally show alternative gating modes
consisting of isolated brief openings occurring after variable and
prolonged latencies and bursts of openings during which the
channel opens repetitively for hundreds of milliseconds. The iso-
lated brief openings are the result of the occasional return from
the inactivated state.The bursts of openings are the result of occa-
sional failure of inactivation.! Prolonged opening or reopening of
some Na* channels during phases 2 and 3 can result in a small late

Ina (Inar)- Despite its minor contribution in healthy hearts, Iy, can
potentially play an important role in diseased hearts.?

Function

Na* channels play a pivotal role in the initiation, propagation, and
maintenance of the normal cardiac rhythm. The Iy, determines
excitability and conduction in atrial, His-Purkinje system (HPS),
and ventricular myocardium. On membrane depolarization, the
voltage-gated Na* channels respond within a millisecond by open-
ing, thus leading to the very rapid depolarization of the cardiac
cell membrane (phase 0 of the action potential), reflected by the
fast (within tenths of a microsecond) subsequent opening of Na*
channels triggering the excitation-contraction coupling. Na* entry
during phase 0 of the action potential also modulates intracellular
Na* levels and, through Na*Ca?* exchange, intracellular Ca2* con-
centration and cell contraction.

The cardiac Na* channel also plays a crucial role in the propaga-
tion of action potentials throughout the atrium,HPS,and ventricles.
The opening of Na* channels in the atria underlies the P wave
on the ECG, and in the ventricles Iy, underlies the QRS complex
and enables a synchronous ventricular contraction. Because the
upstroke of the electrical potential primarily determines the speed
of conduction between adjacent cells,Na* channels are present in
abundance in tissues where speed is of importance. Cardiac Pur
kinje cells contain up to 1 million Na* channels,a finding that illus-
trates the importance of rapid conductance in the heart.

Na* channels also make a contribution in the plateau phase
(phase 2) and help determine the duration of the action poten-
tial. After phase 0 of the action potential, Iy, decreases to less than
1% of its peak value over the next several milliseconds because of
voltage-dependent inactivation. This persistent or “late” inward Iy,
(Inar), along with the L-type Ca?* current (Ic,), helps maintain the
action potential plateau.’

Furthermore, Na* channel inactivation is very important as it
prevents cells from being prematurely reexcited because of the
unavailability of the voltage-gated Na* channels. With repolariza-
tion, the Na* channel normally recovers rapidly from inactivation
(within 10 milliseconds) and is ready to open again. Hence, Na*
channels help to determine the frequency of action potential fir-
ing.To a lesser extent, cardiac Na* channels are also present in the
sinus node and the atrioventricular node (AVN), where they con-
tribute to pacemaker activity.

Regulation

The regulatory proteins interacting with Na, 1.5 may be classified as
follows: (1) anchoring-adaptor proteins (e.g.,ankyrin-G,syntrophin
proteins, multicopy suppressor of gspl [MOG1]), which play roles
only in trafficking and targeting the channel protein in specific
membrane compartments; (2) enzymes interacting with and modi-
fying the channel structure (post-translational modifications), such
as protein kinases or ubiquitin ligases;and (3) proteins modulating
the biophysical properties of Na,1.5 on binding (e.g., caveolin-3,
calmodulin, glycerol 3-phosphate dehydrogenase 1-like [G3PD1L],
telethonin, Plakophilin-2).5 Coexpression of Na,1.5 with its p sub-
units induces acceleration in the recovery from inactivation and
enhancement of Iy, amplitude.

The cardiac Na* channels are subject to phosphorylation and
dephosphorylation by kinases or phosphatases. The intracellular
linker between domains [ and Il contains eight consensus sites
for cyclic adenosine monophosphate (cAMP)-dependent pro-
tein kinase A (PKA) phosphorylation. cAMP-dependent PKA and
G protein stimulatory a subunit (Gse) modulate the function of
expressed cardiac Na* channels on f-adrenergic stimulation and
enhance Iy,.!

In contrast, activation of a-adrenergic stimulating protein kinase
C (PKOC) results in the reduction of Iy,.The effect of PKC is largely
attributable to phosphorylation of a highly conserved serine in
the linker between domains Il and IV. PKC reduces the maximal



conductance of the channels and alters gating. Na* channels
exhibit a hyperpolarizing shift in the steady-state availability curve,
suggesting an enhancement of inactivation from closed states.

All subunits of the Na* channel are modified by glycosylation.
The p; and B, subunits are heavily glycosylated, with up to 40% of
the mass being carbohydrate. In contrast, the cardiac a subunit is
only 5% sugar by weight. Sialic acid is a prominent component of
the N-linked carbohydrate of the Na+ channel. The addition of such
a highly charged carbohydrate has predictable effects on the volt-
age dependence of gating through alteration of the surface charge
of the channel protein.!

Pharmacology

Na* channels are the targets for the action of class I antiarrhyth-
mic drugs. Na* channel blockers bind to a specific receptor within
the channel’s pore.The binding blocks ion movement through the
pore and stabilizes the inactivated state of Na* channels. Blockade
of Na* channels tends to decrease tissue excitability and conduc-
tion velocity (by attenuating peak Iy,) and can shorten action
potential duration (by attenuating late Iy,).!:6

One important component in the action of antiarrhythmic
drugs is a voltage-dependent change in the affinity of the drug-
binding site (i.e., the channel is a modulated receptor). Addition-
ally restricted access to binding sites can contribute to drug action,
a phenomenon that has been called the guarded receptor model.
Open and inactivated channels are more susceptible to block than
resting channels, likely because of a difference in binding affinity
or state-dependent access to the binding site. Consequently,binding
of antiarrhythmic drug occurs primarily during the action poten-
tial (known as use-dependent block), and the block dissipates
after repolarization (i.e.,in the interval between action potentials).
When the time interval between depolarizations is insufficient for
block to recover before the next depolarization occurs (second-
ary to either abbreviation of the interval between action potentials
during fast heart rates or slow kinetics of the unbinding of the Na*
channel blocker),block of Na* channels accumulates (resulting in
an increased number of blocked channels and enhanced block-
ade).% A drug with rapid kinetics produces less channel block with
the subsequent depolarization than does a drug with slower recov-
ery.Use-dependent block is important for the action of antiarrhyth-
mic drugs because it allows strong drug effects during fast heart
rates associated with tachyarrhythmias but limits Na* channel
block during normal heart rates. Importantly, drug recovery kinet-
ics can potentially be slowed by pathophysiological conditions
such as membrane depolarization, ischemia, and acidosis.! This
property is known as use-dependence and is seen most frequently
with the class IC agents, less frequently with the class IA drugs,and
rarely with the class IB agents.

Class I antiarrhythmic drugs can be classified into three groups
according to rates of drug binding to and dissociation from the
channel receptor. Class IC drugs (flecainide and propafenone)
block both the open and inactivated state (which is induced by
depolarization) Na* channels and have the slowest kinetics of
unbinding during diastole.The results are prolongation of conduc-
tion at normal heart rates and a further increase in the effect at
more rapid rate (use-dependence).

The class IB agents (lidocaine, mexiletine, and tocainide) block
both open and inactivated Na* channels and dissociate from the
channel more rapidly than do other class I drugs. As a conse-
quence, class IB drugs exhibit minimal or no effects on the Na*
channels in normal tissue but cause significant conduction slow-
ing in depolarized tissue, especially at faster depolarization rates.
Furthermore, class IB drugs are less effective in the atrium, where
the action potential duration is so short that the Na* channel is in
the inactivated state only briefly compared with the relatively long
diastolic recovery times; thus, accumulation of block is less likely
to result from the rapid recovery of block.

Class A drugs (quinidine, procainamide, and disopyramide)
exhibit open state block,have intermediate effects on Na* channels,

and generally only cause significant prolongation of conduction in
cardiac tissue at rapid heart rates. Because the open state block is
dominant and recovery from block is slow,these drugs are effective
in both the atrium (where action potential duration is short) and
the ventricle (where the action potential duration is long).

The late Iy, (Ina) also can be a target for blockade. Several
drugs exhibit relative selectivity for block of late Iy, over peak
Ina, including mexiletine, flecainide, lidocaine, amiodarone, and
ranolazine.

Importantly,class [A drugs also have moderate K+ channel block-
ing activity (which tends to slow the rate of repolarization and pro-
long the action potential duration) and anticholinergic activity,and
they tend to depress myocardial contractility. At slower heart rates,
when use-dependent blockade of Iy, is not significant, K* chan-
nel blockade becomes predominant (reverse use-dependence),
leading to prolongation of the action potential duration and QT
interval and increased automaticity. Flecainide and propafenone
also have K+ channel blocking activity and can increase the action
potential duration in ventricular myocytes. Propafenone has sig-
nificant p-adrenergic blocking activity.

Inherited Channelopathies

Mutations in genes that encode various subunits of the cardiac
Na* channel or proteins involved in regulation of the inward Iy,
have been linked to several types of electrical disorders (Table 2-1).
Depending on the mutation, the consequence is either a gain of
channel function (with consequent prolongation of action poten-
tial duration because more positive ions accumulate in the cell) or
an overall loss of channel function that influences the initial depo-
larizing phase of the action potential (with consequent decrease
in cardiac excitability and electrical conduction velocity). It is
noteworthy that a single mutation can cause different phenotypes
or combinations thereof.2

LONG QT SYNDROME

In contrast to most long QT syndrome (LQTS) phenotypes, which
are based on mutations that modify the cardiac K* currents, type 3
congenital LQTS (LQT3), which accounts for approximately 8% of
congenital LQTS cases, is caused by gain-of-function mutations on
the Na* channel gene, SCN5A. More than 80 mutations have been
identified in the SCN5A gene, with most being missense mutations
mainly clustered in Na,1.5 regions that are involved in fast inac-
tivation (i.e., S4 segment of domain IV, the domain Ill-domain IV
linker,and the cytoplasmic loops between the S4 and S5 segments
of domain Il and domain IV), or in regions that stabilize fast inac-
tivation (e.g.,the C-terminus).247

Several mechanisms have been identified to underlie ionic effects
of SCN5A mutations in LQT3. Most SCN5A mutations cause a gain
of function through disruption of fast inactivation, thus allowing
repeated reopening during sustained depolarization and resulting in
an abnormal, small, but functionally important sustained (or persis-
tent) noninactivating Na* current (Ig,s) during action potential pla-
teau. Because the general membrane conductance is small during
the action potential plateau, the presence of a persistent inward Iy,
even of small amplitude, can potentially have a major impact on the
plateau duration and can be sufficient to prolong repolarization and
QT interval. QT prolongation and the risk of developing arrhythmia
are more pronounced at slow heart rates, when the action potential
duration is longer, thereby allowing more Iy, to enter the cell.247

Other less common mechanisms of SCN5A mutations to cause
LQT3 include increased window current, which results from
delayed inactivation of mutant Na* channels, occurring at more
positive potentials and widening the voltage range during which
the Na* channel may reactivate without inactivation. Additionally,
some mutations cause slower inactivation, which allows longer
channel openings and causes a slowly inactivating Iy,.This current
is Iya. @and is to be distinguished from Ig,s (which does not inacti-
vate). Comparable to I, both the window current and Iy, exert
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TABLE 2-1

Inherited Cardiac Sodium Channelopathies
CLINICAL PHENOTYPE (c]3)']3
Long QT syndrome

LQT3 SCN5A
LQT9 CAV3
LQT10 SCN4B
LQT12 SNTAT
Brugada syndrome
Type 1 SCN5A
Type 2 GPDIL
Type 5 SCN1B
Type 7 SCN3B
Progressive cardiac conduction disease SCN5A
SCN1B
Congenital sick sinus syndrome SCN5A
Atrial standstill SCN5A
Familial atrial fibrillation SCN5A
SCN1B
SCN2B
Dilated cardiomyopathy SCN5A
Sudden infant death syndrome SCN5A
CAV3
GPD1L

SCN5A overlap syndromes

PROTEIN SODIUM CHANNEL ALTERATION

Na,1.5 Increase in late or sustained Iy,
Caveolin-3 Increase in sustained Iy,
Na, B4 Increase in sustained Iy,

a,-syntrophin Increase in sustained Iy,

Na, 1.5 Decrease in Iy,

G3PDIL Decrease in Iy,

Na,31/81b Decrease in Iy,

Na,33 Decrease in Iy,

Na, 1.5 Decrease in Iy,

Na,33

Na,1.5 Decrease or increase in Iy,

Na,1.5 Decrease in Iy,

Na,1.5 Different and discordant molecular

Na,B1 phenotypes

Na,f32

Na,1.5 Different and discordant molecular
phenotypes

Na,1.5 Increase in late Iy, or decrease in Iy,

Caveolin-3

G3PD1L

Combination of the molecular phenotypes
found in the other clinical entities

Ina = sodium current; LQTS = long QT syndrome.

their effects during phases 2 and 3 of the action potential,in which
normally no or very small Iy, is present. Other mutations induce
prolonged action potential duration by enhancing recovery from
inactivation, an effect that leads to larger peak Iy, by increasing
the fraction of channels available for activation (because of faster
recovery) during subsequent depolarizations. Finally, some muta-
tions can cause increased expression of mutant Na,1.5 through
enhanced mRNA translation or protein trafficking to the sarco-
lemma, decreased protein degradation, or altered modulation by
{3 subunits and regulatory proteins. These effects lead to larger Iy,
density during phase 0 of the action potential. Importantly, one sin-
gle SCN5A mutation can potentially cause several changes in the
expression and/or gating properties of the resulting Na* channels.?

Regardless of the mechanism, increased Na* current (I, win-
dow current, Iy,, or peak Iy,) upsets the balance between depo-
larizing and repolarizing currents in favor of depolarization. The
resulting delay in the repolarization process triggers early afterde-
polarizations (EADs; i.e., reactivation of the L-type Ca? channel
during phase 2 or 3 of the action potential), especially in Purkinje
fiber myocytes,in which action potential durations are intrinsically
longer.2

LQTY is caused by gain-of-function mutations on the CAV3 gene,
which encodes caveolin-3,a plasma membrane scaffolding protein
that interacts with Na, 1.5 and plays a role in compartmentalization
and regulation of channel function.Mutations in caveolin-3 induce
kinetic alterations of the Na, 1.5 current that result in persistent Na*
current (Ig,s) and have been reported in cases of sudden infant
death syndrome (SIDS).28

LQTI10 is caused by loss-of-function mutations on the SCN4B
gene, which encodes the f subunit (Na,f4) of the Na,1.5 channel.
To date, only a single mutation in one patient has been described.
This mutation caused a shift in the inactivation of the Iy, toward
more positive potentials, but it did not change the activation. This
resulted in increased window currents at an E, corresponding to
the phase 3 of the action potential 28

LQTI12 is caused by mutations on the SNTAI gene, which
encodes o, syntrophin, a cytoplasmic adaptor protein that enables

the interaction among Na,1.5, nitric oxide synthase, and the sar-
colemmal Ca% adenosine triphosphatase (ATPase) complex that
appears to regulate ion channel function. By disrupting the inter
action between Na,1.5 and the sarcolemmal Ca2* ATPase com-
plex, SNTAI mutations cause increased Na,1.5 nitrosylation with
consequent reduction of channel inactivation and enhanced I,
densities.2?

BRUGADA SYNDROME

The Brugada syndrome is an autosomal dominant inherited chan-
nelopathy characterized by an elevated ST segment or J wave
appearing in the right precordial leads.This syndrome is associated
with a high incidence of sudden cardiac death (SCD) secondary
to a rapid polymorphic ventricular tachycardia (VT) or ventricular
fibrillation (VF).Approximately 65% of mutations identified in the
SCN5A gene are associated with the Brugada syndrome pheno-
type (Brugada syndrome type 1), and they account for approxi-
mately 18% to 30% of cases of Brugada syndrome.So far,more than
200 Brugada syndrome-associated loss-of-function (i.e., reduced
peak Iy,) mutations have been described in SCN5A.Some of these
mutations result in loss of function secondary to impaired channel
trafficking to the cell membrane (i.e.,reduced expression of func-
tional Na* channels), disrupted ion conductance (i.e., expression
of nonfunctional Na* channels), or altered gating function.Altered
gating properties comprise delayed activation (i.e., activation at
more positive potentials), earlier inactivation (i.e., inactivation at
more negative potentials), faster inactivation, and enhanced slow
inactivation.13:10

Most of the mutations are missense mutations, whereby a single
amino acid is replaced by a different amino acid. Missense muta-
tions commonly alter the gating properties of mutant channels.
Because virtually all reported SCN5A mutation carriers are hetero-
zygous, mutant channels with altered gating may cause up to 50%
reduction of Iy,. Different SCN5A mutations can cause different
degrees of Iy, reduction and therefore different degrees of severity
of the clinical phenotype of Brugada syndrome.1%12



In addition to SCN5A alterations, mutations in the GPDIL gene,
which encodes the glycerol 3-phosphate dehydrogenase 1-like
protein (G3PD1L),affect the trafficking of the cardiac Na* channel
to the cell surface and result in reduction of Iy, and Brugada syn-
drome type 2.19 Brugada syndrome associated with GPDIL gene
mutations is characterized by progressive conduction disease, a
low sensitivity to procainamide,and a relatively good prognosis.213

Furthermore, reduction in Iy, can be caused by mutations in
the SCNIB gene (encoding the f; and By, subunits of the Na*
channel) and the SCN3B gene (encoding the p3 subunit of the
Na* channel), resulting in Brugada syndrome type 5 and type 7,
respectively,10.13

FAMILIAL PROGRESSIVE CARDIAC CONDUCTION
DISEASE

Loss-of-function SCN5A mutations have been linked to familial
forms of progressive cardiac conduction disease (referred to as
hereditary Lenegre disease, primary cardiac conduction system
disease, and familial atrioventricular [AV] block). This disease is
characterized by slowing of electrical conduction through the
atria, AVN, His bundle, Purkinje fibers, and ventricles, accompa-
nied by an age-related degenerative process and fibrosis of the
cardiac conduction system, in the absence of structural or sys-
temic disease. It is often reflected by varying degrees of AV block
and bundle branch block. Whether the age-dependent fibrosis of
the conduction system is a primary degenerative process in pro-
gressive cardiac conduction disease or a physiological process
that is accelerated by Iy, reduction remains to be investigated. A
single loss-of-function SCN5A mutation can cause isolated pro-
gressive cardiac conduction disease or can be combined with
the Brugada syndrome (overlap syndrome). Loss-of-function
mutations in SCNIB also have been identified in patients with
progressive cardiac conduction disease who carried no mutation
in SCN5A.2

CONGENITAL SICK SINUS SYNDROME

Although Iy, does not play a prominent role in sinus node activ-
ity, mutations in SCN54 have been linked to sick sinus syndrome,
manifesting as sinus bradycardia, sinus arrest, sinoatrial block, or
a combination of these conditions, which can progress to atrial
inexcitability (atrial standstill). Loss-of-function SCN5A mutations
result in reduced peak Iy, density, hyperpolarizing shifts in the
voltage dependence of steady-state channel availability,and slow
recovery from inactivation. These effects likely cause reduced
automaticity, decreased excitability, and conduction slowing or
block of impulses generated in the sinus node to the surrounding
atrial tissue. Sinus node dysfunction can also manifest concomi-
tantly with other phenotypes that are linked to SCN5A loss-of-
function mutations such as Brugada syndrome and progressive
cardiac conduction disorders.214

FAMILIAL ATRIAL FIBRILLATION

Loss-of-function mutations, gain-of-function mutations, and com-
mon polymorphisms on the SCN5A gene have been identified in
some cases of atrial fibrillation (AF) occurring in young patients
with structurally normal hearts. It is speculated that Iy, reduc-
tion may predispose to AF by slowing the electrical conduc-
tion velocity and thereby facilitating reentry. On the other hand,
gain-of-function mutations can potentially predispose to AF by
increasing atrial excitability. AF can occur in patients with other
phenotypes of Na* channelopathies, including LQT3, Brugada
syndrome, dilated cardiomyopathy, and sinus node dysfunction.
Furthermore, mutations in the SCNIB gene (encoding the f3; sub-
unit of the Na* channel) and the SCN2B gene (encoding the
subunit of the Na* channel) have been identified in patients with
AFE many of whom displayed ECG patterns suggestive of the Bru-
gada syndrome.12

DILATED CARDIOMYOPATHY

Some cases of familial dilated cardiomyopathy have been linked
to SCN5A mutations.Dilated cardiomyopathy-linked SCN5A muta-
tions cause diverse loss-of-function and gain-of-function changes
in the gating properties, but how such changes evoke contractile
dysfunction is not understood. It is speculated that SCN5A muta-
tions disrupt the interactions between the mutant Na* channels
and intracellular (or extracellular) proteins that are essential for
normal cardiomyocyte structure and architecture. Notably,dilated
cardiomyopathy with SCN5A mutations display atrial or ventricu-
lar arrhythmias (including AE VT,and VF), or both,as well as sinus
node dysfunction, AV block, and intraventricular conduction
delay?

SUDDEN INFANT DEATH SYNDROME

Gain-of-function mutations in SCN5A may be the most preva-
lent genetic cause of SIDS. SCN5A mutations in SIDS commonly
increase Iy, Less frequently, loss-of-function mutations in SCN5A
or CAV3 and gain-of-function mutations in GPDI-L have also been
found in infants with SIDS. However, it is possible that in these
patients SIDS represents a severe form of the Brugada syndrome or
LQTS that manifests during infancy.

Acquired Diseases

In heart failure, peak Iy, is reduced (likely secondary to reduced
SCN5A expression), whereas Iy, is increased (likely because of
increased phosphorylation of Na* channels). Na,1.5 expression is
reduced in the surviving myocytes in the border zone of the myo-
cardial infarct (MI).Importantly,Na* channel blockers can increase
the risk for SCD in patients with ischemic heart disease, possibly
by facilitating the initiation of reentrant excitation waves. Addition-
ally, I, increases during myocardial ischemia, explaining why Iy,
inhibition may be an effective therapy for chronic stable angina.
Na,1.5 expression is reduced in response to persistent atrial
tachyarrhythmias as part of the “electrical remodeling” process,
leading to attenuation of Iy,.?

Furthermore, mutations in SCN5A can predispose affected indi-
viduals to acquired LQTS induced by a variety of drugs such as
antihistamines or antibiotics. These mutations result in changes in
channel activity that exert a significant impact on action poten-
tial duration only when combined with drug-induced alteration of
other channels.

Potassium Channels
Structure and Physiology

Cardiac K* channels are membrane-spanning proteins that allow
the passive movement of K* ions across the cell membrane along
its electrochemical gradient. The ion-conducting or pore-forming
subunit is generally referred to as the o subunit. The tripeptide
sequence glycine-tyrosine-glycine GYG is common to the pore of
all K* channels and constitutes the signature motif for determining
K* ion selectivity A gating mechanism controls switching between
open-conducting and closed-nonconducting states.!:15

K* channels represent the most diverse class of cardiac ion
channels (Fig. 2-3). Cardiac K* currents can be categorized as
voltage-gated (K,) and ligand-gated channels.In K, channels, pore
opening is coupled to the movement of a voltage sensor within
the membrane electric field, and they include the rapidly activat-
ing and inactivating transient outward current (I;,); the ultrarapid
(Ixup), rapid (Ig,), and slow (Ixs) components of the delayed recti-
fier current; and the inward rectifier current (Ig;).In contrast, pore
opening in ligand-gated channels is coupled to the binding of an
organic molecule, including channels activated by a decrease in
the intracellular concentration of adenosine triphosphate (Krp)
or activated by acetylcholine (Kxcyp). Other classes of K+ channels
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K* Channel o subunits

Kir channels

N

TABLE 2-2 Genetic and Molecular Basis of Cardiac lon Currents
CURRENT o SUBUNIT a-SUBUNIT GENE
s K,4.2 KCND2

K43 KCND3

lios K,1.4 KCNA4
K,1.7 KCNA7

K34 KCNC4

leor K,1.5 (HK2) KCNAS5
K,3.1 KCNC1

I K,10.2 (EAG2) KCNH2
K,11.1 (HERG) KCNH2

ls K,7.1 (K,LQTT) KCNQT
i Kir2.1 (IKRT) KCNJ2
Kir2.2 (IRK2) KCNJ12

e Kir3.1 (GIRK1) KCNJ3
Kir3.4 (GIRK4) KCNJ5

lare Kir6.2 (BIR) KCNJ11
e Kapl.1 (TWIK-1) KCNK]
K,p2.1 (TREK1) KCNK2

Kop3.1 (TASK-1) KCNK3

KopS5.1 (TASK-2) KCNK5

Kop6.1 (TWIK-2) KCNK6

K,p9.1 (TASK-3) KCNK9
Kyp10.1 (TREK-2) KCNK10
Kyp13.1 (THIK-1) KCNK13
Kop17.1 (TASK-4) KCNK17

=
oA
il 7

Two-pore channels

I

FIGURE 2-3 Molecular compositions of cardiac potassium
(K*) channels. Amino termini (N) and carboxyl termini (C)
are indicated. A, Voltage-gated (K,), inward rectifier (Kir), and
two-pore a subunits are integral membrane proteins with
six, two, and four membrane-spanning domains, respec-
tively. B, These a subunits assemble as tetramers or dimers
to form Kt-selective pores. (Modified from Oudit GY, Backx
PH: Voltage-regulated potassium channels. In Zipes DP, Jalife
J, editors: Cardiac electrophysiology: from cell to bedside, ed 5,
Philadelphia, 2009, Saunders, pp 29-42.)

f-SUBUNIT/
ACCESSORY PROTEINS f-SUBUNIT GENE
MiRP1 KCNE2
MiRP2 KCNE3
KChIP1 KCNIP1
KChIP2 KCNIP2
DPP6 DPP6
K1 KCNB1
K32 KCNB2
K33 KCNB3
K34 KCNB4
K B1 KCNAB1
K32 KCNAB2
minK KCNE1
MiRP1 KCNE2
minK KCNE1
SUR2A ABCC9

Ir = cardiac pacemaker current; ly; = inward rectifying current; lxa, = acetylcholine-activated potassium current; lgsrp = adenosine triphosphate—dependent potassium current; Iy, = rapidly activat-
ing delayed outward rectifying current; Iy, = slowly activating delayed outward rectifying current; I, = slow transient outward current; Kp = two-pore potassium channel.

respond to different stimuli,including changes in intracellular Ca?

concentration and G proteins.!5
On the basis of the primary amino acid sequence of the o sub-

unit, K* channels have been classified into three major families

(Table 2-2):

1. Channels containing six transmembrane segments and a single
pore. This architecture is typical of K, channels.

2. Channels containing two transmembrane segments (M1 and
M2) and a pore. This architecture is typical of inward rectifier
K* (Kir) channels, including K1, Kxtp, and K¢y, channels. They
conduct K* currents more in the inward direction than the out-
ward and play an important role in setting the resting potential
close to the equilibrium potential for K* and in repolarization.
Kir channels form either homotetramers or heterotetramers.

3. Channels containing four transmembrane segments and two
pores (Ksp). These channels exist as homodimers or heterodi-
mers. Kyp currents display little time or voltage dependence.
There are four classes of cardiac Kyp: TASK, TWIK, TREK, and
THIK 1516
Each voltage-gated K* channel (K, family) is formed by the

coassembly of 4 identical (homotetramers) or a combination

of 4 different (from the same subfamily, heterotetramers) o sub-
units. A total of 38 genes has been cloned and assigned to 12 sub-
families of voltage-gated K channels (K,1 to K,12) on the basis
of sequence similarities. Each a subunit contains one domain
consisting of 6 membrane-spanning segments (S1 to S6), con-
nected to each other by alternating intracellular and extracellular
peptide loops (similar to 1 of the 4 domains of voltage-gated Na*



and Ca?* channels), with both the amino terminus (N-terminus)
and the C-terminus located on the intracellular side of the mem-
brane.The central ion-conducting pore region is formed by the S5
and S6 segments and the S5-S6 linker (P segment); the S5-S6 linker
is responsible for K* ion selectivity The S4 segment serves as the
voltage sensor.1.15

The a subunits of K, channels can generate voltage dependent
K+ current when expressed in heterologous systems. However, the
assembly of a functional tetramer can occur only in the presence
of multiple auxiliary units (see Table 2-2). In many cases, auxil-
iary subunits coassociate with the a subunits and likely modulate
cell surface expression, gating kinetics, and drug sensitivity of the
a subunit complex. Most K* channel  subunits assemble with o
subunits and give rise to an ayf; complex. K* channel §§ subunits
represent a diverse molecular group, which includes cytoplas-
mic proteins (K,f1 to K3, KChIP and KChAP) that interact with
the intracellular domains of K, channels; single transmembrane
spanning proteins (e.g., minK and minK-related proteins [MiRPs])
encoded by the KCNE gene family; and large ATP-binding cassette
(ABC) transport-related proteins (e.g., the sulfonylurea receptors
[SURs]).116

The diversity of K* currents in native tissues exceeds the number
of K* channel genes identified. The explanations for this diversity
include alternative splicing of gene products, post-translational
modification, and heterologous assembly of f subunits within the
same family and assembly with accessory p subunits that modu-
late channel properties.

As with voltage-dependent Na* and Ca?* channels, K, channels
typically fluctuate among distinct conformational states because
of molecular movements in response to voltage changes across
the cell membrane (voltage-dependent gating). The K, channel
activates (opens) on membrane depolarization, thus allowing the
rapid passage of K* ions across the sarcolemma. After opening, the
channel undergoes conformational transition in a time-dependent
manner to a stable nonconducting (inactivated) state. [nactivated
channels are incapable of reopening, even if the transmembrane
voltage is favorable, unless they “recover” from inactivation (i.e.,
enter the closed state) on membrane repolarization. Closed chan-
nels are nonconducting but can be activated on membrane
depolarization.!?

Three mechanistically distinct types of K, channel inactivation
that are associated with distinct molecular domains have been
identified: N-type, C-type,and U-type.N-type (“ball and chain”) inac-
tivation involves physical occlusion of the intracellular mouth of
the channel pore through binding of a small group of amino acids
(“inactivation ball tethered to a chain”) at the extreme N-terminus.
In contrast, C-type inactivation involves conformational changes in
the external mouth of the pore. C-type inactivation exists in almost
all K* channels and may reflect a slow constriction of the pore.This
inactivation process is thought to be voltage independent,coupled
to channel opening, and is usually slower than N-type inactivation.
Recovery from C-type inactivation is relatively slow and weakly
voltage dependent. Importantly, the rate of C-type inactivation
and recovery can be strongly influenced by other factors, such
as N-type inactivation, drug binding, and changes in extracellular
K* concentration. These interactions render C-type inactivation an
important biophysical process in regulating repetitive electrical
activity and determining certain physiological properties such as
refractoriness, drug binding, and sensitivity to extracellular K+.17

In addition to N-type and C-type inactivation, some K, channels
also show another type of inactivation (U-type), which exhibits a
U-shaped voltage dependence with prolonged stimulation rates.
Those channels appear to exhibit preferential inactivation from
partially activated closed states, rapid and strongly voltage-depen-
dent recovery from inactivation and, in some channel types,accel-
erated inactivation with elevation of extracellular K*. The exact
conformational changes underlying U-type inactivation remain
unclear. Importantly, there is extreme diversity in the kinetic and
potentially molecular properties of K, channel inactivation, par
ticularly of C-type inactivation.!?

Function

K+ channels are a diverse and ubiquitous group of membrane
proteins that regulate K* ion flow across the cell membrane on
the electrochemical gradient and regulate the resting E.,, the fre-
quency of pacemaker cells, and the shape and duration of the
cardiac action potential. Because the concentration of K+ ions out-
side the cell membrane is approximately 25-fold lower than that
in the intracellular fluid, on activation, the opening of K* channels
generates an outward current resulting from the efflux of positively
charged ions that offers a mechanism to counteract, dampen, or
restrict the depolarization front (phases 1 through 4 of the action
potential) triggered by an influx of cations (Na* and Ca?*).1.3.15.16

The variation in the level of expression of K* channels that par
ticipate in the genesis of the cardiac action potential explains the
regional differences of the configuration and duration of cardiac
action potentials from sinus node and atrial to ventricular myo-
cytes and across the myocardial wall (endocardium, midmyocar
dium, and epicardium). Moreover, the expression and properties
of K* channels are not static; heart rate, neurohumoral state, phar
macological agents, cardiovascular diseases (cardiac hypertrophy
and failure, MI) and arrhythmias (e.g., AF) can influence those
properties, and they undetlie the change in action potential con-
figuration in response to variation in heart rate and various physi-
ological and pathological conditions.!15.16

Transient Outward Potassium Current (I,)
STRUCTURE AND PHYSIOLOGY

Cardiac [, channels are macromolecular protein complexes,com-
prising four pore-forming K, a subunits and a variety of K, channel
accessory (B) subunits (see Fig. 2-3). I;, is the sum of a voltage-
dependent, Ca2*-independent K* current (I,;) and a Ca2*activated
CI- or K* current (I;,9). In human atrial and ventricular myocytes,
the presence of l;,; has not been clearly demonstrated.

lio1 (which is referred to as I,) displays two phenotypes with dis-
tinct recovery kinetics: a rapid or fast I, (Iiast OF lior) phenotype
and a slower phenotype (I, 0w OF lios)- The transient nature of I, is
secondary to its rapid activation (with time constants of less than
10 milliseconds for both I;,; and ) and rapid inactivation (25 to
80 milliseconds for Iy, and 80 to 200 milliseconds for I, ). How-
ever, whereas I, recovers rapidly from inactivation (60 to 100 mil-
liseconds), I;, s recovers slowly (with time constants on the order
of seconds).

K, channels mediating I, are formed by the coassembly of
four a subunits from the K,1.x subfamily (primarily K,1.4, and
possibly K,1.7 and K,3.4), whereas those mediating I,,; are
formed by the coassembly of four a subunits from the K 4.x
subfamily (primarily K\4.3, and possibly K,4.2) (see Table 2-2).
Among the various accessory subunits identified, a crucial role
has been definitively demonstrated only for KChIP2, and poten-
tially for MiRP2.1.16.18

FUNCTION

l;, is a prominent repolarizing current; it partially repolarizes the
membrane,shapes the rapid (phase 1) repolarization of the action
potential, and sets the height of the initial plateau (phase 2).Thus,
the activity of I, channels influences the activation of voltage-
gated Ca?* channels and the balance of inward and outward cur
rents during the plateau (mainly I,; and the delayed rectifier K*
currents), thereby mediating the duration and the amplitude of
phase 2.

The density of [, varies across the myocardial wall and in differ
ent regions of the heart.In human ventricles, I, densities are much
higher in the epicardium and midmyocardium than in the endo-
cardium. Furthermore, I, and Iy, are differentially expressed in
the myocardium, thus contributing to regional heterogeneities in
action potential waveforms. Iy, is the principal subtype expressed
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in human atrium. The markedly higher densities of I, together
with the expression of the ultrarapid delayed rectifier current,
accelerate the early phase of repolarization and lead to lower pla-
teau potentials and shorter action potentials in atrial as compared
with ventricular cells.17.18

Although both I, and I, are expressed in the ventricle, I, is
more prominent in the epicardium and midmyocardium (putative
M cells) than in the endocardium. These regional differences are
responsible for the shorter duration and the prominent phase 1
notch and the “spike-and-dome” morphology of epicardial and
midmyocardial compared with endocardial action potentials. A
prominent [, ,-mediated action potential notch in ventricular epi-
cardium but not endocardium produces a transmural voltage gra-
dient during early ventricular repolarization that registers as a J
wave or J point elevation on the ECG.' I, densities are also report-
edly higher in right than in left (midmyocardial and epicardial)
ventricular myocytes, consistent with the more pronounced spike-
and-dome morphology of right, compared with left, ventricular
action potentials.!:317.18

Furthermore, variations in cardiac repolarization associated
with I, regional differences strongly influence intracellular Ca2*
transient by modulating Ca* entry via I, and Na*+Ca2* exchange,
thereby regulating excitation-contraction coupling and regional
modulation of myocardial contractility and hence synchroniz-
ing the timing of force generation between different ventricular
regions and enhancing mechanical efficiency.!?

REGULATION

Transient outward channels are subject to o- and p-adrenergic
regulation. o-Adrenergic stimulation reduces I,; concomitant
B-adrenergic stimulation appears to counteract the a-adrenergic
effect, at least in part. The effects of o- and f-adrenergic stimula-
tion are exerted by phosphorylation of the K,1.4,K\4.2,and K,4.3
o-subunits by PKA as well as PKC.Calmodulin-dependent kinase 1I,
on the other hand, has been shown to be involved in enhancement
of I, Adrenergic stimulation is also an important determinant of
transient outward channel downregulation in cardiac disease.
Chronic a-adrenergic stimulation and angiotensin Il reduce I,
channel expression.20

KChIP2, when coexpressed with K,4.3, increases surface chan-
nel density and current amplitude,slows channel inactivation,and
markedly accelerates the recovery from inactivation. In the ven-
tricle, KChIP2 mRNA is 25-fold more abundant in the epicardium
than in the endocardium. This gradient parallels the gradient in
li, expression, whereas K,4.3 mRNA is expressed at equal levels
across the ventricular wall. Thus, transcriptional regulation of the
KChIP2 gene (KChIP2) is the primary determinant of [, expression
in the ventricular wall.1-16

Observations suggest that MiRP2 is required for the physiologi-
cal functioning of human Ii,; channels and that gain-of-function
mutations in MiRP2 predispose to Brugada syndrome through aug-
mentation of [,.!8

l;, is strongly rate dependent. |, fails to recover from previous
inactivation at very fast heart rates, which can be manifest as
a decrease in the magnitude of the J wave on the surface ECG.
Hence, abrupt changes in rate and pauses have important conse-
quences for the early repolarization of the membrane.!?

l;, can be enhanced by aging,low sympathetic activity high para-
sympathetic activity,bradycardia, hypothermia, estrogen reduction,
and drugs.Estrogen suppresses the expression of the K 4.3 channel
and results in reduced I, and a shallow phase 1 notch.1?

Phase 1 notch of the action potential modulates the kinetics of
slower activating ion currents and consequently the later phases
of the action potential. Initial enhancement of phase 1 notch pro-
motes phase 2 dome and delays repolarization, presumably by
delaying the peak of Ic,; . However, further enhancement of phase 1
notch prevents the rising of phase 2 dome and abbreviates action
potential duration, presumably by deactivation or voltage modu-
lation that reduces Ic,.. Thus, progressive deepening of phase 1

notch can cause initial enhancement followed by sudden disap-
pearance of phase 2 dome and corresponding prolongation fol-
lowed by abbreviation of action potential duration. On the other
hand, modulators that decrease [, lead to a shift of the plateau
phase into the positive range of potentials, thus increasing the acti-
vation of the delayed rectifier currents,promoting faster repolariza-
tion, and reducing the electrochemical driving force for Ca2* and
hence I¢,.. Phase 1 notch also affects the function of the Na*-Ca2*
exchanger and subsequently intracellular Ca? handling and Na*
channel function.!.16

PHARMACOLOGY

Quinidine, 4-aminopyridine, flecainide, and propafenone pro-
duce an open channel blockade and accelerate I, inactiva-
tion. Quinidine, but not flecainide or propafenone, produces a
frequency-dependent block of I, that results from a slow rate of
drug dissociation from the channel. Quinidine has relatively strong
I, blocking effect, whereas flecainide mildly blocks I, 1820

I;, blockers can potentially prolong the action potential duration
in the atrial and in ischemic ventricular myocardium. However,
because the net effects of I, blockade on repolarization depend
on secondary changes in other currents, the reduction of [, den-
sity can result in a shortening of the ventricular action potential.
Moreover, heterogeneous ventricular distribution of I, can cause
marked dispersion of repolarization across the ventricular wall
that, when accompanied by prominent conduction delays related
to Na* channel blockade, results in extrasystolic activity through a
phase 2 reentrant mechanisms.18:20

Currently, a cardioselective and channel-specific I, opener
or blocker is not available for clinical use. Development of an
li,-selective drug is expected to be beneficial in patients with
primary abnormality in the I, or in other channels, such as the
Brugada syndrome, in which heterogeneity in the expression of
l;, between epicardium and endocardium in the right ventricle
(RV) results in the substrate responsible for reentry and ventricu-
lar arrhythmias. 1820

INHERITED CHANNELOPATHIES

To date, only mutations in KCNE3 (MiRP2) are linked to inher
ited arrhythmia. KCNE3 mutations were identified in five related
patients with Brugada syndrome. When expressed with K4.3, the
mutation increased I,,; density3

Another KCNE3 mutation was identified in one patient with
familial AF. The mutation was found to increase I, and was pos-
tulated to cause AF by shortening action potential duration and
facilitating atrial reentrant excitation waves.?

A genome wide haplotype-sharing study associated a haplotype
on chromosome 7, harboring DPP6, with idiopathic VF in three
distantly related families. Overexpression of DPP6, which encodes
dipeptidyl-peptidase 6,a putative component of the I, channel com-
plex, was proposed as the likely pathogenetic mechanism. DPP6 sig-
nificantly alters the inactivation kinetics of both K,4.2 and K,4.3 and
promotes expression of these o subunits in the cell membrane.32!

Importantly; the normally functioning I, channels play an impor
tant role in the electrophysiological consequences of the ionic
current abnormalities in the Brugada and J wave syndromes. Het-
erogeneity in the distribution of I;, channels across the myocardial
wall, being more prominent in ventricular epicardium than endo-
cardium, and particularly in the RV, results in the shorter duration
and the prominent phase 1 notch and the spike-and-dome mor
phology of the epicardial action potential as compared with the
endocardium.The resultant transmural voltage gradient during the
early phases (phases 1 and 2) of the action potential is thought
to be responsible for the inscription of the J wave on the surface
ECG.1819 An increase in net repolarizing current,secondary to either
a decrease in the inward currents (Iy, and Ic,;) or an increase in the
outward K+ currents (I, Ixy, ks, lkach, Ikarp), OF both, can accentuate
the action potential notch and lead to augmentation of the J wave



or the appearance of ST segment elevation on the surface ECG.An
outward shift of currents that extends beyond the action potential
notch not only can accentuate the J wave but also can lead to
partial or complete loss of the dome of the action potential, thus
leading to a protracted transmural voltage gradient that manifests
as greater ST segment elevation and gives rise to J wave syndromes.
The type of the ion current affected and its regional distribution in
the ventricles determine the particular phenotype (including the
Brugada syndrome, early repolarization syndrome, hypothermia-
induced ST segment elevation, and Ml-induced ST segment eleva-
tion).181922 The degree of accentuation of the action potential
notch leading to loss of the dome depends on the magnitude of
li,- These changes are more prominent in regions of the myocar
dium exhibiting a relatively large I;,,such as the RV epicardium; this
explains the appearance of coved ST segment elevation, character-
istic of Brugada syndrome, in the right precordial ECG leads.1920

In this context, factors that influence the kinetics of I, or the
other repolarization currents can modify the manifestation of
the J wave on the ECG. Na* channel blockers (procainamide,
pilsicainide, propafenone, flecainide, and disopyramide), which
reduce the inward Iy,, can accentuate the J wave and ST segment
elevation in patients with concealed J wave syndromes. Quinidine,
which inhibits both [, and Iy,,reduces the magnitude of the J wave
and normalizes ST segment elevation. Additionally, acceleration of
the heart rate, which is associated with reduction of I, (because of
slow recovery of I, from inactivation), results in a decrease in the
magnitude of the J wave.Male predominance can potentially result
from larger epicardial I, density versus I, in women. 1922

The increased transmural heterogeneity of ventricular repolar
ization (i.e.,dispersion of repolarization between epicardium and
endocardium), which is responsible for J point elevation and early
repolarization pattern on the surface ECG, is also responsible for
the increased vulnerability to ventricular tachyarrhythmias. A sig-
nificant outward shift in current can cause partial or complete loss
of the dome of the action potential in regions where I, is promi-
nent (epicardium), with the consequent loss of activation of I¢,;.
The dome of the action potential then can propagate from regions
where it is preserved (midmyocardium endocardium) to regions
where it is lost (epicardium), thus giving rise to phase 2 reentry,
which can generate premature ventricular complexes that in turn
can initiate polymorphic VT or VE19:20.22.23

ACQUIRED DISEASES

An alteration in the expression and distribution of I, is observed in
various pathophysiological conditions. Adrenergic effects seem to
be involved in at least some of these [;-regulating processes during
heart disease.2

In general, myocardial ischemia, MI, dilated cardiomyopathy,
and end-stage heart failure cause downregulation of I, In fact, I,
downregulation is the most consistent ionic current change in the
failing heart.The reduction in I, results in attenuation of early repo-
larization (phase 1) and affects the level of plateau (phase 2) of
the action potential and other currents involved in delayed repo-
larization (phase 3), with resulting prolongation and increased het-
erogeneity of action potential duration. The prominent epicardial
l,, contributes to the selective electrical depression of the epicar
dium. This process leads to the development of a marked disper
sion of repolarization between normal and abnormal epicardium
and between epicardium and endocardium, which provides the
substrate for reentrant arrhythmias and may underlie the increased
predisposition to ventricular arrhythmias and SCD in patients with
heart failure and ischemic heart disease.!82024 Additionally, down-
regulation of I, in advanced heart failure likely slows the time
course of force generation, thereby contributing to reduced myo-
cardial performance.

On the other hand, compensatory ventricular hypertrophy pre-
ceding heart failure is associated with an upregulation of I;,. The
prolongation of the action potential,concomitant with an increase
in I, presumably results from the more negative level of the plateau

with less I¢, inactivation and probably less delayed rectifier acti-
vation. In contrast, progression of hypertrophy to heart failure is
associated with a clear reduction in I;,.2

Chronic AF reduces [, density and K,4.3 mRNA levels. Hypo-
thyroidism reduces the expression of KCND2 (K4.2) genes. Addi-
tionally, I,, may also be reduced and contribute to QT interval
prolongation in diabetes.Importantly,with some delay, insulin ther-
apy partially restores I,,, maybe by enhancing K,4.3 expression.?

Ultrarapidly Activating Delayed Outward
Rectifying Current (Ig,,)
STRUCTURE AND PHYSIOLOGY

The ion-conducting pore of Iy, channels is formed by four K,1.5
o subunits, whereas the ancillary f subunits K,p1.2, K,1.3, and
K,p2.1 control channel trafficking and plasma membrane integra-
tion as well as activation and inactivation kinetics.32>

Iur @ctivates rapidly on depolarization in the plateau range and
displays outward rectification, but it inactivates very slowly during
the time course of the action potential. Inactivation accelerates
when K, 1.5 is coexpressed with its f subunits.?

FUNCTION

Ik, is detected only in human atria and not in the ventricles, so
that it is the predominant delayed rectifier current responsible for
human atrial repolarization and is a basis for the much shorter
duration of the action potential in the atrium.!3

REGULATION

B-Adrenergic stimulation enhances Iy, whereas a-adrenergic
stimulation inhibits it, effects likely mediated by PKA and PKC,
respectively. Membrane depolarization and elevated extracellu-
lar K* concentrations reduce K, 1.5 expression. Additionally, cAME
mechanical stretch, hyperthyroidism,and dexamethasone increase
K,1.5 expression, whereas extracellular acidosis, phenylephrine,
and hypothyroidism decrease it.13

Coexpression of K 1.3 with K, 1.5 induces a fast inactivation and
a hyperpolarizing shift in the activation curve (i.e., K,$1.3 subunit
converts K, 1.5 from a delayed rectifier with a modest degree of slow
inactivation to a channel with both fast and slow components of inac-
tivation). Data suggest that K,$1.2 and K, 1.3 subunit modification of
K, 1.5 currents requires phosphorylation by PKC or a related kinase.

PHARMACOLOGY

Iy is relatively insensitive to class III antiarrhythmics of the meth-
ane-sulfonanilide group, but it is highly sensitive to 4-aminopyri-
dine. Selective inhibition of Iy, by 4-aminopyridine prolongs the
human atrial action potential duration.!6

I, is @ promising target for the development of new,safer antiar
rhythmic drugs to prevent AF or atrial flutter,or both, without a risk
of ventricular proarrhythmia. Because Iy, is atrium specific,a drug
specifically targeting K, 1.5 channels would be expected to termi-
nate AF by preventing reentry through atrial action potential pro-
longation. The drug vernakalant is an Ig,/Iy, channel blocker and
is undergoing review by the U.S.Food and Drug Administration for
the acute termination of AF. However,because K, 1.5 is downregu-
lated in AE the beneficial effect of Ig,, block becomes less certain.
Furthermore,because K, 1.5 is also expressed in other organs (e.g.,
brain), discovery of drugs that selectively inhibit atrial K,1.5 chan-
nels remains necessary.!316

Physiologically, rapid activation of Ik, in the positive potential
range following the action potential upstroke can offset depolar
izing I, and hence lead to the less positive plateau phase in atrial
compared with ventricular cardiomyocytes. Conversely, block of
Ixur produces a more pronounced spike-and-dome configuration
and therefore shifts the potential into a more positive range in
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which I, activation enhances systolic Ca?* influx during a free-
running action potential. Such an indirect effect on I, should be
shared by all Iy, blockers and is expected to result in a positive
atrial inotropic effect.2>

INHERITED CHANNELOPATHIES

KCNAS5 nonsense mutations have been reported in individuals with
familial AF. Heterologous expression of these mutations revealed
complete Iy, loss of function. Absence of Iy, can excessively pro-
long atrial action potential duration with an enhanced risk of EADs
that can trigger or maintain AF.325

ACQUIRED DISEASES

A prolonged period of rapid activation of the atria as occurs during
AF leads to a decrease in Iy, Additionally, I, may be affected in
myocardial ischemia. Decreased K, 1.5 mRNA levels were reported
for the epicardial border zone of infarcted hearts. Moreover,
ischemic damage disrupted the normal location of K,1.5 in the
intercalated discs.1:3:26

Rapidly Activating Delayed Outward
Rectifying Current (I,)
STRUCTURE AND PHYSIOLOGY

Ig, is formed by coassembly of four pore-forming o subunits
(K,11.1,encoded by the KCNHZ2 gene, also called the human-ether
a-go-go-related gene, HERG, so-named because the mutation in the
Drosophila fruit fly caused it to shake like a go-go dancer) and
subunits (MiRP1, encoded by the KCNEZ2 gene).The current gen-
erated by HERG channels shows unusual voltage dependence. In
contrast to I, Ig, activates relatively rapidly (on the order of 10s of
milliseconds) on membrane depolarization.Activation of [y, occurs
with steep voltage dependence and reaches half-maximum activa-
tion at membrane voltage of approximately —20 mV. The magnitude
of Iy, increases as a function of E, up to approximately 0 mV, but it
declines with stronger depolarization (higher than 0 mV), resulting
in a negative slope conductance of the current-voltage relationship.
During repolarization of the action potential, Iy, rapidly recovers
from inactivation, thus causing the current to peak at -40 mV. The
amplitude of the tail current on repolarization exceeds that of the
current during the depolarizing pulse.3-16:27.28

The unusual voltage dependence of Iy, results from a fast,
voltage-dependent C-type inactivation process,which limits outward
K+ flow at positive voltages.The large tail current on repolarization
from positive voltages results from the rapid recovery of inactivated
channels into a conducting state.2” On repolarization, HERG chan-
nels deactivate (close) via a slow, voltage-independent process (in
contrast to the voltage-dependent inactivation process).?

Unlike most K, channels, HERG channels exhibit inward recti-
fication. Rectification describes the property of an ion channel
to allow currents preferentially to flow in one direction or limit
currents from flowing in the other direction. In other words, con-
ductivity of channels carrying such currents is not constant but
is altered at a different E.. A channel that is inwardly rectifying
is one that passes current (positive charge) more easily into the
cell. This property is critical for limiting outward K* conductance
during the plateau phase of the cardiac action potential. Unlike
typical Kir channels, in which rectification derives from blockade
of the channel pore by intracellular polyamines (see later discus-
sion), the mechanism of HERG inward rectification is a very rapid
inactivation that develops at far more negative potentials (-85 mV)
than channel activation (-20 mV).28

The inactivation of HERG channels resembles the C-type inac-
tivation of other K, channels in its sensitivity to extracellular cat-
ions (including K* and Na*) and tetraethyl ammonium (TEA),
and to mutations in the P segment. However, the gating behav-
ior is distinctive. First, channel inactivation is much faster than

voltage-dependent activation, thus resulting in its characteristic
rectification. Second, HERG inactivation displays intrinsic voltage
dependence. Similar to the classic C-type inactivation, raising the
concentration of extracellular K* slows HERG channel C-type inac-
tivation,an effect that appears to result from occupancy of the pore
selectivity filter by K+.

FUNCTION

I, presents the principal repolarizing current at the end of the pla-
teau phase in most cardiac cells and plays an important role in
governing the cardiac action potential duration and refractoriness.
Ig, is differentially expressed, with high levels in left atrial and in
ventricular endocardium.

I, activates relatively fast on membrane depolarization and
allows outward diffusion of K* ions in accordance with its electro-
chemical gradient, but voltage-dependent inactivation thereafter is
very fast; hence, only limited numbers of channels remain in the
open state, whereas a considerable fraction resides in the noncon-
ducting inactivated state. The fast voltage-dependent inactivation
limits outward current through the channel at positive voltages and
thus helps maintain the action potential plateau phase that con-
trols contraction and prevents premature excitation. However, as
the voltage becomes less positive at the end of the plateau phase of
repolarization, the channels recover rapidly from inactivation, thus
leading to a progressive increase in lg, amplitudes during action
potential phases 2 and 3, with maximal outward current occurring
before the final rapid declining phase of the action potential. Next,
the channel deactivates (closes) slowly. The resulting large and
transient outward current adds considerably to the ongoing repo-
larization and makes HERG especially suitable for robust control of
the repolarization phase.?16.27

REGULATION

B-Adrenergic stimulation and elevation of intracellular cAMP lev-
els enhance Iy, amplitude both through PKA-mediated effects and
by direct interaction with the protein. o-Adrenergic stimulation
is inhibitory. Coexpression of HERG with its p subunit (KCNEI or
KCNEZ2) accentuates the cAMP-induced voltage shift.The net result
of these effects is a reduction in I,.3:16.27

Extracellular Na* potently inhibits i, by binding to an outer pore
site, and it also speeds recovery from inactivation. The inhibitory
effect of Na* is potently relieved by physiological levels of extracel-
lular K+. Competition with external K* for a binding site near the
external pore explains the finding that elevation of extracellular K*
concentration paradoxically enhances Iy, despite the decrease in
the electrochemical driving force. Hypokalemia causes prolonga-
tion of the action potential duration as a result of reduced K* con-
ductance.Low extracellular K* levels accelerate fast inactivation of
the HERG channel and further decrease Ig,.1”

PHARMACOLOGY

Ig, is the target of class IIl antiarrhythmic drugs of the methanesul-
fonanilide group (almokalant, dofetilide, p-sotalol, E-4031, ibutilide,
and MK-499).These drugs produce a voltage- and use-dependent
block,shorten open times in a manner consistent with open chan-
nel block,and exhibit low affinity for closed and inactivated states.
I, blockers prolong atrial and ventricular action potential duration
(and the QT interval) and refractoriness in the absence of signifi-
cant changes in conduction velocity (A-H,H-V,and PR intervals do
not prolong). Although selective I, blockers exhibit antiarrhyth-
mic properties against reentrant arrhythmias, they are probably not
effective against triggered activity or increased automaticity. !¢
Selective Iy, blockers have several disadvantages. These drugs
tend to prolong the action potential duration in the Purkinje and
midmyocardial cells more than in the subepicardial or subendo-
cardial cells, thus resulting in increased dispersion of repolariza-
tion across the ventricular wall and, as a consequence, increased



arrhythmogenesis. Moreover, the effects of these drugs increase
with decreasing heart rate. This reverse frequency-dependent
nature of Iy, blockers can potentially result in excessive prolon-
gation of the QT interval during bradycardia, potentially precipi-
tating torsades de pointes, whereas this prolongation is much
less marked or even absent following -adrenergic stimulation or
during sustained tachycardia. This phenomenon limits the effi-
cacy of these drugs in terminating tachyarrhythmias, while maxi-
mizing the risk of torsades de pointes during slow heart rates,
such as during sinus rhythm after termination of AF. Reverse
use-dependence has been attributed, at least in part, to the
incomplete deactivation (accumulation) of Iy, during fast heart
rates that leads to a progressive increase in current amplitude,
which counteracts the action potential prolongation effects of
Ix, blockers 31627

Azimilide blocks I, Ixs, and I¢,, whereas amiodarone exhibits a
complex mechanism of action because it blocks Iy, Ica, ks Iks, Lo
and Igarp. Quinidine, a class IA agent, also blocks Iy, at concentra-
tions lower than those required to block Igs, I, and I;.

Furthermore, HERG channels display an unusual susceptibility
to blockade by a variety of drugs compared with other voltage-
gated K* channels.Increasing numbers of drugs with diverse chem-
ical structures (including some antihistaminics, antipsychotics,
and antibiotics) decrease Iy, by depressing HERG channel gating,
delay ventricular repolarization, prolong the QT interval (acquired
LQTS), and induce torsades de pointes. In fact, almost all drugs
that cause acquired LQTS target HERG channels, likely because of
unique structural properties rendering this channel unusually sus-
ceptible to a wide range of different drugs. Compared with other
cardiac K* channels,the HERG channel has a large, funnel-like ves-
tibule that allows many small molecules to enter and block the
channel.The more spacious inner cavity results from a lack of the
S6 helix bending Pro-X-Pro sequence, which presumably facilitates
access of drugs to the pore region from the intracellular side of
the channel to block the channel current. Additionally, the HERG
channel contains two aromatic residues located in the S6 domain
facing the channel vestibule (not present in most other K* chan-
nels) that provide high-affinity binding sites for a wide range of
structurally diverse compounds. The accessory 3 subunit (MiRP1,
KCNEZ2) also determines the drug sensitivity. Interaction of these
compounds with the channel’s pore causes functional alteration
of its biophysical properties or occlusion of the permeation path-
way, or both.8.16:29

One novel mechanism for acquired LQTS involves compounds
interfering with HERG trafficking (i.e., moving the HERG protein
from the endoplasmic reticulum to the cell membrane), rather
than direct pore blocking. These compounds include arsenic tri-
oxide, pentamidine, probucol (a cholesterol-lowering therapeutic
compound),and cardiac glycosides.16:29.30

Some drugs (almokalant,norpropoxyphene,azimilide,candesar
tan,and E3174,the active metabolite of losartan) can enhance I,.
Flufenamic acid and niflumic acid also increase Iy, by accelerat-
ing channel opening. These observations open the possibility of
developing new I, openers for the treatment of patients with con-
genital (LQT2) or drug-induced LQTS.16

INHERITED CHANNELOPATHIES

Long QT Syndrome

The LQTS variants in which I, is dysfunctional include LQT2
(caused by KCNH2 [HERG] loss-of-function mutations) and LQT6
(caused by KCNE2 [MiRP1] mutations); most are LQT2, which is
the second most prevalent type of LQTS. More than 200 putative
disease-causing mutations have been identified for KCNH2; most
appear to disrupt the maturation and trafficking of I, o subunit
(K,11.1) to the sarcolemma, thereby reducing the number of func-
tional ion channels at the cell surface membrane. Mutations involv-
ing the pore region of the HERG channel are associated with a
significantly more severe clinical course than nonpore mutations;
most pore mutations are missense mutations with a dominant

negative effect. Attenuation of Iy, results in prolongation of the
action potential and the QT interval and can potentially generate
EADs and torsades de pointes.3.7:27:30

The trafficking of some mutant channels into the sarcolemma
can be restored by HERG channel blockers (e.g.,cisapride, terfena-
dine, astemizole, E-4031), even when fexofenadine rescues mutant
HERG channels at concentrations that do not cause channel block.
However, because I, blockers failed to rescue other trafficking-
defective mutants, it is evident that multiple mechanisms may exist
for pharmacological rescue of LQT2 mutations.” 16

Proarrhythmia induced by conditions associated with reduction
of I, (acquired or congenital LQTS) is related to excessive prolon-
gation of action potential duration near plateau voltages,especially
those that favor the development of EADs. It is also related to a
more marked prolongation of the action potential duration in mid-
myocardial than in subepicardial or subendocardial ventricular
cells possibly because of the relative scarcity of Iy; and hence less
“repolarization reserve” in the midmyocardial cells.Thus, triggered
focal activity and ventricular reentry associated with an increased
heterogeneity of repolarization across the ventricular wall would
lead to the development of torsades de pointes.!6

Short QT Syndrome

Short QT syndrome (SQTS) is a rare disease associated with short
QT intervals and increased risk for AF and VE A gain-of-function
mutation in KCNH2 (HERG) is linked to SQTS type 1 (SQT1).
A gain-of-function mutation on KCNHZ2 causes a shift of voltage
dependence of inactivation of Iy, by +90 mV out of the range of
the action potential leading to a significant increase of I, during
the action potential plateau.The resulting Iy, increase achieved by
altered gating hastens repolarization, thereby shortening action
potential duration and facilitating reentrant excitation waves to
induce atrial or ventricular arrhythmia, or both. Additionally, gain-
of-function mutations in KCNE2 (MiRP1) have been found in two
families with AF.3.27.30

ACQUIRED DISEASES

MI can result in reduction in K, 11.1 mRNA levels and Ig, with conse-
quent prolongation of the action potential duration. Conversely, I,
density increases in subendocardial Purkinje cells in the infarcted
heart at 48 hours, which can potentially increase the proarrhyth-
mic effects of g, blockers in patients with MI. Additionally, during
acute ischemia, I, is increased and action potential duration is
shortened.Such changes can be arrhythmogenic. I, is unchanged
in patients with chronic AF and is homogeneously distributed in
failing canine hearts.?16

ATE derived from either glycolysis or oxidative phosphorylation,
is critical for HERG channel function. Both hyperglycemia and
hypoglycemia depress I, and can cause QT prolongation and ven-
tricular arrhythmias. In diabetes, K,11.1 levels are downregulated,
leading to reduction in I, and contributing to QT interval prolon-
gation. Importantly, insulin therapy restores I, function and short-
ens QT intervals.316

Unlike with most other K* currents, Iy, amplitude increases
on elevation of extracellular K* concentrations and decreases
after removal of extracellular K+. Elevation of extracellular K* con-
centration reduces C-type inactivation and increases the single
channel conductance of HERG channels. This explains why the
action potential durations are shorter at higher extracellular K*
concentrations and longer at low concentrations, and it clarifies
the associations among hypokalemia, action potential duration
prolongation, and induction of torsades de pointes in patients
treated with Ik, blockers. In contrast, modest elevations of extracel-
lular K* concentrations using K* supplements and spironolactone
in patients given I, blockers or with LQT2 significantly shorten
the QT interval and may prevent torsades de pointes. Moreover,
the antiarrhythmic actions of I, blockers can be reversed during
ischemia, which is frequently accompanied by elevations of the
extracellular K* concentrations in the narrow intercellular spaces
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and by catecholamine surges that occur with exercise or other
activities associated with fast heart rates.16

Slowly Activating Delayed Outward Rectifying
Current (Ig,)

STRUCTURE AND PHYSIOLOGY

Iys is formed by coassembly of four pore-forming a subunits (K,7.1,
encoded by the KCNQ1 gene,also known as K,LQT1) and f subunits
(minK, encoded by the KCNET gene). Iy is a K*selective current
that activates very slowly in response to membrane depolariza-
tion to potentials greater than —30 mV and reaches half-maximum
activation close to +20 mV. I, has a linear current-voltage relation-
ship, its time course of activation is extremely slow, slower than any
other known K* current, and steady-state amplitude is achieved
only with extremely long membrane depolarization.3.16:27.28

Inactivation of KCNQI channels is half maximal at =18 mV
and, at its maximum, inactivation reduces fully activated current
by approximately 35%. In addition, unlike inactivation of other K,
channels, the onset of [y, inactivation occurs after a delay (a delay
of approximately 75 milliseconds at +40 mV). In contrast, when
inactivation is induced after transient recovery of channels to
open states, the onset of inactivation is 10 times faster. The molecu-
lar mechanism of KCNQI channel inactivation is unknown, but in
contrast to a classical C-type inactivation, KCNQI inactivation is
independent of extracellular K* concentration.?

FUNCTION

Igs contributes to human atrial and ventricular repolarization,
particularly during action potentials of long duration. Iy, gradually
increases during the plateau phase of the action potential because
its activation is delayed and very slow.As a consequence, the con-
tribution of Iy to the net repolarizing current is greatest late in the
cardiac action potential plateau phase. I, is expressed in all cell
types, but it is reduced in midmyocardial cells.The midmyocardial
cells have the longest action potential duration across the myocar
dial wall.?®

Igs plays an important role in determining the rate-dependent
shortening of the cardiac action potential. As heart rate increases,
Ixs increases because channel deactivation is slow and incomplete
during the shortened diastole.This allows Igs channels to accumu-
late in the open state during rapid heart rates and contribute to the
faster rate of repolarization.!6.28

Importantly, Igs is functionally upregulated when other repolar-
izing currents (e.g., ly,) are reduced, potentially serving as a safe-
guard against loss of repolarizing power. As such,several redundant
mechanisms contribute to repolarization constituting the repolar-
ization reserve,in which I, plays an important role 828

REGULATION

Ixs is markedly enhanced by -adrenergic stimulation through chan-
nel phosphorylation by PKA (requiring A-kinase anchoring protein
9 [AKAP9, also known as Yotiao]) and PKC (requiring minK).This
produces a rate-dependent shortening of the action potential dura-
tion such as seen during exercise-induced sinus tachycardia. [y is
also modulated by o-adrenergic receptors through the PKC path-
way. Lowering extracellular K* and Ca2* concentrations increases
. 1627

Coexpression of KCNQI o subunits with minK regulates the
a-subunit trafficking and behavior and results in a seven-fold
increase in Iy, magnitude, marked slowing of the time course of
activation, and removal (or significant slowing) of inactivation of
KCNQI channels.16

As noted, Iy, and Iy, are functionally linked; when I, is reduced,
the action potential is prolonged, causing I activation to increase
to prevent excess repolarization delay Hence, the duration of the
action potential is very tightly tuned via Ig, and I, regulation.??

PHARMACOLOGY

Ixs is resistant to methanesulfonanilides (almokalant, dofetilide,
p-sotalol, E-4031, ibutilide,and MK-499), but it is selectively blocked
by chromanols, indapamide, thiopentone, propofol, and benzodi-
azepines. [y is also blocked, although nonselectively, by amioda-
rone, dronedarone, and azimilide. KCNET modulates the effects of
Ixs blockers and agonists. In fact, KCNQI/KCNEI channels have
6- to 100-fold higher affinity for some Igs blockers than KCNQI
channels.16

Selective I, blockers prolong the cardiac action potential dura-
tion and QT interval and suppress electrically induced ventricular
tachyarrhythmias in animals with acute coronary ischemia and
exercise superimposed on a healed MI.16

Igs blockade seems to have less proarrhythmic potency as com-
pared with [, blockade, likely the result of less drug-induced dis-
persion in repolarization. Additionally, because Iy accumulates at
fast driving rates because of its slow deactivation, Igs blockers can
be expected to be more effective in prolonging action potential
duration and refractoriness at fast rates. Furthermore, because Iy,
activation occurs at approximately 0 mV and this voltage is more
positive than the Purkinje fiber action potential plateau voltage, Iy
blockade should not be expected to prolong the action potential
duration at this level. Conversely; in ventricular muscle, the plateau
voltage is more positive (approximately +20 mV), thus allowing Iy
to be substantially more activated, so that Iy blockade would be
expected to markedly increase action potential duration. 6

B-Adrenergic agonists increase Ii, density and produce a rate-
dependent shortening of the action potential duration and can
also decrease the antiarrhythmic effects of I blockers. Addition-
ally; in the presence of I, blockade, isoproterenol seems to abbre-
viate the action potential duration of epicardial and endocardial,
but not midmyocardial, cells, an effect that can accentuate trans-
mural dispersion of repolarization and precipitate torsades de
pointes. These observations may explain the therapeutic actions
of p-blockers in patients with LQTS syndromes linked to attenua-
tion of I, and the increased risk of fatal cardiac arrhythmias under
physical activity or stressful situations that increase sympathetic
activity in these patients.!6

INHERITED CHANNELOPATHIES

KCNQI and KCNET mutations can lead to a defective protein and
several forms of inherited arrhythmias, including LQTS (compris-
ing the autosomal dominant Romano-Ward syndrome and the
autosomal recessive Jervell and Lange-Nielsen syndrome), SQTS,
and familial AF 331

Long QT Syndrome

The most common type of LQTS, LQT1, is caused by autoso-
mal dominant loss-of-function mutations on the KCNQI gene
(K,LQT1). More than 170 mutations of this gene have been
reported. They comprise many Romano-Ward (autosomal domi-
nant) syndromes and account for approximately 45% of all geno-
typed LQTS families.” Individuals with the less prevalent LQTS
type 5 (LQTS) carry loss-of-function autosomal dominant muta-
tions in KCNEI and display a phenotype similar to that seen in
patients with LQT1.8

Loss-of-function mutations in both alleles of KCNQI or KCNE]
(i.e.,inherited from both parents,autosomal recessive) cause the
very rare Jervell and Lange-Nielsen syndrome type 1 or 2, respec-
tively. Jervell and Lange-Nielsen syndrome encompasses 1% to
7% of all genotyped patients with LQTS and is characterized by
severe QT interval prolongation, high risk of sudden death, and
congenital deafness; the deafness results from deficient endo-
lymph secretion (KCNQI and KCNE! are also expressed in the
inner ear, where they enable endolymph secretion).389:31.32

LQT11 is caused by loss-of-function mutations on the AKAP9
gene, which encodes an A-kinase anchoring protein (Yotiao),
shown to be an integral part of the Iy, macromolecular complex.



The presence of Yotiao is necessary for the physiological response
of the Ix, channel to p-adrenergic stimulation.” A mutation in
AKAP9 (Yotiao) in the Ig, channel (K,7.1) binding domain reduces
the interaction between the Ig, channel and Yotiao. This, in turn,
reduces the cAMP-induced phosphorylation of the channel and
prevents the functional response of the Iy, channel to cAMP and
adrenergic stimulation (i.e., prevents the increase in magnitude of
Ixs and the shortening of action potential duration in response to
sympathetic stimulation). The final result is an attenuation of Iy,
resulting in a delay in ventricular repolarization and QT interval
prolongation.38

Mutations in LQT1, LQT5, and LQT11 result in attenuation of
Igs, which causes prolongation of repolarization, action potential
duration, and QT interval, which may be especially notable dur
ing periods of increased sympathetic activity, such as exercise,
when [gs becomes the predominant repolarization current rather
than I, In LQT1, ventricular arrhythmias are usually triggered by
emotional or physical stress, probably because mutant Iy does not
increase sufficiently (i.e., has less repolarization reserve) during
B-adrenergic stimulation. Accordingly, f-adrenergic blocking drugs
suppress arrhythmic events in LQT1.3.833

Short QT Syndrome

SQT2 is caused by mutations on the KCNQI gene (K,LQT1).A gain-
of-function mutation on KCNQI causes a shift of voltage depen-
dence of activation of I, by —20 mV and acceleration of activation
kinetics, leading to enhancement of Igs and shortening of the
action potential duration and QT interval. KCNQ! gain-of-function
mutations likely predispose to AF and VF by shortening refractori-
ness and facilitating reentry.$

Familial Atrial Fibrillation

KCNQI gain-of-function mutations have been linked to familial AE
with or without the SQTS phenotype.

ACQUIRED DISEASES

Heart failure reduces Ig in atrial, ventricular,and sinus node myo-
cytes.Given that Iy, is unchanged, I, reduction may largely account
for the prolonged action potential duration in heart failure.3

Ixs density and KCNQ1/KCNET mRNA levels are reduced in myo-
cytes from infarcted border zones 2 days after M. However, KCNQ1
expression is restored 5 days after MI, whereas KCNE] expression
remains decreased.3

Inward Rectifying Current (Ik,)
STRUCTURE AND PHYSIOLOGY

The Kir channels are formed by the coassembly of four o subunits
(see Fig.2-3).The a subunit (Kir2.1) of Iy is encoded by KCNJ2 and
consists of two transmembrane domains (M1 and M2) connected
by a pore-forming P loop (H5) along with the cytoplasmic N- and
C-termini. The tetrameric Kir channel complex can be formed by
identical (homotetramers) or different (heterotetramers) o subunits.
Several Ig; channels with different conductances are recorded in
human atrial myocytes. Similarly, different gene families (Kir2.1 to
Kir2.3) have been found in human heart encoding Ig;.16:34

Kir channels exhibit a strong inward rectification property
because conductance to K* ions alters at a different E . As noted,
rectification describes the property of an ion channel to allow cur
rents preferentially to flow in one direction or limit currents from
flowing in the other direction. A channel that is inwardly rectifying
is one that passes current (positive charge) more easily into the cell.
In the case of Kir channels,inward rectification is a strongly voltage-
dependent decline of K* efflux (i.e., reduction of outward current)
on membrane depolarization that produces a characteristic region
of so-called negative slope conductance.As such, Iy; is a strong rec-
tifier that passes K* currents over a limited range of E,; at a negative
En, Ik1 conductance is much larger than that of any other current,

and so it clamps the resting E,;, close to the reversal potential for K*
(Ex).On depolarization, I, channels close almost immediately and
thus limit K+ efflux at potentials more positive than the Ey, remain
closed throughout the plateau, and open again at potentials nega-
tive to —20 mV. Nevertheless, Ix; channels also conduct a substantial
outward current at an E, between —40 and -90 mV. Within this volt-
age range,outward ly; is larger at more negative potentials. Thus, Ig;
also contributes to terminal phase 3 of repolarization. Because an
E., negative to Eg is not reached in cardiomyocytes, only the out-
ward I; plays a role in action potential formation.16:34

The phenomenon of inward rectification of Ix; channels results
from high-affinity and strongly voltage-dependent blockade of
the inner channel pore by cytosolic magnesium (Mg2+), Ca2*, and
polyamines (spermine, spermidine, putrescine), which plug the
channel pore at depolarized potentials, resulting in a decline in
outward currents, but are displaced by incoming K* ions at hyper-
polarized potentials. This voltage-dependent block by polyamines
causes currents to be conducted well only in the inward direction.
As such, Ig; channels are voltage regulated despite the lack of the
classic voltage-sensing mechanism of K, channels.16:17:34

FUNCTION

I, sets and stabilizes the resting E,,, and regulates cellular excitabil-
ity of atrial and ventricular myocytes during phase 4.1t also contrib-
utes to the terminal portion of phase 3 repolarization.In addition to
the contribution of Ix; to the T wave on surface ECG, data suggest
that the U wave is strongly modulated by Ii;.

Ix; channels close on depolarization.The strong inward rectifica-
tion of the Ik, limits the outward current during the positive phase
of the action potential (phases 0, 1, and 2), thus allowing mem-
brane depolarization following Na* channel activation, slowing
membrane repolarization,and helping maintain a more prolonged
cardiac action potential. This also confers energetic efficiency in
the generation of the action potential.16:34

Ix; density is much higher in ventricular than in atrial myocytes,
a finding that explains the steep repolarization phase in the ven-
tricles (where more abundant I, plays a larger role in accelerating
the terminal portion of repolarization) and the more shallow phase
in the atria. The higher Ig; channel expression in the ventricle pro-
tects the ventricular cell from pacemaker activity. By contrast, Ix; is
almost absent in sinus node and AVN cells, thus allowing for rela-
tively more depolarized resting diastolic potentials compared with
atrial and ventricular myocytes.16:34

A unique property of Kir currents is the unusual dependence
of rectification on extracellular K* concentration. Specifically, on
increase in extracellular K, the Ix; current-voltage relationship shifts
nearly in parallel with the Ex and leads to a crossover phenomenon.
One important consequence of such behavior is that at potentials
positive to the crossover, Kt conductance increases rather than
decreases,against an expectation based on a reduced driving force
for K* ions in response to elevated extracellular K* concentration.?*

Fast heart rates increase the K* concentration in the narrow
intercellular space to several millimolars and the I; density,which
results in a shortening of the action potential duration that may off-
set the ability of I, blockers to prolong the action potential dura-
tion under these conditions.!6.34

REGULATION

B-Adrenergic stimulation inhibits Ig; in ventricular myocytes via
PKA-mediated phosphorylation of the channel. In atrial myo-
cytes, as-adrenergic stimulation reduces Ig; via PKC-dependent
pathways.16:34

Kir2.1 overexpression increases lg; density, shortens the action
potential duration, and hyperpolarizes the resting E.,. In contrast,
suppression of Ig; prolongs the action potential duration and dis-
rupts effective clamping of the resting E,,thus precipitating sponta-
neous pacemaker activity in otherwise nonpacemaking atrial and
ventricular cardiomyocytes. 16
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PHARMACOLOGY

Barium (Ba?") is a potent I, blocker. Blocking Ix; by extracellu-
lar Ba2+ results in depolarization of the resting potential and mild
action potential prolongation.334

Ix; blockers prolong atrial and ventricular action potential
duration and are effective against various types of experimental
reentrant VTs. Moreover, Ix; blockers produce membrane depo-
larization, an effect that slows conduction velocity as a result of
voltage-dependent inactivation of Na* channels,and prolongs the
QT interval; both actions are proarrhythmic.16.34

INHERITED CHANNELOPATHIES

Long QT Syndrome

More than 33 loss-of-function mutations of KCNJ2 gene encoding
Kir2 result in dominant negative effects on the current and have
been linked to Andersen-Tawil syndrome (LQT7),a rare autosomal
dominant disorder characterized by the triad of skeletal develop-
mental abnormalities, periodic paralysis, and usually ventricular
arrhythmias, often associated with prominent U waves and mild
QT interval prolongation (Kir2.1 channels are expressed primar-
ily in skeletal muscle, heart, and brain).31634 The arrhythmias dis-
played by affected patients are more benign compared with other
LQTS and rarely degenerate into hemodynamically compromising
rhythms such as torsades de pointes, as ultimately evidenced by
the lack of SCD cases so far.835.36

Disruption of the Ig; function can potentially lead to prolonga-
tion of the terminal repolarization phase and QT interval, which
can predispose to the generation of EADs and delayed afterdepo-
larizations (DADs) that cause ventricular arrhythmias. However,
unlike other types of LQTS in which the afterdepolarizations arise
from reactivation of L-type Ca* channels, the EADs and DADs
generated in LQT7 are likely secondary to Na*-Ca% exchanger-
driven depolarization. It is believed that the differential origin of
the triggering beat is responsible for the observed discrepancy
in arrhythmogenesis and the clinical features compared with
other types of LQTS. Additionally, it is likely that prolongation
of the action potential duration in LQT7 is somewhat homoge-
neous across the ventricular wall (i.e., transmural dispersion of
repolarization is less prominent than in other types of LQTS),
and this can potentially explain the low frequency of torsades
de pointes.8:35.36

Catecholaminergic Polymorphic Ventricular Tachycardia

Three novel loss-of-function mutations of KCNJ2 have been found
in patients with catecholaminergic polymorphic VT (CPVT).
These patients had prominent U waves, ventricular ectopy, and
polymorphic VT, but no dysmorphic features or skeletal muscle
abnormalities.3*

Ix; reduction can trigger arrhythmia by allowing inward currents,
which are no longer counterbalanced by the strong outward g, to
depolarize the E,, gradually during phase 4. Membrane depolariza-
tion during phase 4 induces arrhythmia by facilitating spontane-
ous excitability3

Short QT Syndrome

A gain-offunction mutation of KCNJ2 has been identified and
linked to SQTS type 3 (SQT3). The mutation causes a significant
increase in the outward Iy, at potentials between —75 mV and -45
mV, thus leading to acceleration of the terminal phase of repo-
larization and, as a consequence, shortening the action potential
duration and QT interval and asymmetrical T waves with a rapid
terminal phase.3

Familial Atrial Fibrillation

A gain-of-function KCNJ2 mutation has been linked to familial AF.
The affected members had normal QT intervals.The mutation was
speculated to cause AF by shortening atrial action potential dura-
tion and facilitating reentrant excitation waves.?3*

ACQUIRED DISEASES

lx; is downregulated in patients with severe heart failure and
cardiomyopathy. The downregulation of Iy; produces membrane
depolarization and prolongation of the action potential duration,
and it can facilitate spontaneous excitability and trigger arrhyth-
mia (both EADs and DADs).The ventricular myocytes from patients
with idiopathic dilated cardiomyopathy exhibit decreased chan-
nel activity, longer action potential duration,and a lower resting E,
than those from patients with ischemic cardiomyopathy. Upregula-
tion of Ix; can be observed in ventricular hypertrophy.334

Atrial I, is upregulated in patients with chronic AF, resulting in
more negative resting potentials and, together with reduced I¢,,
accounting for action potential shortening in AF.3

Acetylcholine-Activated Potassium
Current (Igach)

STRUCTURE AND PHYSIOLOGY

Ikach results from a heterotetrameric complex of two Kir3.1
(encoded by KCNJ3) and two Kir3.4 (encoded by KCNJ5) o sub-
units. Ixach is a receptoractivated Kir channel; it has large cyto-
plasmic domains that harbor specific binding sites for cytosolic
effectors (G proteins). The channel conducts Igacy, in response to
the stimulation of G protein—coupled muscarinic (My) and adeno-
sine (A) receptors.!6

Cardiac Ig; and Igacy are the major K* currents displaying clas-
sical strong inward rectification with membrane depolariza-
tion, a unique property that is critical for their roles in cardiac
excitability3*

FUNCTION

Ixach has generally an opposite distribution to that of Ig;. Igach, is
more prominent in atrial tissue, as well as in the sinus node and
AVN, and is largely absent in the ventricles. The regional distribu-
tion of Ixac is also heterogeneous within and between the atria.16:34

Ixach mediates vagal influences on sinus rate and atrial repolar
ization, as well as AVN conduction. Activation Igac, by acetylcho-
line hyperpolarizes the E, and shortens action potential duration.
These effects result in slowing of phase 4 depolarization, reduc-
tion in the spontaneous firing rate of the pacemaker cells of the
sinus node and AVN,and slowing of AVN conduction.These effects
explain why vagal maneuvers or intravenous adenosine can ter
minate reentrant supraventricular tachycardias using the AVN.16:34

REGULATION

Vagal stimulation produces a nonuniform shortening of the atrial
action potential duration and refractoriness mediated by activa-
tion of Igach, an effect that can contribute to the perpetuation of
AF.16

Ixach is also increased by purinergic stimulation.Adrenergic stim-
ulation via f;-receptormediated signaling increases the amplitude
of constitutively active current, whereas a,,-stimulation decreases
Ikach-

Atrial Igacp is inhibited by membrane stretch, possibly serving as
a mechanoelectrical feedback pathway, a property conferred by
the Kir3.4 subunit.16

PHARMACOLOGY

Ikach activity can be stimulated by intracellular ATE the phospho-
lipid phosphatidylinositol 4,5-bisphosphate (PIPy) and ETA endo-
thelin, A opioid,and ay-adrenergic agonists. a;-Adenosine receptor
agonists stimulate Igach, whereas methylxanthines, such as the-
ophylline and aminophylline, antagonize the effects of adenosine.
Dipyridamole prolongs the action of adenosine by disturbing the
action of the cell membrane transporter of adenosine.!-38



Ikach is inhibited by several antiarrhythmic drugs, including ami-
odarone, dronedarone, disopyramide, procainamide, flecainide,
and propafenone. Disopyramide and procainamide mainly block
the muscarinic receptors, whereas flecainide and propafenone act
as open channel blockers. Blockade of Igsc,, by dronedarone is
approximately 100 times more potent than that of amiodarone.16

A potent Igacn blocking property is of additional therapeutic
value especially for treatment of AE because Ixacy, plays a promi-
nent role in vagally induced AF and has been shown to be consti-
tutively active in chronic AF. In fact, Igacp, is a promising target for
AF therapy,and series of chemical compounds have been tested as
antiarrhythmic agents. Inhibition of Igacy in the setting of AF can
potentially produce proportionally greater action potential dura-
tion prolongation than under control conditions and can even
terminate experimental atrial tachyarrhythmias and AF without
ventricular side effects.26

INHERITED CHANNELOPATHIES

LQT13 is caused by loss-of-function mutations on the KCNJ5 gene.
The KCNJ5 mutation is the most recently identified LQTS-associ-
ated gene, and it exerts dominant-negative effects on Kir3.1-Kir3.4
channel complexes by disrupting membrane targeting and stabil-
ity of Kir3.4.3

ACQUIRED DISEASES

Ikach is downregulated during chronic AF possibly to counteract
the AF-induced nonuniform shortening of the atrial refractori-
ness.!6 However, Igacn, channels can develop constitutive activity
during human AF (i.e, these channels become activated despite
the absence of stimulating acetylcholine). This increase in func-
tionally uncoupled Igac, in human AF is possibly the result of
increased phosphorylation of Kir3 channels by PKC or a reduction
in inhibitory G,;3 subunits. Constitutively active Ixac,, can hyperpo-
larize the membrane and,hence,contribute to AF-related electrical
remodeling and to the persistence of AF by stabilization of rotors.
Therefore, selectively targeting constitutively active Ixac, channels
only may preserve physiological stimulation by vagal nerves and
could serve as a promising remodeling-related drug target.26:40

ATP-Dependent Potassium Current (Igarp)
STRUCTURE AND PHYSIOLOGY

Cardiac ATP-sensitive K* (Kyrp) channels (also termed the adeno-
sine diphosphate [ADP]-activated K* channel) are formed by the
unique combination of two dissimilar proteins: four pore-forming
o subunits (Kir6.2, encoded by KCNJ4) and four regulatory ATP-
binding cassette proteins (sulfonylurea receptor subunits [SUR2A]
encoded by ABCC9).The Kir6.2 subunits have two transmembrane
spans and form the channel’s pore and large cytoplasmic domains
that provide the binding sites for ATP The SUR2A subunits have
three transmembrane domains and contain two nucleotide-bind-
ing domains on the cytoplasmic side. These allow for nucleotide-
mediated regulation of Kyrp and are critical in its role as a sensor
of metabolic status. The SUR2A subunits are also sensitive to sul-
fonylureas, Mg-ATP, Mg-ADP, and some other pharmacological
channel openers.The SUR2A subunit also harbors an ATPase for
ATP hydrolysis, which gates the K* permeation through the Kir6.2
a subunit.16:41-43

Karp is a receptor-activated weak inward rectifier channel, regu-
lated by intracellular ATP and ADP concentrations. An increase in
the ratio of ATP to ADP closes the channel,and a decrease opens it,
linking the metabolic state to the cellular E,.164143

FUNCTION

Igarp is inhibited by intracellular ATP and activated by Mg-ADP
so that the channel activity is regulated by the ATP/ADP ratio,

coupling cell metabolism to the E. In responding to cytoplasmic
nucleotide levels, Kxrp channel activity provides a unique link
between cellular energetics and electrical excitability and hence
contractility Under normal metabolic conditions, sarcolemmal
Karp channels are predominantly closed (inhibited by intracellular
ATP),and they do not significantly contribute to the cardiac action
potential, resting E,, or cell excitability However,when exposed to
a severe metabolic stress such as anoxia, metabolic inhibition, or
ischemia, Kxrp channels become activated (secondary to reduced
intracellular ATP levels) and conduct an outward repolarizing K*
current (Ixarp), which results in abbreviation of the action potential
duration and reduction of Ca2* influx through L-type Ca2* channels.
By reducing Ca2* entry, Kyrp channels depress muscle contractility,
thereby conserving scarce energy resources,and prevent the dam-
aging effects of intracellular Ca* overload.*243

Accordingly, cardiac Kurp channels act as membrane-based
metabolic sensors that receive energetic signals of cellular distress
and provide adaptive response to acute stress capable of control-
ling cardiac action potential duration and associated cellular func-
tions and adjusting cellular excitability to match demand.*3

Additionally, activation of Igarp plays an important role in
ischemic preconditioning; brief periods of myocardial ischemia
confer protection against subsequent prolonged ischemia, reduc-
ing MI size, severity of stunning, and incidence of cardiac arrhyth-
mias. However, the role of sarcolemmal Kp channels in ischemic
preconditioning versus that of mitochondrial Kxrp channels (which
appear to be pharmacologically distinct from sarcolemmal Kyrp)
has been debated.4243

On the other hand, activation of Igxrp also results in shortening
of the action potential duration, accumulation of extracellular
K*, membrane depolarization, and slowed conduction veloc-
ity, effects that render the ischemic heart vulnerable to reentrant
arrhythmias.*2

Karp channels have been further implicated in the adaptive car-
diac response to chronic pathophysiological hemodynamic load.
Karp channel deficiency affects structural remodeling, renders the
heart vulnerable to Ca?-dependent maladaptation, and predis-
poses to heart failure.*?

REGULATION

ATP (with or without Mg2+) inhibits Ixarp by stabilizing the closed
state of the channel by interacting directly with Kir6.2.In addition,
in the presence of Mg?*, ATP and ADP can activate the channel
through interaction with the SUR2A subunit. Inhibition by ATP
binding to Kir6.2 and activation by Mg nucleotides is the primary
physiological regulatory mechanism.16:4143

Karp channel’s sensitivity to ATP is not fixed,and it can be modu-
lated by other cellular factors. Nucleotide diphosphates, lactate,
oxygen-derived free radicals, and adenosine a; receptor stimula-
tion desensitize Kxpp to inhibition by intracellular ATRAdditionally,
the phospholipid PIP, directly interacts with Kir6.2 subunit stabiliz-
ing the open state of the channel and antagonizes ATP inhibition
of lKATP-42

PHARMACOLOGY

K* channel openers (pinacidil, cromakalim, rimakalim, and nicor
andil) bind at two distinct regions of SUR2A subunits and can
exert cardioprotective effects in patients with acute MI. However,
K* channel openers also activate vascular Kyrp (Kir6.1/SUR2B) and
produce hypotensive effects that limit their use in the treatment of
myocardial ischemia. Moreover,because Igyrp density is larger in the
epicardium, K* channel openers produce a more marked shorten-
ing of action potential duration in epicardial cells, thus leading to
a marked dispersion of repolarization and to the development of
extrasystolic activity via a mechanism of phase 2 reentry On the
other hand, K* channel openers shorten the action potential dura-
tion (and QT interval), reduce transmural dispersion of repolariza-
tion, and suppress EADs and DADs induced in patients with LQT1.
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Thus, K* channel openers may prevent spontaneous torsades de
pointes when congenital or acquired LQTS is secondary to reduced
IKr or IK5-16’42

Ixarp blockers (e.g., sulfonylureas and various antiarrhythmic
drugs) prevent the shortening of the action potential duration and
can potentially prevent VF during myocardial ischemia. Nonethe-
less, they can also be arrhythmogenic. Moreover, because Kyrp
channels are present in pancreatic {3 cells and vascular smooth
muscle, [garp blockers can produce hypoglycemia and coronary
vasoconstriction, effects that may preclude their interest as antiar
rhythmic agents.

On the other hand, cardioselective Igarp blockers (clamikalant,
HMR 1098) inhibited hypoxia-induced shortening of the action
potential duration and prevented VF induced by coronary artery
occlusion in postinfarcted conscious dogs at doses that had no
effect on insulin release, blood pressure, or coronary blood flow.
Thus, these drugs may represent a new therapeutic approach to
the treatment of ventricular arrhythmias in patients with coronary
heart disease.16:42

It is still unclear whether opening of Ksrp channels has com-
pletely proarrhythmic or antiarrhythmic effects. Increased K+
conductance should stabilize the E, during ischemic insults and
reduce the extent of infarct and ectopic pacemaker activity On the
other hand, K* channel opening accelerates repolarization of the
action potential, possibly inducing arrhythmic reentry.16:42

INHERITED CHANNELOPATHIES

Mutations in ABCC9 resulting in reduced intrinsic channel ATPase
activity metabolic sensing deficit,and dysfunctional Kyrp channels
have been found in patients with idiopathic dilated cardiomy-
opathy and rhythm disturbances. These mutations confer suscep-
tibility to Ca2*-dependent maladaptive remodeling, progressing to
cardiomyopathy and congestive heart failure. Additionally, a loss-
of-function ABCC9 mutation has been linked to predisposition to
adrenergic AF. Kxrp channel-pore polymorphisms have also been
linked to SCD.#3

Many mutations in the Kir6.2 subunit have now been identified
as causal in human neonatal diabetes mellitus, a very severe form
of diabetes that typically occurs within the first days or weeks of
life. All the identified Kir6.2 mutations result in a reduced chan-
nel sensitivity to ATP inhibition, leading to channel activation at
elevated glucose, maintained hyperpolarization of pancreatic islet
a cells, and electrical inexcitability, with consequent inhibition of
insulin secretion. Although cardiac Kup channels (Kir6.2/SUR2A)
have the same Kir6.2 subunit as that in pancreatic Kyrp channels
(Kir6.2/SUR1), there are no reports of any cardiac abnormalities in
patients with neonatal diabetes mellitus; this finding suggests that
factors other than nucleotide sensitivity play an important role.2

ACQUIRED DISEASES

Metabolic dysregulation of Iy xrp created by disease-induced struc-
tural remodeling appears to contribute to the dysfunction of heart
failure.2643

The effects of Kir6.2 modulation in AF have not extensively been
studied.However,evidence indicates a reduction of Igrp in patients
with chronic AF a finding suggesting that regulation of this current
may not contribute importantly to AF-related ionic remodeling 2643

Two-Pore Potassium Channels (K;p)
STRUCTURE AND PHYSIOLOGY

Kyp channels are composed of four transmembrane domains and
two pore-forming P loops arranged in tandem, one between the
first and second transmembrane domains and the other between
the third and fourth domains (see Fig. 2-3). The proteins mainly
form functional homodimers, although heterodimers combining
different Kyp subunits have been reported. Several subfamilies of

Kop channels have been identified, including the TWIK-related
acid-sensitive K* (TASK) channels and TWIK-related K+ (TREK)
channels.#

TASK channels exhibit sensitivity to variations in extracellular
pH over a narrow physiological range. TASK-1 (KCNK3) and TASK-3
(KCNK9) subunits are functional when associated as homodimers
or heterodimers.TASK channels display strong basal currents with
very fast activation and inactivation kinetics.

TREK channels, which comprise TREK-1 (KCNKZ2), TREK-2
(KCNK10), and TRAAK (KCNK4), display low basal activity, but
are stimulated by stretch of the cell membrane, lysophospholipids,
and arachidonic acid and are inactivated by hypo osmolarity and
phosphorylation by PKA and PKC.#4

Several members of the Kyp channel family are expressed in the
heart and in the systemic or pulmonary circulations,and some con-
tribute to background K* currents and the control of E, in vascular
smooth muscle cells.The K* selectivity, voltage-independent gating,
and rectification of Kyp currents are characteristics that make them
strong candidates for mediating background K* currents. Impor
tantly, the sensitivity of Kyp channels to numerous chemical and
physical physiological stimuli (e.g., pH, oxygen, phospholipids,
neurotransmitters, G protein—coupled receptors,and stretch) allow
these channels to play a role in regulating the E_, and excitability
in various cell types under a range of physiological and pathologi-
cal situations.#445

FUNCTION

There is clear evidence for TREK-1 and TASK-1 in the heart and
these channels are likely to regulate cardiac action potential dura-
tion through their regulation by stretch, polyunsaturated fatty acids,
pH, and neurotransmitters. TREK-1 may also have a critical role in
mediating the vasodilator response of resistance arteries to poly-
unsaturated fatty acids, thus contributing to their protective effect
on the cardiovascular system.TASK-1,0n the other hand, is a strong
candidate for a role in hypoxic vasoconstriction of pulmonary
arteries. 4

In working atrial and ventricular myocytes, background K* cur
rents are crucial for stabilizing the E, at a hyperpolarized value
toward the K* equilibrium potential and regulating action poten-
tial duration in various physiological and pathological conditions.
The background current is mainly carried by inward rectifier chan-
nels (including Ix;,Ixach,and Igarp). Several Kop channels have been
proposed to contribute to the cardiac background or “leak” K*
channels (i.e., channels with properties similar to the steady-state
noninactivating K* current [I] that is well characterized in rodent
myocytes). Among them, TREK-1 and TASK-1 have been the most
extensively studied.*

TREK-1, as an outwardly rectifying current, can potentially par
ticipate in balancing the E, and action potential duration.Indeed,
on a beat-to-beat basis, it could be involved in a negative feedback
loop, hyperpolarizing the E,, in response to a stretch stimulus fol-
lowing the stretch activation of nonselective cation channels.
The expression of TREK-1 appears to be nonuniform in the heart,
with stronger TREK-1 mRNA expression in endocardial cells com-
pared with epicardial cells. This finding possibly reflects different
amounts of stretch experienced by muscle cells in different parts
of the ventricular wall, leading to differential mechanoelectrical
feedback and thereby reducing action potential repolarization
in areas of the myocardium where conduction velocity is slower.
Mechanoelectric feedback following an increase in atrial volume
may be arrhythmogenic, changing the shape of the action poten-
tial. Physiological evidence of the direct involvement of TREK-1
current in mechanoelectric feedback in the heart has still to be
provided.*

ACQUIRED DISEASES

TREK-1 activity may have some importance in pathological con-
ditions such as ischemia, when released purinergic agonists such



as ADP and ATP lead to arachidonic acid production. Activation
of TREK-1 by ATP during ischemia may contribute to electrophysi-
ological disturbances in the ventricular wall. As a stretch-activated
K* channel in atrial cells, TREK-1 could additionally be involved in
regulating the release of atrial natriuretic peptide,which is released
by a stretch-induced increase in intracellular Ca%* concentration.
Further work will be necessary to clarify the possible role of TREK
or other stretch-dependent channels in the pathological heart.*4

L-Type Calcium Current (Ic,;)
Structure and Physiology

In cardiac muscle, two types of voltage-dependent Ca®* channels,
the L-type and the Ttype, transport Ca?* into the cells. The L+type
channel (L for long-lasting, because of its slow kinetics of current
decay as compared with Na* channels) is found in all cardiac cell
types.The Ttype channel (T for tiny and transient) is found princi-
pally in pacemaker, atrial, and Purkinje cells. The term Ca%* chan-
nels is used to refer to the Ltype channel. 4648

Cardiac Ltype Ca2* channels are composed of four polypeptide
subunits (ac,f,0,delta) and form a heterotetrameric complex.The
o4c subunit (Ca,1.2, encoded by the CACNAIC gene) has a struc-
ture similar to that of the Na* channel: four homologous domains
(I'to 1V),each consisting of six transmembrane segments (S1 to S6).
The S5 and S6 segments and the membrane-associated pore loop
(P loop) between them form the central pore through which ions
flow down their electrochemical gradient.The P loop contains four
negatively charged glutamate residues (EEEE) that are required for
the Ca?* selectivity of the channel.S4 in each homologous domain
contains a highly conserved positively charged residue (arginine
or lysine) at every third or fourth position. This segment serves as
the voltage sensor for gating. 464749

The ;¢ subunit is the main and largest subunit, and it deter
mines most of the channel characteristics because it harbors the
ion-selective pore, voltage sensor, gating apparatus, and binding
sites for channel-modulating drugs and is autoregulatory To form
a functional L-type Ca* channel, the o, subunit coassembles with
auxiliary subunits in a 1:1:1 ratio: the § subunit, the a, subunit,and
the delta subunit.46:47.49

The B subunit (Ca,f, encoded by the CACNB gene) is entirely
intracellular and is tightly bound to a highly conserved motif in
the cytoplasmic linker between domains [ and II of the a;¢ subunit.
Coexpression of p subunits modulates the biophysical properties
of the a¢ subunit. The f subunit has a prominent role in channel
expression, trafficking, regulation, and facilitation. Sites possible
for phosphorylation by various protein kinases (PKA, PKC, pro-
tein kinase G [PKG]) have been identified in these subunits. The
f subunits are also involved in channel regulation by p-adrenergic
stimulation and in response to the changes of the pH of the cell.In
addition, the p subunit increases Ca? current amplitude, acceler
ates the kinetics of Ca%* channel activation, and alters pharmaco-
logical properties of the channel 4647

The a, and delta subunits are encoded by the same gene (CAC-
NA2D); the mature forms of these subunits are derived by post-
translational proteolytic cleavage, but they remain associated
through a disulfide bond. The o, subunit is completely extracel-
lular, whereas the delta subunit has a single membrane-spanning
segment with a very short intracellular part that anchors the a,-
delta subunit complex to the a;c subunit. The as,-delta subunit
complex has less influence on channel function than the § sub-
unit. The ay-delta subunit slightly increases Ca2* current amplitude
and accelerates channel inactivation and can change the proper
ties of Ca®* channel activation. It can also affect channel density
trafficking.16:47

L-type Ca? channels are characterized by a large single channel
conductance.The channels are closed at the resting potential, but
they activate on depolarization to potentials positive to —40 mV. I¢,;.
peaks at 0 to + 10 mV,and tends to reverse at +60 to +70 mV, follow-
ing a bell-shaped current-voltage relationship.

Although I¢,;. is normally activated during phase 0 by the regen-
erative depolarization caused by the fast Iy, [c,. is much smaller
than the peak Iy,. In addition, the amplitude of I, is not maxi-
mal near the action potential peak because of the time-dependent
nature of I, activation,as well as the low driving force (E,, — reversal
potential of a cardiac Ca* channel [Ec,]) for I¢,.%0

The decay of Ic,. during depolarization (i.e., time-dependent
inactivation) is very slow and depends on two mechanisms:
voltage-dependent inactivation and Ca2*-dependent inactivation.
These two mechanisms control Ca?* influx into cardiomyocytes
and hence regulate signal transduction to sarcoplasmic reticulum
Ca?* channels (ryanodine receptor 2 [RyR2]) and ensure normal
contraction and relaxation of the heart. 4648

Fast Ca?*-dependent inactivation serves as a negative feedback
for Ca?* to limit further Ca?* entry via L-type Ca* channels. The
slow voltage-dependent inactivation (induced by membrane
depolarization) prevents a premature rise in Ic,; when intracellu-
lar Ca?* concentration decreases and Ca?*-dependent inactivation
terminates during maintained depolarization. Although still under
dispute, the relative contribution of Ca?*-dependent inactivation to
total inactivation of I-, appears to be greater at negative poten-
tials when voltage-dependent inactivation, which typically exhibits
a U-shaped availability curve, is weak. After f-adrenergic stimula-
tion, Ca**-dependent inactivation becomes the main inactivation
mechanism as a result of a slowing down of voltage-dependent
inactivation. 648

The Ca*-dependent inactivation mechanism depends primarily
on Ca® released from the sarcoplasmic reticulum. The Ca2*-bind-
ing protein calmodulin functions as a critical sensor mediating
Ca?*induced inactivation of Ltype Ca* channels. Calmodulin
binds to two a;c subunit amino acid sequences (called domains
L and K). When local intracellular Ca** concentration increases
(secondary to influx Ca?* via the Ltype Ca* channel, as well as
CaZ*induced Ca2* release from the sarcoplasmic reticulum), more
Ca® ions bind to calmodulin, which harbors four Ca2*-binding
sites. When saturated with Ca?*, conformational change of both
calmodulin and a;¢ subunit leads to blockage of the channel pore.

Voltage steady-state activation and inactivation are sigmoidal,
with an activation range over —40 to +10 mV (with a half-activation
potential near —15 mV) and a halfinactivation potential near
-35 mV. However, a relief of inactivation for voltages positive to
0 mV leads to a U-shaped voltage curve for steady-state inactiva-
tion. Overlap of the steady-state voltage-dependent inactivation
and activation relations defines a window current near the action
potential plateau, within which transitions from closed and open
states can occur that may participate in action potential repolariza-
tion and may play a major role in the initiation of EADs.4748

After inactivation, the transition of Ca?* channels from the inac-
tivated to the closed resting state (i.e., recovery from inactivation
[reactivation, restoration, or repriming]) is also Ca?* and voltage
dependent. Reduction of intracellular Ca?* concentration in the
immediate vicinity of the channel allows recovery from Ca?*-
dependent inactivation. Acceleration of Ca* channel reactivation,
as may occur secondary to reuptake of Ca? by the sarcoplas-
mic reticulum during prolonged depolarization, can result in the
recovery from Ca?*-dependent inactivation and enable secondary
depolarization. This leads to instability of the cell E, during repo-
larization and may be the basis for the EADs that are capable of
initiating torsades de pointes. 4648

Voltage-dependent recovery of I, from inactivation between
action potentials is slow at a low (depolarized) E,,,and it becomes
very fast as the action potential repolarization is nearly complete.
As a consequence, I, declines in response to repetitive stimula-
tion at a partially depolarized E,, between pulses (resulting from
Ca?* channel incomplete recovery from inactivation),and a nega-
tive staircase of contractility is observed.

In contrast, at normal resting potentials, recovery of I¢,. from
inactivation is fast, and I, may increase progressively during
repetitive stimulation. This positive staircase or rate-dependent
potentiation of contractility is Ca** dependent and likely is the
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result of diminished Ca%-dependent inactivation at frequencies
with less sarcoplasmic reticulum Ca2* release. Additionally; simi-
lar to Ca*-dependent inactivation, Ca*-dependent facilitation
requires high-affinity binding of calmodulin to the C-terminal tail
of the Ca, 1.2 channel and may be facilitated by calmodulin kinase
lI-dependent phosphorylation. Calmodulin kinase II is a Ca%/
calmodulin-dependent serine/threonine kinase that is activated by
low intracellular Ca®* concentration. The facilitatory effect of Ca?+
entry on subsequent I, is distinct from, but coexistent with, Ca2+
dependent inactivation. 4648

Function

Ic,y, is activated by membrane depolarization. It is largely respon-
sible for the action potential plateau and is a major determinant
of the duration of the plateau phase and hence of action potential
duration and refractoriness. I, also links membrane depolariza-
tion to myocardial contraction and constitutes the dominant fac-
tor in mediating positive inotropy in all types of cardiac tissue.
Additionally; I, is responsible for the upstroke (phase 0) of slow
response action potentials (in pacemaking cardiomyocytes and
regions of depressed resting E,) and contributes to physiological
frequency regulation in the sinus node. 648

Ltype Ca%* channels are the principal portal of entry of Ca?
into the cells during depolarization. Ca%* influx during the action
potential plateau triggers more massive Ca®* release (Ca?* tran-
sients) from the sarcoplasmic reticulum into the cytosol via activa-
tion of Ca2*release channels (e.g., RyR2).This amplifying process,
termed Ca?~induced Ca? release (CICR), causes a rapid increase
in intracellular Ca2* concentration (from approximately 100 nM
to approximately 1 uM) to a level required for optimal binding of
Ca?* to troponin C and induction of contraction. Most of the L-type
Ca?* channels in the adult myocyte are localized in the transverse
tubules (T tubules) facing the sarcoplasmic reticulum junction
and the RyR2, organized as a “complex” that ensures coordinated
Ca?* release during excitation-contraction coupling.46:49

Cytosolic Ca?* concentration decreases during diastole: contrac-
tion is followed by Ca?* release from troponin C and its reuptake by
the sarcoplasmic reticulum via activation of the sarcoplasmic retic-
ulum Ca?-ATPase Ca%* pump, in addition to extrusion across the
sarcolemma via the Na*-Ca?* exchanger. Intracellular Ca2*-depen-
dent inactivation limits CaZ* influx during action potential 464749

For maintenance of intracellular Ca2* homeostasis and bal-
anced cardiac activity, Ca2* influx into cytoplasm via L-type Ca2*
channels has to be terminated.This is achieved by Ca*-dependent
inactivation of Ltype Ca2* channels. This inactivation serves as a
negative feedback mechanism for regulating Ca®* entry into the
cell and as a physiological safety mechanism against a harmful
Ca2* overload in the cell, which can cause both arrhythmias and
cell death. Ca?-dependent inactivation is also a major determi-
nant of action potential duration, and it ensures that contraction
and relaxation cycles of the heart muscle fiber are coordinated.
A failure to deactivate Ic,; completely may possibly be an essen-
tial mechanism underlying EADs caused by suppression of the K*
delayed rectifier currents.>

Inhibition of a;c subunit binding to calmodulin eliminates Ca?*
dependent inactivation, thus promoting Ca*-dependent facilita-
tion, which contributes to a force-frequency relationship in the
heart 46:47.49

Regulation

Phosphorylation of the pore-forming o;c subunits by different
kinases is one of the most important pathways to change the activ-
ity of the L-type Ca? channel. Phosphorylation by PKA is the main
mechanism of Ca?* channel activation, because it increases the
probability and duration of the open state of the channels and
consequently increases ¢, 464749

Several different agonists (e.g.,catecholamines, glucagon, hista-
mine,serotonin) can activate PKA-mediated phosphorylation and

activation of the L-type Ca®* channel via an intracellular signaling
cascade. Once one of these agonists binds to its receptor, recep-
tor stimulation activates guanosine triphosphate (GTP)-binding
protein (Gg), which activates adenylyl cyclase, which, in turn,
mediates the conversion of ATP into cAMP The increased cAMP
levels stimulate cAMP-dependent PKA phosphorylation of the a;¢
subunit of Ltype Ca2* channels and result in an increase in Igy,
amplitude and a shift in activation to a more negative E_,. cAMP
is degraded by cAMP phosphodiesterases, and the signaling cas-
cade is then suppressed limiting cAMP-dependent phosphoryla-
tion; in addition, the signaling cascade is terminated by serine/
threonine phosphatases that remove a phosphate group from
kinase-phosphorylated proteins.6:47

The suppression of adenylyl cyclase activity is one of the most
common pathways to interrupt PKA-dependent Ca?* channel
stimulation. Adenylyl cyclase is usually suppressed (and cAMP
synthesis is blocked) by activation of G; proteins. Stimulation of
various G; protein—coupled receptors (e.g., My muscarinic recep-
tors, adenosine A; receptors, opiates, and atrial natriuretic pep-
tides) does not change basal I, in most cases, but reduces I,
increased via stimulation of p-adrenergic receptors. Activation
of phosphodiesterases is another way to reduce PKA-dependent
channel phosphorylation. Phosphodiesterases hydrolyze cAMP
and cyclic guanosine monophosphate (cGMP) and decrease their
intracellular concentrations. 64749

The physiological functions of cardiac L-type Ca* channels
are under control of catecholamines of circulating and neuro-
humoral origin. The effects of adrenergic stimulation are exerted
by phosphorylation of the Ltype Ca?* channel subunits by PKA,
PKC, and PKG. Bi-Adrenergic receptors couple exclusively to the
G; protein, thus producing a widespread increase in cAMP lev-
els in the cell, whereas py-adrenergic receptors couple to both G
and G;, thus producing a more localized activation of L-type Ca2*
channels. 4649

The effect of PKC-mediated phosphorylation on I¢, can be
highly diverse. PKC can either increase or decrease I¢,;. Activation
of G, subunits by G, protein-coupled receptors (e.g., a-adrenergic
receptors, endothelin, angiotensin II, and muscarinic receptors)
stimulates phospholipase C, which hydrolyzes PIPy to inositol
1,4,5triphosphate (InsP3) and diacylglycerol (DAG). DAG acti-
vates PKC, which, in turn, phosphorylates Ltype Ca?* channels.
The mechanism of the effect of PKC on the activity of cardiac
Ltype Ca%* channels is not exactly known. PKC phosphorylates the
N-terminus of the ac subunit,and the effect on the channel can be
either stimulating or suppressive.46:47

Activation of soluble guanylate cyclase (primarily by nitric
oxide) results in the conversion of GTP into cGMP cGMP activates
PKG, which phosphorylates the a,¢ subunit of the L-type Ca2* chan-
nel, with a resulting inhibition of I¢,;. Besides direct phosphoryla-
tion of the L-type Ca2* channel, it is also possible that PKG activates
a protein phosphatase, which dephosphorylates the channel, or
that cGMP activates phosphodiesterase 2,which reduces cAMP lev-
els. Thus, stimulation of Ic,; by PKA is inhibited. However, besides
an inhibition of I, stimulatory effects of the PKG pathway have
been shown. 464749

Icar is blocked by several cations (e.g., Mg?*, nickel [Ni%*],
zinc [Zn?*]) and drugs (dihydropyridines, phenylalkylamines,
benzothiazepines). In addition, coexpression of the f-subunit
increases Ic,;, amplitude, accelerates the kinetics of Ca2* chan-
nel activation, and alters pharmacological properties of the
channel 4749

Pharmacology

Cardiac L-type Ca2* channels are the targets for the interaction
with class [V antiarrhythmic drugs. The three classes of organic
Ca?* channel blockers include dihydropyridines (e.g., nifedi-
pine, nicardipine, amlodipine, felodipine), phenylalkylamines
(verapamil), and benzothiazepines (diltiazem). Each drug type
binds specifically to separate binding sites on the channel’s



ajc subunit. The combined use of Ca%* channel blockers can
enhance or weaken the block effect because, at least in part, of
the different binding sites for those drugs. It is noteworthy that
increased extracellular Ca2* concentrations inhibit the binding
of phenylalkylamines and dihydropyridines to their receptors
on the Ca® channel.

Verapamil and diltiazem preferentially block open and inac-
tivated states of the channel. The more frequently the Ca2*
channel opens, the better is the penetration of the drug to the
binding site; hence, these drugs cause use-dependent block of
conduction in cells with Ca?-dependent action potentials such
as those in the sinus node and AVN. This explains their prefer-
ential effect on nodal tissue in paroxysmal supraventricular
tachycardia.46:47.49

The dihydropyridines block open Ca2* channels. However, the
lack of use-dependence and the presence of voltage sensitivity of
the dihydropyridines with regard to their binding explain their vas-
cular selectivity The kinetics of recovery from block is sufficiently
fast that these drugs produce no significant cardiac effect but
effectively block the smooth muscle Ca2* channel because of its
low resting potential 464749

Inherited Channelopathies
LONG QT SYNDROME

Gain-of-function mutations of the CACNA1C gene encoding the a;¢
subunit (Ca,1.2) result in nearly complete elimination of voltage-
dependent inactivation of Ca,1.2 channels, thus leading to inap-
propriate continuation of the depolarizing I-,; and lengthening the
plateau phase.The resultant sustained Ca%* influx, action potential
(and QT interval) prolongation, and Ca?* overload promote EADs
and DADs.These mutations have been linked to Timothy syndrome,
a rare disease with QT interval prolongation (LQTS8). Because the
Ca?* channel Ca,1.2 is abundant in many tissues, patients with
Timothy syndrome have many clinical manifestations includ-
ing congenital heart disease, autism, syndactyly, and immune
deficiency347:49

BRUGADA SYNDROME

Approximately 12% of cases of the Brugada syndrome are attrib-
utable to loss-of-function mutations in the cardiac Ca?* channel
resulting in a reduction of the depolarizing Ic,. Brugada syn-
drome type 3 is caused by mutations in the CACNAIC gene,which
encodes the pore-forming o, subunit (Ca,1.2). Brugada syndrome
type 4 is caused by mutations in the CACNBZ2 gene,which encodes
for the regulatory B, subunit (Ca,f2), which modifies gating of I,;.
The mechanism of Brugada syndrome type 3 and type 4 involves
a reduction of the depolarizing Ic,;. Mutations in the o and f sub-
units of the Ca2* channel can also lead to a shorter than normal
QT interval,creating a new clinical entity consisting of a combined
Brugada/short QT syndrome. 10

SHORT QT SYNDROME

SQT4 is caused by mutations on the CACNAIC gene (encoding
the a,;c subunit, Ca,1.2) and SQT5 is caused by mutations on the
CACNBZ gene (encoding the fg, subunit). Loss-of-function muta-
tions on those genes result in major attenuation in Ic,;, amplitude,
leading to shortening of the action potential duration, and are
associated with asymmetrical T waves,an attenuated QT-heart rate
relationship, and AF. The three patients reported to harbor these
mutations had a Brugada type 1 phenotype.14?

Acquired Diseases

Abnormalities in Ca?* currents or intracellular Ca2* transients, or
both, in acquired diseases may induce both arrhythmia and con-
tractile dysfunction. In AE Ca,1.2 mRNA and protein levels are

downregulated, resulting in I, reduction, which contributes to
action potential shortening.3

In heart failure, the membrane density of I, channels is
reduced. However, channel phosphorylation is increased, leading
to reduced response to phosphorylating interventions and causing
increased single channel open probability that compensates for
the reductions in channel density. Despite unchanged I¢,, sarco-
plasmic reticulum Ca?* transients are smaller and slower in heart
failure, and they cause contractile dysfunction,32449

T-Type Calcium Current (Ic,r)
Structure and Physiology

The cardiac Ttype Ca2* channel (originally called low-voltage—
activated channels) is composed of a single a subunit. Ca,3.1
(o6 subunit encoded by CACNAIG) and Ca,3.2 (oqy subunit
encoded by CACNAIH) isoforms are major candidates for the
cardiac Ttype Ca?* channel. It is not yet clear whether auxiliary
subunits exist for native Ttype Ca? channels.The structure of the
ay and o subunits is similar to that involved in the L-type Ca2*
channels. 648

Ttype Ca?* channels can be distinguished from Ltype Ca?
channels on the basis of their distinctive gating and conductance
properties. Compared with L-type Ca2* channels, Ttype Ca2* chan-
nels have a smaller conductance and transient openings,and they
open at the significantly more negative E,, that overlaps the pace-
maker potentials of sinus node cells. The threshold for activation
of Ie,r is =70 to =60 mV, and I,y is fully activated at =30 to —10
mV at physiological Ca2* concentration. Membrane depolarization
also causes inactivation of Ic,r. The inactivation threshold is near
-90 mV, with half-maximal inactivation of —-60 mV. In contrast to
Ltype Ca?* channels, Ttype Ca* channels do not inactivate in a
Ca?*-dependent manner. The activation and steady-state inactiva-
tion overlap near the activation threshold (=60 to =30 mV), thus
providing a constant inward current (a window current).This win-
dow component may help in facilitating the slow diastolic depo-
larization in sinus node cells and contribute to automaticity. Unlike
Ltype channels, Ttype Ca2* channels are relatively insensitive to
dihydropyridines. 648

Function

Ca,3 channels conduct the Ttype Ca? current (Ic,r), which is
important in a wide variety of physiological functions, including
neuronal firing, hormone secretion, smooth muscle contraction,
cell proliferation of some cardiac tissues, and myoblast fusion. In
the heart, Ttype channels are abundant in sinus node pacemaker
cells and Purkinje fibers of many species and are important for
maintenance of pacemaker activity by setting the frequency of
action potential firing.46:48

Ttype Ca2* channels are functionally expressed in embryonic
hearts, but they are almost undetectable or markedly reduced in
postnatal ventricular myocytes, although some reports described
substantial amplitude of Ic,r In the adult heart, the largest Ic,r
densities are seen in pacemaker cells located in the conduction
system.

Because Ttype Ca?* channels are most prevalent in the conduc-
tion system in the adult heart and the activation range of I, over
laps the pacemaker potential,it has been suggested that Ttype Ca
channels play a role in generating pacemaker depolarization and
contribute to automaticity However, experimental evidence indi-
cates that [, is not a primary pacemaker current,but it can modify
depolarization frequency only slightly. Although organic Ttype Ca®*
channel blockers (mibefradil) result in marked decrease in firing
frequency of sinus node cells in clinical studies, the possibility that
these blockers affect other ionic currents,including I, , cannot be
entirely excluded.In fact, it is has not yet been determined whether
Icar exists functionally in atrial, ventricular, and sinoatrial node
cells in the human heart. Further studies are necessary to clarify
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whether Ttype Ca2+ channels contribute to the automaticity of the
human heart.#85!

Acquired Diseases

Interestingly the T type Ca2* channels are re-expressed in atrial and
ventricular myocytes in animal models under various pathological
conditions such as cardiac hypertrophy,MI,and heart failure. These
findings reflect a reversion to a fetal or neonatal pattern of gene
expression,and I, contributes to abnormal electrical activity and
excitation-contraction coupling. It is possible that similar remod-
eling occurs in the hypertrophied human heart; however, to date,
Ttype Ca?* channels have not been detected in normal or diseased
human myocardial cells.46:4851

Furthermore, experimental evidence suggests that Ttype Ca?
channels may be of functional importance in arrhythmogen-
esis in cardiomyocytes in pulmonary veins, which can initiate
paroxysmal AF. Ic,r may directly and indirectly participate in
pacemaker depolarization in sinoatrial and other regions of the
heart, and this mechanism may become more important in fail-
ing hearts.46:48

Cardiac Pacemaker Current (L)
Structure and Physiology

Channels responsible for the pacemaker current (Ij; also called the
funny current because it displays unusual gating properties) are
named hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels. HCN channels are members of the voltage-gated cation
channel superfamily and, based on sequence homology, are most
closely related to the cyclic nucleotide-gated (CNG) channel and
ethera-go-go (EAG) K* channel families. Four a-subunit isoforms
are described (HCN1 to HCN4, encoded by HCNI to HCN4 genes),
which are preferentially expressed in sinus and AVN myocytes
and Purkinje fibers. HCN isoforms differ in the extent of voltage-
dependent gating and sensitivity to cAMPE and they have different
relative rates of activation and deactivation, with HCN1 the fastest,
HCN4 the slowest,and HCN2 and HCN3 intermediate. HCN4 is the
isoform primarily expressed in the sinus node, AVN, and ventricu-
lar conducting system,but low levels of HCN1 and HCN2 have also
been reported.

It is likely that the HCN channel is formed by the coassembly
of four either identical (homotetramers) or nonidentical (hetero-
tetramers) a subunits that create an ion-conducting pore. Each o
subunit comprises six transmembrane segments (S1 to S6), with
a voltage sensor domain in the 54 segment and a pore-forming
region between S5 and S6 carrying the GYG triplet signature of K+
permeable channels.Their intracellular C-terminus contains cyclic
nucleotide-binding domains, which enable direct cAMP binding.
A potential auxiliary subunit of HCN channels is MiRP1 (encoded
by KCNE2).

I; is a mixed Na*K* current, with a threefold higher selectivity for
Na* than for K*.Despite the GYG amino acid motif, HCN channels are
more permeable Na* than K* ions. Unlike most voltage-gated chan-
nels, which are activated on membrane depolarization, HCN chan-
nels are activated on hyperpolarization.The HCN channel activates
slowly on hyperpolarization (at voltages lower than approximately
-40to -45 mV) and inactivate slowly in a voltage-independent man-
ner on depolarization. The speed of channel opening is strongly
dependent on E, and is faster at more negative potentials. I; con-
ducts an inward current during phases 3 and 4 of the action poten-
tial and may undetrlie slow membrane depolarization in cells with
pacemaker activity (i.e.,cells with I; and little or no Ig;).52

Function

I; is a major player in both generation of spontaneous activity
and rate control of cardiac pacemaker cells, and it is sometimes
referred to as the pacemaker current.

The [; channels are deactivated during the action potential
upstroke and the initial plateau phase of repolarization, but they
begin to activate at the end of the action potential as repolariza-
tion brings the E,, to levels more negative than approximately
-40 to =50 mV, and they are fully activated at approximately —100
mV. Once activated, I; depolarizes the membrane back toward
a level at which the Ca?* current activates to initiate the action
potential.! In its range of activation, which quite properly com-
prises the voltage range of diastolic depolarization in sinus node
cells (approximately —40 to =65 mV), the current is inward, and
its reversal occurs at approximately —10 to —20 mV. At the end of
the repolarization phase of an action potential, because I; activa-
tion occurs in the background of a decaying outward (K* time-
dependent) current, current flow quickly shifts from outward to
inward, giving rise to a sudden reversal of voltage change (from
repolarizing to depolarizing) at the maximum diastolic potential.
Hence, [; first opposes and then stops the repolarization process
(at the maximum diastolic potential) and finally initiates the dia-
stolic depolarization %55

The [; contribution terminates when, in the late part of diastolic
depolarization, Ca?*-dependent processes take over,and the thresh-
old for Ltype Ca2* current activation and action potential firing
is reached. Although deactivation of [; at depolarized voltages is
rapid, complete switch off of the current occurs only during the
very early fraction of the action potential, which provides a brief
time interval during which [; carries an outward current at positive
voltages.5

l; is not only involved in principal rhythm generation but also
plays a key role in heart rate regulation. The degree of activation
of I; determines, at the end of an action potential, the steepness
of phase 4 depolarization and hence the frequency of action
potential firing. Additionally, I; represents a basic physiological
mechanism mediating autonomic regulation of heart rate. I; is
regulated by intracellular cAMP and is thus activated and inhib-
ited by f-adrenergic and muscarinic M, receptor stimulation,
respectively52:56

However,given the complexity of the cellular processes involved
in rhythmic activity, exact quantification of the extent to which I
and other mechanisms contribute to pacemaking is still a debated
issue.??

Regulation

The voltage dependence of I; activation is regulated by cAMP
direct binding to the cyclic nucleotide-binding domain in the HCN
channel and not via phosphorylation-dependent activation mech-
anisms. Direct interaction of cAMP to the channel shifts the activa-
tion curve to more depolarized voltages and strongly accelerates
channel activation kinetics. Sympathetic stimulation activates I
and hence accelerates heart rate via p-adrenoceptortriggered
cAMP production,whereas low-level vagal stimulation lowers heart
rate via inhibition of cAMP synthesis and an ensuing inhibition of
I; activity. High vagal tone most likely lowers the heart rate mainly
via the activation of Igcp.5

HCN channels are inhibited by increased intracellular acidity
(e.g., during myocardial ischemia). Protons shift the activation of
I; to more hyperpolarized potentials and slow pacemaker activity.

Pharmacology

Given the key role of HCN channels in cardiac pacemaking, I;
has become a pharmacological target for the development of
novel and more specific heart rate-reducing agents in patients
with ischemic heart disease. Whereas current heart rate-lowering
drugs adversely affect cardiac contractility, selective [; inhibition
is believed to lower heart rate without impairing contractility. In
the past,several agents inhibiting cardiac I; were developed.Early
drugs identified as pure bradycardic agents include zatebradine
and cilobradine, which are derived from the L-type Ca2* chan-
nel blocker verapamil. More recently, ivabradine was introduced



into clinical use as the first therapeutic I; blocker for the treat-
ment of chronic stable angina. The principal action of all these
substances is to reduce the frequency of pacemaker potentials
in the sinus node by inducing a reduction of the diastolic depo-
larization slope. Ivabradine blocks HCN4 and HCNI1 channels
by accessing the channels from their intracellular side and by
exerting a use- and current-dependent block. Interestingly, ivabra-
dine acts as open channel blocker in HCN4 (as in sinus nodal
I), whereas block of HCN1 requires channels either to be closed
or in a transitional state between an open and closed configu-
ration.5256 With the exception of ivabradine, other HCN channel
blockers are not specific enough for sinus nodal (mainly HCN4-
mediated) Ij; they also block neuronal HCN channels (I}, current)
in several regions of the nervous system, and this has prevented
their clinical utility56

Clonidine, an ay-adrenergic agonist, was shown to block sinus
nodal [;. Clonidine produces a shift in the voltage dependence of
the channel by 10 to 20 mV to more hyperpolarizing potentials.56

Inherited Channelopathies

Heterozygous HCN4 mutations have been identified in individu-
als with sinus bradycardia and chronotropic incompetence.Severe
bradycardia, QT prolongation, and torsades de pointes have been
described in another family HCN mutations slow channel activa-
tion kinetics or,when located in cyclic nucleotide-binding domains,
abolish sensitivity of HCN channels to cAME thus reducing I; and
the speed of diastolic depolarization.

Acquired Diseases

HCNZ2/HCN4 expression is upregulated in the atria of patients with
AF and in ventricular tissues in cardiac hypertrophy and conges-
tive heart failure. This response may contribute to the arrhythmias
observed in these disease states. Enhancement of I; in these patho-
logical conditions can potentially initiate arrhythmia by triggering
spontaneous excitation of nonpacemaker cardiomyocytes.

Sarcoplasmic Reticulum Calcium Release
Channels (Ryanodine Receptor 2)

Structure and Physiology

The Ca2* release channel is a macromolecular complex, formed
by the cardiac ryanodine receptor isoform (RyR2, encoded by
the RYR2 gene) homotetramer and certain proteins localized on
both the cytosolic and the luminal side of the sarcoplasmic reticu-
lum membrane.The cardiac RyR2, by far the largest protein of the
complex, operates as a Ca?-conducting channel. RyR2 channels
are approximately 10 times larger than voltage-gated Ca* and Na*
channels.5758

Each RyR2 monomer contains a transmembrane domain, the
pore-forming region that is composed of an even, but still unde-
termined number (likely six to eight) of transmembrane segments.
This domain encompasses only approximately 10% of the protein
clustered at the C-terminus, but it has a critical functional role
because it contains sequences that control RyR2 localization and
oligomerization and is sufficient to form a functional Ca?* release
channel.The remaining 90% of the protein at the N-terminus com-
prises an enormous cytoplasmic domain that serves as a cytosolic
scaffold that interacts with regulatory molecules (including Ca?*,
ATP) and proteins (including FKBP12.6, calmodulin).On the lumi-
nal (sarcoplasmic reticulum) side, RyR2 forms a part of a large
quaternary complex with calsequestrin (CASQ2),triadin,and junc-
tin. Together these four proteins form the core of the Ca?* release
channel complex.5760

Cardiac RyR2 functions as a ligand-activated ion channel that
activates (opens) on Ca?* binding. However, the exact structural
determinants of RyR gating are as yet unknown. RyR2 is normally

closed at low cytosolic diastolic Ca%* concentrations (approxi-
mately 100 to 200 nM). At submicromolar cytosolic Ca* concen-
trations, Ca2* binds to high-affinity binding sites on RyR2 and thus
increases the open probability of the channel (two Ca%* ions are
required to open the RyR2 channel) and allows Ca?* release from
the sarcoplasmic reticulum into the cytosol.50:59.60

The precise juxtaposition of the sarcolemmal specialized invagi-
nations (known as T tubules) and sarcoplasmic reticulum forms
specific junctional microdomains, creating a 10- to 12-nM gap,
known as the dyadic cleft. RyR2s are assembled in a paracrystal-
line lattice in each dyad, containing 80 to 260 channels, where the
RyR2 cytoplasmic region resides, and its transmembrane region
spans the sarcoplasmic reticulum membrane to immerse the lumi-
nal portion into the sarcoplasmic reticulum Ca?* store. Each array
of RyR2s is faced by 10 to 25 L-type Ca%* channels in the sarcolem-
mal T tubule. Hence, each dyad constitutes a local Ca?* signaling
complex, or couplon, whereby these proteins are coordinately reg-
ulated via the changing concentrations of Ca2*,Na*,and K+ within
the dyadic cleft.50.59.60

After approximately 10 milliseconds of RyR2 channel opening,
Ca?* release from the sarcoplasmic reticulum terminates, and
the Ca?* spark signal starts to decay, mostly owing to diffusion of
Ca?t away from its source. RyR2 channel activity is maximal at
cytosolic Ca?* concentrations of approximately 10 uM. Elevating
cytosolic Ca2* concentrations beyond this point leads to a reduc-
tion in the open probability of the channel, possibly because of
Ca?* binding to low-affinity inhibitory binding sites on the RyR2
channel.60

Inactivation of Ca?* release is not well understood. It is likely
mediated by Ca?*induced inactivation of RyR2, thus extinguishing
of CICR by stochastic attrition, or by Ca2* depletion of the sarco-
plasmic reticulum, or both.

RyR2 open probability increases by elevation of sarcoplasmic
reticulum Ca?* concentration.When levels of Ca2* in the sarcoplas-
mic reticulum reach a critical threshold, spontaneous Ca?* release
(spillover) can occur even in the presence of normal channels
(store overload-induced Ca* release [SOICR]). Ca?* concentra-
tion in the sarcoplasmic reticulum is physiologically increased as
an effect of adrenergic (sympathetic) stimulation.

Function

The RyR2 channels are an essential component of the excitation-
contraction coupling and act as sentinels to the large sarcoplasmic
reticulum Ca?* store. Excitation-contraction coupling describes the
physiological process of converting an electrical stimulus (action
potential) to a mechanical response (muscle contraction). The
contraction of a cardiac myocyte is governed primarily by intra-
cellular Ca2* concentration (see Fig. 1-3). Ca®* enters the cell dur-
ing the plateau phase of the action potential through L-type Ca
channels that line the sarcolemmal T tubules. However, the rise
in intracellular Ca2* is small and not sufficient to induce contrac-
tion. Nonetheless, the small amount of Ca?* entering the cell via
Ic.. triggers a rapid mobilization of Ca?* from the sarcoplasmic
reticulum into the cytosol by opening the RyR2 channels in the
CICR process. Approximately 75% of Ca2* present in the cytoplasm
during contraction is released from the sarcoplasmic reticulum.
The close proximity of the RyR2 to the T tubule enables each
Ltype Ca? channel to activate 4 to 6 RyR2s and generate a Ca?
spark. Ca?* influx via ¢, simultaneously activates approximately
10,000 to 20,000 couplons in each ventricular myocyte with every
action potential. Such sophisticated coordination in opening and
closing is required to ensure that Ca2* release occurs during the
systolic phase of the cardiac cycle and functional silence during
diastole,50:59.60

Luminal Ca*-dependent deactivation of RyR2 is a process by
which the decline in sarcoplasmic reticulum Ca?* that follows sar-
coplasmic reticulum Ca?* release renders RyR2s functionally inac-
tive.This results in termination of CICR and induction of a refractory
state that suppresses Ca2* release during the diastolic phase,which
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is an important determinant of the mechanical refractoriness
required for efficient relaxation and refilling of the heart.50-58

Regulation

Many proteins interact directly and indirectly with the N-terminal
cytoplasmic domain of RyR2 including FK506-binding protein
(calstabin2 or FKBP12.6), PKA, Ca2*-calmodulin-dependent kinase
I (CaMKII), phosphodiesterase 4D3, calmodulin, protein phospha-
tases 1 and 2A,and sorcin. CASQZ2,junctin,and triadin bind with the
luminal (sarcoplasmic reticulum) C-terminus of RyR2.5860

CALSEQUESTRIN

CASQ2 is a low-affinity, high-capacity Ca2*-binding protein, which
serves as a Ca2* storage reservoir that is able to bind luminal Ca2*
(40 to 50 Ca?* ions per molecule) during diastole, thus buffer-
ing Ca?* within the sarcoplasmic reticulum (i.e., preventing Ca
precipitation and lowering luminal free Ca2* concentration)
and preventing diastolic Ca%* release via RyR2 to cytosol. CASQ2
presumably serves as a luminal Ca%* sensor that modulates the
responsiveness of the RyR2 to luminal Ca?*. At low luminal Ca2*
concentrations, CASQ2 interacts with RyR2 via binding to triadin
and junctin and inhibits the activity of the RyR2. When sarcoplas-
mic reticulum Ca?* levels increase, Ca2* binds to CASQ2, resulting
in weakened interactions or complete dissociation of CASQ2 from
triadin.This process relieves the inhibitory action of CASQ2 on the
RyR2 complex, allows Ca2* release to the cytosol, and hence nor
malizes sarcoplasmic reticulum Ca2* load. Triadin and junctin not
only mediate functional interactions of CASQ2 and RyR2 but also
modulate RyR2 function by themselves by increasing the activity
of the RyR2 channel. This Ca?-dependent modulation of RyR2s
by triadin, junctin,and CASQ2 may contribute to deactivation and
refractoriness of RyR2 channels after sarcoplasmic reticulum Ca2*
release.8.60.61

FK506-BINDING PROTEIN

FKBP12.6 (the 12.6-kDa cytosolic FK506-binding protein), also
known as calstabin2 (Ca2* channel-stabilizing binding protein),
stabilizes the closed conformational state of the RyR2 channel,
thus enabling the channel to close completely during diastole (at
low intracellular Ca®* concentrations), preventing aberrant Ca2
leakage from the sarcoplasmic reticulum, and ensuring muscle
relaxation. PKA phosphorylation of RyR2 decreases the binding
affinity of FKBP12.6 to RyR2 and thereby increases the probabil-
ity of an open state and amplifies the response to Ca?*-dependent
activation.50,59,60,62

CALMODULIN

Calmodulin is a Ca2*-binding protein containing four Ca*-binding
sites and four sites that bind to RyR2 monomers. Calmodulin pref-
erentially inhibits RyR2 at Ca2* concentrations lower than 10 uM
by binding to a region on RyR2. Calmodulin may function to assist
closing RyR2 following sarcoplasmic reticulum Ca?* release in
excitation-contraction coupling.5

PROTEIN KINASE A

Stimulation of p-adrenergic receptors results in an increase in
cAMP and consequent PKA activation. PKA interacts with the
RyR2 channel via binding to the muscle A kinase anchoring pro-
tein (mAKAP).PKA phosphorylation of RyR2 activates the channel,
at least in part by increasing the sensitivity of RyR2 to cytosolic
Ca?* and a transient decrease in the binding affinity of calstabin2.
This allows for increased sarcoplasmic reticulum Ca2* release on
Ca?* influx via Ic,, as a part of the fight-orflight mechanism. By
contrast, chronic PKA hyperphosphorylation of RyR2 can result in
incomplete channel closure and a Ca®* leak during diastole, which

causes depletion of the sarcoplasmic reticulum Ca? store and
reduced Ca?* release on receptor activation.0.60.62

CA?*-CALMODULIN-DEPENDENT PROTEIN KINASE II

CaMKII is a dodecameric holoenzyme activated by Ca*-bound
calmodulin, possibly at high cellular Ca2* loads. CaMKII phosphor-
ylation increases RyR2 channel open probability, but to a smaller
extent than PKA phosphorylation. CaMKII activity increases at faster
heart rates (typically mediated by p-adrenergic stimulation and PKA
activation and associated with increased cytosolic Ca*") and phos-
phorylates RyR2 to enhance sarcoplasmic reticulum Ca® release,
which helps maintain the positive force-frequency relationship (i.e.,
cardiac contractility increases as a function of heart rate).Increased
CaMKII activity also phosphorylates phospholamban to help accel-
erate diastolic filling of the ventricles at higher heart rates. Physi-
ologically, sympathetic activation stimulates both PKA and CaMKII,
which thus function synergistically CaMKII is typically considered to
be downstream of PKA and elevated Ca?* transients.>0.60.62

Pharmacology

RyR2s are targets of multiple experimental drugs. However, thus far,
no compounds in clinical use are known to target RyR2 directly.

The plant alkaloid ryanodine binds the RyR2 channel with high
affinity in a Ca®-dependent and use-dependent fashion, thus mak-
ing it an important tool for biochemical characterization of the
channel. Two ryanodine-binding sites, a high-affinity site and a low-
affinity one, have been described at the C-terminus of RyR2. At the
high-affinity site, ryanodine induces long-lasting channel openings
at a subconductance state, whereas high concentrations block the
channel.

Caffeine,in high concentrations (5 to 20 mM),increases the RyR2
sensitivity to Ca2* and ATP and results in increased RyR2 mean
open time and open probability. Caffeine is used experimentally to
measure sarcoplasmic reticulum Ca%* content indirectly because
its application causes emptying of the sarcoplasmic reticulum Ca2
store.

JTV-519, also known as K201, is a benzothiazepine derivative (an
analogue of diltiazem) and an L-type Ca% channel blocker and
stabilizer.JTV-519 can increase the binding affinity of calstabin2 for
RyR2, thus stabilizing the closed conformational state of the RyR2
channel and hence preventing diastolic sarcoplasmic reticulum
Ca?* leak. JTV-519 can potentially offer an antiarrhythmic benefit
in a variety of pathological conditions that lead to destabilization
of the RyR2 channel’s closed state, such as RyR2 mutations, hyper-
phosphorylation of the RyR2 during heart failure, and sarcoplas-
mic reticulum Ca2* overload.

Among class [ antiarrhythmic drugs,only flecainide and propafe-
none were found to inhibit RyR2 channels (by inducing brief
closures of open RyR2 to subconductance states),suppress arrhyth-
mogenic Ca?* sparks, and prevent CPVT in experimental studies.
The potency of RyR2 channel inhibition rather than Na* channel
blockade appears to determine the efficacy of class I agents for the
prevention of CPVT. Flecainide has been demonstrated to prevent
lethal ventricular arrhythmias in patients with familial CPVT.63.64

Several toxins (e.g.,the scorpion toxins imperatoxin A and imper-
atoxin [), some anticancer drugs (e.g., doxorubicin), and some
immunosuppressants (e.g., rapamycin) can potentially cause car
diac adverse events likely related to effects on the gating kinetics
of RyR2 channels.

Inherited Channelopathies

CPVT is caused by mutations in genes that encode for key Ca2*
regulatory proteins. Two genetic variants of CPVT have been
described: an autosomal-dominant trait (CPVT1; most common)
caused by mutations in the cardiac RyR2 gene, and a recessive
form (CPVT2;rare) associated with homozygous mutations in the
CASQ2 gene (CASQ2).



Approximately 50% to 70% of patients with CPVT harbor RyR2
mutations.More than 70 RyR2 mutations linked to CPVT have been
identified. CPVT mutant RyR2 typically shows gain-of-function
defects following channel activation by PKA phosphorylation
(in response to p-adrenergic stimulation or caffeine), resulting in
uncontrolled Ca? release from the sarcoplasmic reticulum during
electrical diastole.The exaggerated spontaneous Ca?* release from
the sarcoplasmic reticulum facilitates the development of DADs
and triggered arrhythmias.5859

The molecular mechanisms by which RyR2 mutations alter the
physiological properties and function of RyR2 are not completely
defined. It has been suggested that CPVT mutations in RyR2
reduce the binding affinity of RyR2 for the regulatory protein
FKBP12.6 (calstabin2) that stabilizes the closed conformational
state of the RyR2 channel, thus enabling the channel to close
completely during diastole (at low intracellular Ca** concentra-
tions), preventing aberrant Ca2* leakage from the sarcoplasmic
reticulum, and ensuring muscle relaxation. PKA phosphorylation
(induced by p-adrenergic stimulation) of the mutant channels
results in further worsening of the binding affinity of FKBP12.6 to
the mutant RyR2 and increases the probability of an open state at
diastolic Ca** concentrations.As a consequence, the mutant RyR2
channel fails to close completely during diastole, with a resulting
diastolic Ca?* leak from the sarcoplasmic reticulum during stress
or exercise.5860

An alternative hypothesis is that CPVT mutations in RyR2 sen-
sitize the channel to luminal (sarcoplasmic reticulum) Ca2* such
that under baseline conditions,when sarcoplasmic reticulum load
is normal, there is no Ca?* leak. Under B-adrenergic (sympathetic)
stimulation, sarcoplasmic reticulum Ca?* concentration becomes
elevated above the reduced threshold, causing Ca2* to leak out
of the sarcoplasmic reticulum.A third hypothesis for RyR2-related
CPVT is that mutations in RyR2 impair the intermolecular interac-
tions between discrete RyR2 domains necessary for proper fold-
ing of the channel and self-regulation of channel gating.>8:60

So far, seven CASQ2 mutations linked to CPVT have been
reported. Although some of these mutations are thought to com-
promise CASQ2 synthesis and result in reduced expression or
complete absence of CASQ2 in the heart, other mutations seem
to cause expression of defective CASQ2 proteins with abnormal
regulation of cellular Ca2* homeostasis. CASQ2 mutations result
in disruption of the control of RyR2s by luminal Ca2* required for
effective termination of sarcoplasmic reticulum Ca® release and
prevention of spontaneous Ca?* release during diastole, thus lead-
ing to diminished Ca2* signaling refractoriness and generation of
arrhythmogenic spontaneous Ca2* releases.58:59.65

Importantly, in the setting of digitalis poisoning, the abnormal
RyR2 behavior leading to spontaneous Ca?* release and DADs is
secondary to the elevation of the sarcoplasmic reticulum Ca2*
content (SOICR). In CPVT, on the other hand, spontaneous Ca?*
release and DADs can occur without Ca%* overload. Mutations
in RyR2 or CASQ2 lead to defective Ca2* signaling lowering of
the sarcoplasmic reticulum Ca?* threshold for spontaneous Ca2*
release to less than the normal baseline level (perceived Ca?*
overload).”®

Missense mutations in RyR2 also been linked to a form of
arrhythmogenic cardiomyopathy (ARVD-2) characterized by
exercise-induced polymorphic VT that does not appear to have
a reentrant mechanism and occurs in the absence of significant
structural abnormalities. Patients do not develop characteristic
features of ARVD on the 12-lead ECG or signal-averaged ECG,
and global RV function remains unaffected. ARVD-2 shows a
closer resemblance to familial CPVT in both etiology and phe-
notype; its inclusion under the umbrella term of ARVD remains
controversial 6668

Acquired Diseases

RyR2 dysfunction is a key factor leading to arrhythmias in
heart failure. Chronic f-adrenergic stimulation results in PKA

hyperphosphorylation of RyR2. This process causes the disso-
ciation of the channel-stabilizing protein calstabin and leads to
diastolic Ca?* leak from the sarcoplasmic reticulum and the gener-
ation of spontaneous Ca2* waves,which can be maintained despite
a reduced Ca?* gradient, thus underlying DAD-induced triggered
arrhythmias in heart failure 24.69.70

Cardiac Gap Junctions
Structure and Physiology

Cardiomyocytes make contact with each other via multiple inter-
calated discs, which mediate the transmission of force, electrical
continuity, and chemical communication between adjacent cells.
Three types of specialized junctions exist in the intercalated disc:
(1) the fascia adherens, (2) the macula adherens (desmosome),
and (3) the gap junction (nexus).The fascia adherens is an anchor
ing site for myofibrils, facilitating the transmission of mechanical
energy between neighboring cells. The desmosomes link to the
cytoskeleton of adjacent cells to provide strong localized adhe-
sion sites that resist shearing forces generated during contraction.
Gap junctions are assemblies of intercellular channels that provide
electrical continuity and chemical communication between adja-
cent cells.”

In addition to the end-to-end and side-to-side gap junctions
localized at the intercalated discs, lateral (side-to-side) gap junc-
tions can exist in nondisc lateral membranes of cardiomyocytes,
but they are much less common,occurring more in atrial than ven-
tricular myocardium.™

Each gap junction channel is constructed of two hemichannels
(connexons) aligned head-to-head in mirror symmetry across
a narrow extracellular gap, one provided by each of the adjoin-
ing cells. Each connexon is composed of six integral membrane
proteins called connexins (Cx) hexagonally arranged around the
pore.Each connexin consists of four membrane-spanning domains
(M1 to M4),two extracellular loops (E1,E2),one intracellular loop,
and cytoplasmic N- and C-termini.The extracellular loops mediate
the docking of the two hemichannels.”!.72

Up to 24 different connexin types have been identified.They are
named after their theoretical molecular weight in daltons. In the
heart, Cx40, Cx43, and Cx45 are most important for action poten-
tial propagation. Although each connexin exhibits a distinct tissue
distribution, most cardiomyocytes express more than one con-
nexin isoform. Cx43 is by far the most abundant and is expressed
between atrial and ventricular myocytes and distal parts of the Pur
kinje system. Cx40 is mainly expressed in the atrial myocytes, AVN,
and HPS. Cx45 appears to be primarily expressed in nodal tissue
(the sinus and compact AVNs),and more weakly in the atrium, His
bundle, bundle branches, and Purkinje fibers."!

Connexons can be composed by the oligomerization of a single
connexin type (homomeric) or of different types (heteromeric).In
addition, the gap junction channel as a whole may be formed of
two matching hemichannels (homotypic) or nonmatching hemi-
channels (heterotypic).!

Cardiac connexins exhibit distinctive biophysical properties;
hence, the connexin composition of a gap junction channel deter
mines its unitary conductance, voltage sensitivity,and ion selectiv-
ity. Cx40 gap junctions express the largest conductance, and Cx45
expresses the smallest. Both Cx40 and Cx45 are highly cation selec-
tive, and their conductance is voltage dependent. Cx43 has an
intermediate conductance and is nonselective.

The individual gap junction channels allow exchange of nutri-
ents, metabolites, ions (e.g.,Na*, CI-,K*, Ca?*) and small molecules
(e.g., cAMP cGMP inositol triphosphate [IP3]) with molecular
weights up to approximately 1000 Da.™

Function

Gap junctions maintain direct cell-to-cell communication in the
heart by providing biochemical and low-resistance electrical
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coupling between adjacent cardiomyocytes. Thus, gap junctions
are responsible for myocardial electrical current flow propagation
from one cardiac cell to another and are crucial in myocardial
synchronization and heart function. Gap junctions also provide
biochemical coupling, which allows intercellular movement of
second-messenger substances (e.g., ATE cyclic nucleotides, and
IP3) and hence enables coordinated responses of the myocardial
syncytium to physiological stimuli.

The role of gap junction channels in action potential propaga-
tion and conduction velocity in cardiac tissue depends primarily
on static factors of the channels (e.g., the number of channels,
channel conductance, and voltage sensitivity) and dynamic fac-
tors (e.g.,channel gating kinetics), as well as on properties of the
propagated action potential, structural aspects of the cell geom-
etry,and tissue architecture. Tissue-specific connexin expression
and gap junction spatial distribution, as well as the variation in
the structural composition of gap junction channels, allow for a
greater versatility of gap junction physiological features and for
disparate conduction properties in cardiac tissue. The myocytes
of the sinus and AVNs are equipped with small, sparse, dispersed
gap junctions containing Cx45, a connexin that forms low con-
ductance channels; this feature underlies the relatively poor
intercellular coupling in nodal tissues,a property that is linked to
slowing of conduction. In contrast, ventricular muscle expresses
predominantly Cx43 and Cx45, which have larger conductance.
Atrial muscle and Purkinje fibers express all three cardiac
connexins.

Under physiological conditions, a given cardiomyocyte in the
adult working myocardium is electrically coupled to an aver
age of approximately 11 adjacent cells, with gap junctions pre-
dominantly localized at the intercalated discs at the ends of the
rod-shaped cells. Lateral (side-to-side) gap junctions in nondisc
lateral membranes of cardiomyocytes are much less abundant
and occur more often in atrial than ventricular tissues.”! Thus,
intercellular current flow occurs primarily at the cell termini,
although propagation can occur both longitudinally and trans-
versely. This particular subcellular distribution of gap junctions
underlies uniform anisotropic impulse propagation throughout
the myocardium, whereby conduction in the direction parallel to
the long axis of the myocardial fiber bundles is approximately 3
to 5 times more rapid than that in the transverse direction. This
property is attributable principally to the lower resistivity of myo-
cardium provided by the gap junctions in the longitudinal versus
the transverse direction.™7

Regulation

Gap junction channels have a voltage-dependent gating mecha-
nism, depending primarily on transjunctional voltage (i.e., the
potential difference between the cytoplasm of the two adjacent
cells).At rest,when the junctional voltage is zero, the channels usu-
ally are open. During the course of a propagated action potential,
the channels tend to close in a voltage- and time-dependent man-
ner. Gap junction channel gating can also be altered by specific
changes in intracellular ions and by post-translational modifica-
tions (“loop” gating). Cytosolic Na+ and Ca2* overload, acidosis,
and reduced ATP levels decrease gap junction channel function.
Unlike the voltage gate, which closes rapidly and incompletely, the
chemical gate closes slowly and completely.”6

The regulation of gap junction trafficking, assembly and disas-
sembly, and degradation is likely to be critical in the control of
intercellular communication. Phosphorylation also appears to
play a key role in channel gating that determines channel con-
ductance and has been implicated in the regulation of the con-
nexin “life cycle” at several stages. Gap junction coupling also is
regulated by certain endogenous mediators (e.g., acetylcholine,
norepinephrine, and angiotensin), likely via phosphorylation-
mediated mechanisms. Importantly, channels composed of differ-
ent connexins possess different properties and are susceptible to
different regulation.”!.7

Pharmacology

Several agents have been found to decrease gap junction chan-
nel coupling, including long-chain alcohols (e.g., heptanol, octa-
nol), fatty acids (myristoleic acid,decanoic acid, palmitoleic acid),
general anesthetics (e.g., halothane, isoflurane), carbachol (an
acetylcholine analogue), a-adrenergic agonists (phenylephrine),
angiotensin, insulin, insulin-like growth factor,and the nonsteroidal
agents fenamates (e.g., flufenamic acid, meclofenamic acid). The
mechanism of action of those agents remain largely unknown.

Antimalarial drugs, particularly quinine and quinine derivatives
such as mefloquine,can reduce gap junction channel conductance,
and their effects seem to be connexin subtype specific.In addition,
it has been suggested that the cardiac glycosides strophanthidin,
ouabain,and digitoxin decrease intercellular coupling.™

Experimental evidence suggests that increasing gap junction
conductance can potentially confer an antiarrhythmic effect.
Some compounds, including antiarrhythmic peptides and their
derivatives (e.g., AAP10, ZP123, rotigaptide) can upregulate Cx43
via modulation either synthesis or degradation and enhance gap
junctional communication and were found to reduce conduction
slowing and prevent AF and ischemic reentrant VT in various cell
and animal models.These peptides presumably act by modulating
Cx43 phosphorylation.””.78

Acquired Diseases

Modification of cell-to-cell coupling occurs in numerous patho-
physiological settings (e.g.,myocardial ischemia, ventricular hyper
trophy, cardiomyopathy) as a consequence of acute changes in
the average conductance of gap junctions secondary to ischemia,
hypoxia, acidification, or an increase in intracellular Ca2+,or it can
be produced by changes in expression or cellular distribution pat-
terns of gap junctions.”.7981

Remodeling includes a decrease in the number of gap junc-
tion channels resulting from the interruption of communication
between cells by fibrosis and downregulation of Cx43 formation
or of trafficking to the intercalated disc. Additionally, gap junctions
can become more prominent along lateral membranes of myo-
cytes (so-called structural remodeling). Influences of Cx43 lateral-
ization on impulse propagation have not yet been well defined.?

Alterations in distribution and function of cardiac gap junctions
are associated with conduction delay or block. Inactivation of gap
junctions decreases transverse conduction velocity to a greater
degree than longitudinal conduction, thus resulting in exaggera-
tion of anisotropy and providing a substrate for reentrant activity
and increased susceptibility to arrhythmias.™

AF is associated with abnormal expression and distribution of
atrial Cx40, which can potentially lead to inhomogeneous electri-
cal coupling and abnormal impulse formation and conduction
and thereby provide the substrate for atrial arrhythmias. Further
more, a rare single nucleotide polymorphism in the atrial-specific
Cx40 gene has been found to increase the risk of idiopathic AF 83

Importantly, there is a high redundancy in connexin expression
in the heart with regard to conduction of electrical impulse. It has
been shown that a 50% reduction in Cx43 does not alter ventricu-
lar impulse conduction. Cx43 expression must decrease by 90% to
affect conduction, but even then conduction velocity is reduced
only by 20%.
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CHAPTER 3

Electrophysiological Mechanisms

of Cardiac Arrhythmias

AUTOMATICITY, 36

Enhanced Normal Automaticity, 36

Abnormal Automaticity, 39

Overdrive Suppression of Automatic Rhythms, 40
Arrhythmias Caused by Automaticity, 41

TRIGGERED ACTIVITY, 42
Delayed Afterdepolarizations and Triggered Activity, 42
Early Afterdepolarizations and Triggered Activity, 44

REENTRY, 46

Requisites of Reentry, 47

Circuit, 57

The mechanisms responsible for cardiac arrhythmias are gener
ally divided into categories of disorders of impulse formation
(automaticity or triggered activity), disorders of impulse conduc-
tion (reentry), or combinations of both. Automaticity is the prop-
erty of cardiac cells to initiate an impulse spontaneously, without
need for prior stimulation.Triggered activity is impulse initiation in
cardiac fibers caused by depolarizing oscillations in membrane
voltage (known as afterdepolarizations) that occur consequent to
one or more preceding action potentials.! Reentry occurs when a
propagating action potential wave fails to extinguish after initial tis-
sue activation; instead, it blocks in circumscribed areas, circulates
around the zones of block, and reenters and reactivates the site of
original excitation after it recovers excitability Reentry is the likely
mechanism of most recurrent clinical arrhythmias.

Diagnosis of the underlying mechanism of an arrhythmia can
be of great importance in guiding appropriate treatment strategies.
Spontaneous behavior of the arrhythmia, mode of initiation and
termination, and response to premature stimulation and overdrive
pacing are the most commonly used tools to distinguish among
the different mechanisms responsible for cardiac arrhythmias. Our
present diagnostic tools, however, do not always permit unequivo-
cal determination of the electrophysiological (EP) mechanisms
responsible for many clinical arrhythmias or their ionic bases. In
particular, it can be difficult to distinguish among several mecha-
nisms that appear to have a focal origin with centrifugal spread of
activation (automaticity; triggered activity, microreentry).This is fur
ther complicated by the fact that some arrhythmias can be started
by one mechanism and perpetuated by another.

Automaticity

Automaticity; or spontaneous impulse initiation, is the ability of car
diac cells to depolarize spontaneously, reach threshold potential,
and initiate a propagated action potential in the absence of exter-
nal electrical stimulation. Altered automaticity can be caused by
enhanced normal automaticity or abnormal automaticity.!

Enhanced normal automaticity refers to the accelerated gen-
eration of an action potential by normal pacemaker tissue and is
found in the primary pacemaker of the heart, the sinus node, as
well as in certain subsidiary or latent pacemakers that can become
the functional pacemaker under certain conditions.Impulse initia-
tion is a normal property of these latent pacemakers.

Abnormal automaticity occurs in cardiac cells only when there
are major abnormalities in their transmembrane potentials, in par
ticular in steady-state depolarization of the membrane potential.
This property of abnormal automaticity is not confined to any spe-
cific latent pacemaker cell type but can occur almost anywhere
in the heart.

The discharge rate of normal or abnormal pacemakers can be
accelerated by drugs, various forms of cardiac disease, reduction
in extracellular potassium (K*), or alterations of autonomic ner
vous system tone.
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Resetting Reentrant Tachycardias, 52
Entrainment of Reentrant Tachycardias, 56
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Anisotropy and Reentry, 58
Mechanism of Unidirectional Block in the Reentrant
Circuit, 59

REFERENCES, 60

Enhanced Normal Automaticity

PACEMAKER MECHANISMS

Normal automaticity involves a spontaneous, slow, progressive
decline (less negative) in the transmembrane potential during
diastole (spontaneous diastolic depolarization or phase 4 depo-
larization) (see Chap. 1). Once this spontaneous depolarization
reaches threshold (approximately —40 mV),a new action potential
is generated.?

The ionic mechanisms responsible for normal pacemaker activ-
ity in the sinus node are still controversial. The fall in membrane
potential during phase 4 seems to arise from a changing balance
between positive inward currents, which favor depolarization,
and positive outward currents, with a net gain in intracellular
positive charges during diastole (i.e.,inward depolarizing current;
Fig.3-1).16

Originally,a major role was attributed to the decay of the delayed
K* conductance (an outward current) activated during the preced-
ing action potential, (the [y-decay theory).This model of pacemaker
depolarization lost interest on the discovery of the pacemaker cur
rent (Iy). Other ionic currents gated by membrane depolarization
(i.e.,L-type and Ttype calcium [Ca?*] currents),nongated and non-
specific background leak currents,and a current generated by the
sodium (Na*)-Ca2* exchanger, were also proposed to be involved
in pacemaking.

Evidence suggests that I; (named the “funny” current because,
unlike most voltage-sensitive currents, it is activated by hyperpo-
larization rather than depolarization) is one of the most impor-
tant ionic currents involved in the rate regulation of cardiac
pacemaker cells, hence its designation as the pacemaker cur
rent. [; is an inward current carried largely by Na* and, to a lesser
extent, K* ions. The I; channels are deactivated during the action
potential upstroke and the initial plateau phase of repolarization.
However, they begin to activate at the end of the action poten-
tial as repolarization brings the membrane potential to levels
more negative than approximately —40 to -50 mV, and ; is fully
activated at approximately —100 mV.Once activated, I depolarizes
the membrane to a level where the Ca2* current activates to initi-
ate the action potential.” In its range of activation, which quite
properly comprises the voltage range of diastolic depolarization,
the current is inward, and its reversal occurs at approximately —10
to =20 mV because of the mixed Na*-K* permeability of I; chan-
nels. At the end of the repolarization phase of an action poten-
tial, because I; activation occurs in the background of a decaying
outward (K* time-dependent) current, current flow quickly shifts
from outward to inward, thus giving rise to a sudden reversal of
voltage change (from repolarizing to depolarizing) at the maxi-
mum diastolic potential. The major role of I; has been reinforced
by the findings that drugs such as ivabradine targeted to block
I; slow heart rate and mutations in the [; channel are associated
with slowed heart rate. %5810
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FIGURE 3-1 Normal cardiac automaticity. Action potentials from typical sinus nodal and His-Purkinje cells are shown with the voltage scale on the vertical axes;
dashed lines are threshold potential, and numbers on the figure refer to phases of the action potential. Note the qualitative differences between the two types of cells,
as well as different rates of spontaneous depolarization. Ca?* = calcium; Na* = sodium.

On the other hand, several studies have shown that [; is not the
only current that can initiate the diastolic depolarization process
in the sinus node. In addition to voltage and time, the electrogenic
and regulatory molecules on the surface membrane of sinus node
cells are strongly modulated by Ca2* and phosphorylation, a find-
ing suggesting that intracellular Ca2* is an important player in
controlling pacemaker cell automaticity. Newer evidence points
to a substantial impact of another current on the late diastolic
depolarization; that is, the Na*Ca?* exchanger current activated
by submembrane spontaneous rhythmic local Ca?* releases from
the sarcoplasmic reticulum, a major Ca2* store within sinus node
cells, via ryanodine receptors (RyR2). Activation of the local oscil-
latory Ca?* releases is independent of membrane depolarization
and is driven by a high level of basal state phosphorylation of
Ca?* cycling proteins. Critically timed Ca?* releases occur during
the later phase of diastolic depolarization and activate the for
ward mode of the Na*+-Ca2* exchanger (one Ca?* for three Na*).
The result is in an inward membrane current that causes the late
diastolic depolarization to increase exponentially, thus driving the
membrane potential to the threshold to activate a sufficient num-
ber of voltage-gated L-type Ca?* channels and leading to genera-
tion of the rapid upstroke of the next action potential (see Fig.1-3).
Although regulated by membrane potential and submembrane
Ca?*,the Na*-Ca® exchanger does not have time-dependent gating,
as do ion channels, but generates an inward current almost instan-
taneously when submembrane Ca%* concentration increases.8%11

Such rhythmic, spontaneous intracellular Ca2* cycling has been
referred to as an “intracellular Ca* clock.” Phosphorylation-
dependent gradation of the speed at which Ca2* clock cycles is
the essential regulatory mechanism of normal pacemaker rate and
rhythm. The robust regulation of pacemaker function is ensured
by tight integration of the Ca2* clock and the classic sarcolemmal
“ion channel clock” (formed by voltage-dependent membrane ion
channels) to form the overall pacemaker clock.The action poten-
tial shape and ion fluxes are tuned by membrane clocks to sustain
operation of the Ca2+ clock, which produces timely and powerful
ignition of the membrane clocks to effect action potentials.

There is some degree of uncertainty about the relative role of I;
versus that of intracellular Ca%* cycling in controlling the normal

pacemaker cell automaticity and their individual (or mutual)
relevance in mediating the positive-negative chronotropic effect
of neurotransmitters. Furthermore, the interactions between the
membrane ion channel clock and the intracellular Ca2* clock and
the cellular mechanisms underlying this internal Ca?* clock are not
completely elucidated 8211

Automaticity in subsidiary pacemakers appears to arise via a
mechanism similar to that occurring in the sinus node.

HIERARCHY OF PACEMAKER FUNCTION

Automaticity is not limited to the cells within the sinus node.Under
physiological conditions, cells in parts of the atria and within the
atrioventricular node (AVN) and the His-Purkinje system (HPS)
also possess pacemaking capability. However, the occurrence of
spontaneous activity in these cells is prevented by the natural hier-
archy of pacemaker function that causes these sites to be latent
or subsidiary pacemakers.! The spontaneous discharge rate of the
sinus node normally exceeds that of all other subsidiary pacemak-
ers (see Fig.3-1).Therefore, the impulse initiated by the sinus node
depolarizes subsidiary pacemaker sites and keeps their activity
depressed before they can spontaneously reach threshold. How-
ever,slowly depolarizing and previously suppressed pacemakers in
the atrium, AVN, or ventricle can become active and assume pace-
maker control of the cardiac rhythm if the sinus node pacemaker
becomes slow or unable to generate an impulse (e.g., secondary
to depressed sinus node automaticity) or if impulses generated by
the sinus node are unable to activate the subsidiary pacemaker
sites (e.g.,sinoatrial exit block, or atrioventricular [AV] block).The
emergence of subsidiary or latent pacemakers under such circum-
stances is an appropriate fail-safe mechanism, which ensures that
ventricular activation is maintained. Because spontaneous dia-
stolic depolarization is a normal property, the automaticity gener-
ated by these cells is classified as normal.

There is also a natural hierarchy of intrinsic rates of subsidiary
pacemakers that have normal automaticity, with atrial pacemak-
ers having faster intrinsic rates than AV junctional pacemakers,
and AV junctional pacemakers having faster rates than ventricular
pacemakers.
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SUBSIDIARY PACEMAKERS

Subsidiary Atrial Pacemakers

Subsidiary atrial pacemakers have been identified in the atrial
myocardium, especially in the crista terminalis, at the junction
of the inferior right atrium and inferior vena cava, near or on the
eustachian ridge, near the coronary sinus ostium, in the atrial
muscle that extends into the tricuspid and mitral valves,and in the
muscle sleeves that extend into the cardiac veins (venae cavae
and pulmonary veins).!?

Latent atrial pacemakers can contribute to impulse initiation
in the atrium if the discharge rate of the sinus node is reduced
temporarily or permanently. In contrast to the normal sinus node,
these latent or ectopic pacemakers usually generate a fast action
potential (referring to the rate of upstroke of the action potential
[dV/dt]) mediated by Na* fluxes. However, when severely dam-
aged, the atrial tissue may not be able to generate a fast action
potential (which is energy dependent), but rather generates a
slow, Ca?*mediated action potential (which is energy indepen-
dent). Automaticity of subsidiary atrial pacemakers can also be
enhanced by coronary disease and ischemia, chronic pulmonary
disease, or drugs such as digitalis and alcohol, possibly overriding
normal sinus activity.

Subsidiary Atrioventricular Junctional Pacemakers

Some data suggest that the AVN itself has pacemaker cells, but
that concept is controversial. However, it is clear that the AV junc-
tion, which is an area that includes atrial tissue, the AVN, and
His-Purkinje tissue, does have pacemaker cells and is capable of
exhibiting automaticity.

Subsidiary Ventricular Pacemakers

In the ventricles, latent pacemakers are found in the HPS, where
Purkinje fibers have the property of spontaneous diastolic depo-
larization. Isolated cells of the HPS discharge spontaneously at
rates of 15 to 60 beats/min, whereas ventricular myocardial cells
do not normally exhibit spontaneous diastolic depolarization
or automaticity. The relatively slow spontaneous discharge rate
of the HPS pacemakers, which further decreases from the His
bundle to the distal Purkinje branches, ensures that pacemaker
activity in the HPS will be suppressed on a beat-to-beat basis by
the more rapid discharge rate of the sinus node and atrial and AV
junctional pacemakers. However, enhanced Purkinje fiber auto-
maticity can be induced by certain situations,such as myocardial
infarction (MI). In this setting, some Purkinje fibers that survive
the infarction develop moderately reduced maximum diastolic
membrane potentials and therefore accelerated spontaneous dis-
charge rates.!?

REGULATION OF PACEMAKER FUNCTION

The intrinsic rate at which the sinus node pacemaker cells gener
ate impulses is determined by the interplay of three factors: the
maximum diastolic potential, the threshold potential at which the
action potential is initiated, and the rate or slope of phase 4 depo-
larization (Fig.3-2).A change in any one of these factors will alter
the time required for phase 4 depolarization to carry the mem-
brane potential from its maximum diastolic level to threshold and
thus alter the rate of impulse initiation.!

The sinus node is innervated by the parasympathetic and sym-
pathetic nervous systems,and the balance between these systems
importantly controls the pacemaker rate.The classic concept has
been that of a reciprocal relationship between sympathetic and
parasympathetic inputs. More recent investigations, however,
stress dynamic, demand-oriented interactions, and the anatomi-
cal distribution of fibers that allows both autonomic systems
to act quite selectively. Muscarinic cholinergic and beta;-adren-
ergic receptors are nonuniformly distributed in the sinus node,
and they modulate both the rate of depolarization and impulse
propagation.!
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FIGURE 3-2 Abnormalities of automaticity. A, Normal His-Purkinje action
potential. B, Modulation of rate of depolarization from baseline (1) by slowing
rate of phase 4 depolarization (2), increasing threshold potential (3), starting
from a more negative resting membrane potential (4), all of which slow dis-
charge rate, or by increasing rate of phase 4 depolarization (5), thus yielding a
faster discharge rate. C, Abnormal automaticity with change in action potential
contour (resembling sinus nodal cell) when resting membrane potential is less
negative, inactivating most sodium channels.

Parasympathetic Activity

Parasympathetic tone reduces the spontaneous discharge rate
of the sinus node, whereas its withdrawal accelerates sinus node
automaticity. Acetylcholine, the principal neurotransmitter of the
parasympathetic nervous system, inhibits spontaneous impulse
generation in the sinus node by increasing K* conductance. Ace-
tylcholine acts through M, muscarinic receptors to activate the
G; protein, which subsequently results in activation of Igsc, (an
acetylcholine-activated subtype of inward rectifying current)
in tissues of the sinus node and AVN as well as of the atria, Pur-
kinje fibers, and ventricles. The increased outward repolarizing
K* current (Ig) leads to membrane hyperpolarization (i.e., the
resting potential and the maximum diastolic potential become
more negative).The resulting hyperpolarization of the membrane
potential lengthens the time required for the membrane potential
to depolarize to threshold and thereby decreases the automatic-
ity of the sinus node (see Fig.3-2).In addition, activation of the Gi
protein results in inhibition of beta-receptor-stimulated adenylate
cyclase activity, thus reducing cyclic adenosine monophosphate
(cAMP) and inhibiting protein kinase A, with subsequent inhibi-
tion of the inward Ca%* current. This results in reduction of the
rate of diastolic depolarization because of less Ca2* entry and
subsequent slowing of the pacemaker activity. Inhibition of beta-
receptor—stimulated adenylate cyclase activity can also inhibit
the inward [; current.

Sympathetic Activity

Increased sympathetic nerve traffic and the adrenomedullary
release of catecholamines increase sinus node discharge rate.Stim-
ulation of beta;-receptors by catecholamines enhances the L-type
of inward Ca?* current (Ic,) by increasing cAMP and activating
the protein kinase A system; the increment in inward Ca?* cur-
rent increases the slope of diastolic depolarization and enhances
pacemaker activity (see Fig. 3-2). The redistribution of Ca? can
also increase the completeness and the rate of deactivation of the
rapid (Ig,) and slow (Ixs) components of the delayed rectifier I;
the ensuing decline in the opposing outward current results in a
further net increase in inward current. Catecholamines can also
enhance the inward I; current by shifting the voltage dependence



of I; to more positive potentials,thus augmenting the slope of phase
4 and increasing the rate of sinus node firing.1°

In addition to altering ionic conductance,changes in autonomic
tone can produce changes in the rate of the sinus node by shift-
ing the primary pacemaker region within the pacemaker complex.
Mapping of activation indicates that, at faster rates, the sinus node
impulse usually originates in the superior portion of the sinus
node, whereas at slower rates, it usually arises from a more infe-
rior portion of the sinus node. The sinus node can be insulated
from the surrounding atrial myocytes, except at a limited number
of preferential exit sites. Shifting pacemaker sites can select differ-
ent exit pathways to the atria. As a result, autonomically mediated
shifts of pacemaker regions can be accompanied by changes in
the sinus rate.Vagal fibers are denser in the cranial portion of the
sinus node,and stimulation of the parasympathetic nervous system
shifts the pacemaker center to a more caudal region of the sinus
node complex, thus resulting in slowing of the heart rate. In con-
trast, stimulation of the sympathetic nervous system or withdrawal
of vagal stimulation shifts the pacemaker center cranially, resulting
in an increase in heart rate.

Atrial, AV junctional, and HPS subsidiary pacemakers are also
under similar autonomic control, with the sympathetic nervous
system enhancing pacemaker activity through beta;-adrenergic
stimulation and the parasympathetic nervous system inhibiting
pacemaker activity through muscarinic receptor stimulation.!

Other Influences

Adenosine binds to Aj-receptors, thus activating Igacn, and increas-
ing outward [g in a manner similar to that of marked parasympa-
thetic stimulation. It also has similar effects on I; channels.

Digitalis exerts two effects on the sinus rate.It has a direct positive
chronotropic effect on the sinus node, resulting from depolariza-
tion of the membrane potential caused by inhibition of the Na*-K*
exchange pump. The reduction in the maximum diastolic mem-
brane potential decreases the time required for the membrane to
depolarize to threshold and thereby accelerates the spontaneous
discharge rate. However, digitalis also enhances vagal tone, which
decreases spontaneous sinus discharge.

Enhanced subsidiary pacemaker activity may not require sym-
pathetic stimulation. Normal automaticity can be affected by cer
tain other factors associated with heart disease. Inhibition of the
electrogenic Na*-K+ exchange pump results in a net increase in
inward current during diastole because of the decrease in out-
ward current normally generated by the pump, and therefore it
can increase automaticity in subsidiary pacemakers sufficiently to
cause arrhythmias. This can occur when adenosine triphosphate
(ATP) is depleted during prolonged hypoxia or ischemia or in the
presence of toxic amounts of digitalis. Hypokalemia can reduce
the activity of the Na*K* exchange pump, thereby reducing the
background repolarizing current and enhancing phase 4 diastolic
depolarization. The end result would be an increase in the dis-
charge rate of pacemaking cells. Additionally, the flow of current
between partially depolarized myocardium and normally polar
ized latent pacemaker cells can enhance automaticity This mech-
anism has been proposed to be a cause of some of the ectopic
complexes that arise at the borders of ischemic areas in the ven-
tricle. Slightly increased extracellular K* can render the maximum
diastolic potential more positive (i.e., reduced or less negative),
thereby also increasing the discharge rate of pacemaking cells.
A greater increase in extracellular K*, however, renders the heart
inexcitable by depolarizing the membrane potential and inactivat-
ing the Na* current (Iy,).

Evidence indicates that active and passive changes in the
mechanical environment of the heart provide feedback to mod-
ify cardiac rate and rhythm and are capable of influencing both
the initiation and spread of cardiac excitation. This direction of
the crosstalk between cardiac electrical and mechanical activity
is referred to as mechanoelectric feedback and is thought to be
involved in the adjustment of heart rate to changes in mechanical
load, which would help explain the precise beat-to-beat regulation

of cardiac performance. Acute mechanical stretch enhances auto-
maticity, reversibly depolarizes the cell membrane, and shortens
the action potential duration. Feedback from cardiac mechanics
to electrical activity involves mechanosensitive ion channels and
ATP-sensitive K+ channels. In addition, Na* and Ca2* entering the
cells via nonselective ion channels are thought to contribute to the
genesis of stretch-induced arrhythmia. !4

Abnormal Automaticity

In the normal heart,automaticity is confined to the sinus node and
other specialized conducting tissues. Working atrial and ventricu-
lar myocardial cells do not normally have spontaneous diastolic
depolarization and do not initiate spontaneous impulses, even
when they are not excited for long periods of time by propagating
impulses. Although these cells do have an I;, the range of activation
of this current in these cells is much more negative (-120 to —170
mV) than in Purkinje fibers or in the sinus node.As a result,during
physiological resting membrane potentials (-85 to =95 mV), the I;
is not activated, and ventricular cells do not depolarize spontane-
ously.! When the resting potentials of these cells are depolarized
sufficiently, to approximately —70 to -30 mV, however, spontaneous
diastolic depolarization can occur and cause repetitive impulse
initiation, a phenomenon called depolarization-induced automa-
ticity or abnormal automaticity (see Fig. 3-2). Similarly, cells in the
Purkinje system, which are normally automatic at high levels of
membrane potential,show abnormal automaticity when the mem-
brane potential is reduced to approximately -60 mV or less,as can
occur in ischemic regions of the heart. When the steady-state mem-
brane potential of Purkinje fibers is reduced to approximately —60
mV or less, the [; channels that participate in normal pacemaker
activity in Purkinje fibers are closed and nonfunctional, and auto-
maticity is therefore not caused by the normal pacemaker mech-
anism. It can, however, be caused by an “abnormal” mechanism.
In contrast, enhanced automaticity of the sinus node, subsidiary
atrial pacemakers, or the AVN caused by a mechanism other than
acceleration of normal automaticity has not been demonstrated
clinically.!®

A low level of membrane potential is not the only criterion for
defining abnormal automaticity. If this were so, the automaticity of
the sinus node would have to be considered abnormal. Therefore,
an important distinction between abnormal and normal automatic-
ity is that the membrane potentials of fibers showing the abnormal
type of activity are reduced from their own normal level. For this
reason, automaticity in the AVN (e.g., where the membrane poten-
tial is normally low) is not classified as abnormal automaticity.

Several different mechanisms probably cause abnormal pace-
maker activity at low membrane potentials, including activation
and deactivation of the delayed rectifier Ig,intracellular Ca% release
from the sarcoplasmic reticulum that causes activation of inward
Ca2* currents and the inward Iy, (through the Na*Ca2* exchanger),
and a potential contribution by I.16 It has not been determined
which of these mechanisms are operative in the different pathologi-
cal conditions in which abnormal automaticity can occur.!

The upstroke of the spontaneously occurring action potentials
generated by abnormal automaticity can be caused by Na+ or Ca2*
inward currents or possibly a combination of the two.! In the range
of diastolic potentials between approximately =70 and =50 mV,
repetitive activity is dependent on extracellular Na* concentration
and can be decreased or abolished by Na* channel blockers.In a
diastolic potential range of approximately —50 to —30 mV,Na* chan-
nels are predominantly inactivated; repetitive activity depends on
extracellular Ca** concentration and is reduced by L-type Ca2*
channel blockers.

The intrinsic rate of a focus with abnormal automaticity is a
function of the membrane potential. The more positive the mem-
brane potential is, the faster the automatic rate will be (see Fig.
3-2). Abnormal automaticity is less vulnerable to suppression by
overdrive pacing (see later). Therefore, even occasional slowing
of the sinus node rate can allow an ectopic focus with abnormal
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automaticity to fire without a preceding long period of quiescence.
Catecholamines can increase the rate of discharge caused by
abnormal automaticity and therefore can contribute to a shift in
the pacemaker site from the sinus node to a region with abnormal
automaticity.

The decrease in the membrane potential of cardiac cells
required for abnormal automaticity to occur can be induced by a
variety of factors related to cardiac disease,such as ischemia and
infarction. The circumstance under which membrane depolariza-
tion occurs, however, can influence the development of abnormal
automaticity For example, an increase in extracellular K+ concen-
tration, as occurs in acutely ischemic myocardium, can reduce
membrane potential; however, normal or abnormal automaticity
in working atrial, ventricular, and Purkinje fibers usually does not
occur because of an increase in K* conductance (and hence net
outward current) that results from the increase in extracellular K*
concentration.

Overdrive Suppression of Automatic Rhythms

SUPPRESSION OF NORMAL AND ABNORMAL
AUTOMATIC SUBSIDIARY PACEMAKERS

The sinus node likely maintains its dominance over subsidiary
pacemakers in the AVN and the Purkinje fibers by several mecha-
nisms.During sinus rhythm in a normal heart,the intrinsic automatic
rate of the sinus node is faster than that of the other potentially
automatic cells. Consequently, the latent pacemakers are excited
by propagated impulses from the sinus node before they have a
chance to depolarize spontaneously to threshold potential. The
higher frequency of sinus node discharge also suppresses the auto-
maticity of other pacemaker sites by a mechanism called overdrive
suppression. The diastolic (phase 4) depolarization of the latent
pacemaker cells with the property of normal automaticity is actu-
ally inhibited because the cells are repeatedly depolarized by the
impulses from the sinus node.! Electrotonic interaction between
the pacemaker cells and the nonpacemaker cells in the surround-
ing myocardium via intercalated discs and gap junctions can also
hyperpolarize the latent pacemakers and contribute to their sup-
pression (Fig.3-3).

MECHANISM OF OVERDRIVE SUPPRESSION

The mechanism of overdrive suppression is mediated mostly by
enhanced activity of the Na*-K+ exchange pump that results from
driving a pacemaker cell faster than its intrinsic spontaneous rate.
During normal sinus rhythm (NSR),latent pacemakers are depolar
ized at a higher frequency than their intrinsic rate of automaticity.
The increased frequency of depolarizations leads to an increase
in intracellular Na*, which enters the cell with every action poten-
tial, because more Na* enters the cell per unit time.! The increased
intracellular Na* stimulates the Na*K* exchange pump. Because
the Na*K* exchange pump is electrogenic (i.e., moves more Na*
outward than K+ inward), it generates a net outward (hyperpolar
izing) current across the cell membrane.This drives the membrane
potential more negative, thereby offsetting the depolarizing I; being
carried into the cell and slowing the rate of phase 4 diastolic depo-
larization. This effectively prevents the I; from depolarizing the cell
to its threshold potential and thereby suppresses spontaneous
impulse initiation in these cells.

When the dominant (overdrive) pacemaker is stopped, sup-
pression of subsidiary pacemakers continues because the Na*-K+*
exchange pump continues to generate the outward current as it
reduces the intracellular Na* levels toward normal.This continued
Na*K* exchange pump-generated outward current is responsible
for the period of quiescence, which lasts until the intracellular
Na* concentration, and hence the pump current, becomes low
enough to allow subsidiary pacemaker cells to depolarize spon-
taneously to threshold. Intracellular Na+ concentration decreases
during the quiescent period because Na* is constantly being
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FIGURE 3-3 Overdrive suppression of automaticity. A spontaneously firing cell
is paced more rapidly, resulting in depression of resting membrane potential;
after pacing is stopped, spontaneous depolarization takes longer than usual and
gradually resumes baseline rate. Dashed line = threshold potential.

pumped out of the cell and little is entering. Additionally, the spon-
taneous rate of the suppressed cell remains lower than it would be
otherwise until the intracellular Na* concentration has a chance
to decrease. Intracellular Na* concentration and pump current
continue to decline even after spontaneous discharge begins
because of the slow firing rate, thus causing a gradual increase
in the discharge rate of the subsidiary pacemaker. At slower rates
and shorter overdrive periods,the Na* load is of lesser magnitude,
as is the activity of the Na*-K* pump, resulting in a progressively
rapid diastolic depolarization and warm-up. The higher the over-
drive rate or the longer the duration of overdrive, the greater the
enhancement of pump activity will be,so that the period of quies-
cence after the cessation of overdrive is directly related to the rate
and duration of overdrive.

The sinus node itself also is vulnerable to overdrive suppression.
When overdrive suppression of the normal sinus node occurs,
however, it is generally of lesser magnitude than that of subsidiary
pacemakers overdriven at comparable rates.The sinus node action
potential upstroke is largely dependent on the slow inward current
carried by Ic,,and far less Na* enters the fiber during the upstroke
than occurs in latent pacemaker cells such as the Purkinje fibers.
As a result, the accumulation of intracellular Na* and enhance-
ment of Na*-K* exchange pump activity occur to a lesser degree
in sinus node cells after a period of overdrive; therefore, there is
less overdrive suppression caused by enhanced Na*-K* exchange
pump current. The relative resistance of the normal sinus node to
overdrive suppression can be important in enabling it to remain
the dominant pacemaker, even when its rhythm is perturbed tran-
siently by external influences such as transient shifts of the pace-
maker to an ectopic site.The diseased sinus node, however,can be
much more easily overdrive suppressed, such as in the so-called
tachycardia-bradycardia syndrome.

Abnormally automatic cells and tissues at reduced levels of
membrane potential are less sensitive to overdrive suppression
than cells and tissues that are fully polarized, with enhanced nor
mal automaticity The amount of overdrive suppression of sponta-
neous diastolic depolarization that causes abnormal automaticity
is directly related to the level of membrane potential at which the
automatic rhythm occurs. At low levels of membrane potential, Na*
channels are inactivated, decreasing the fast inward Iy,; therefore,
there are reductions in the amount of Na* entering the cell dur
ing overdrive and the degree of stimulation of the Na*-K* exchange
pump. The more polarized the membrane is during phase 4, the
larger the amount will be of Na* entering the cell with each action
potential, and the more overdrive suppression will occur. As a
result of the lack of overdrive suppression of abnormally automatic
cells, even transient sinus pauses can permit an ectopic focus with
a slower rate than the sinus node to capture the heart for one or
more beats. However, even in situations in which the cells can be
sufficiently depolarized to inactivate the Iy, and limit intracellular
Na* load, overdrive suppression can still be observed because of
increased intracellular Ca?+ loading.Such Ca?* loading can activate
Ca?*-dependent K* conductance (favoring repolarization) and
promote Ca?* extrusion through the Na*-Ca?* exchanger and Ca?*
channel phosphorylation, thus increasing Na+ load and thus Na*-K*
exchange pump activity The increase in intracellular Ca2* load can



also reduce the depolarizing I¢,;, by promoting Ca?+induced inac-
tivation of the Ca%* current.

In addition to overdrive suppression being of paramount impor
tance for maintenance of NSR, the characteristic response of
automatic pacemakers to overdrive is often useful to distinguish
automaticity from triggered activity and reentry.

Arrhythmias Caused by Automaticity

INAPPROPRIATE SINUS NODE DISCHARGE

Such arrhythmias result simply from an alteration in the rate of
impulse initiation by the normal sinus node pacemaker, without a
shift of impulse origin to a subsidiary pacemaker at an ectopic site,
although there can be shifts of the pacemaker site within the sinus
node itself during alterations in sinus rate. These arrhythmias are
often a result of the actions of the autonomic nervous system on
the sinus node. Examples of these arrhythmias include sinus brady-
cardia,sinus arrest,inappropriate sinus tachycardia,and respiratory
sinus arrhythmia. Respiratory sinus arrhythmia is primarily caused
by withdrawal of vagal tone during inhalation and reinstitution of
vagal tone during exhalation.

ESCAPE ECTOPIC AUTOMATIC RHYTHMS

Impairment of the sinus node can allow a latent pacemaker to ini-
tiate impulse formation.This would be expected to happen when
the rate at which the sinus node overdrives subsidiary pacemakers
falls considerably below the intrinsic rate of the latent pacemakers
or when the inhibitory electrotonic influences between nonpace-
maker cells and pacemaker cells are interrupted.

The rate at which the sinus node activates subsidiary pacemak-
ers can be decreased in certain situations, including sinus node
dysfunction, with depressed sinus automaticity (secondary to
increased vagal tone, drugs, or intrinsic sinus node disease), sino-
atrial exit block, AV block, and parasystolic focus. The sinus node
and AVN are most sensitive to vagal influence, followed by atrial
tissue, with the ventricular conducting system being least sensi-
tive. Moderate vagal stimulation allows the pacemaker to shift to
another atrial site,but severe vagal stimulation suppresses the sinus
node and blocks conduction at the AVN and therefore can allow a
ventricular escape pacemaker to become manifest.

Interruption of the inhibitory electrotonic influences between
nonpacemaker cells and pacemaker cells allows those latent pace-
makers to fire at their intrinsic rate. Uncoupling can be caused by
fibrosis or damage (e.g.,infarction) of the tissues surrounding the
subsidiary pacemaker cells or by reduction in gap junction con-
ductance secondary to increased intracellular Ca?+, which can be
caused by digitalis. Some inhibition of the sinus node is still neces-
sary for the site of impulse initiation to shift to an ectopic site that is
no longer inhibited by uncoupling from surrounding cells because
the intrinsic firing rate of subsidiary pacemakers is still slower than
that of the sinus node.

ACCELERATED ECTOPIC AUTOMATIC RHYTHMS

Accelerated ectopic automatic rhythms are caused by enhanced
normal automaticity of subsidiary pacemakers. The rate of dis-
charge of these latent pacemakers is then faster than the expected
intrinsic automatic rate. Once the enhanced rate exceeds that of
the sinus node, the enhanced ectopic pacemaker prevails and
overdrives the sinus node and other subsidiary pacemakers.A pre-
mature impulse caused by enhanced automaticity of latent pace-
makers comes early in the normal rhythm. In contrast, an escape
beat secondary to relief of overdrive suppression occurs late in
normal rhythm.

Enhanced automaticity is usually caused by increased sympa-
thetic tone, which steepens the slope of diastolic depolarization
of latent pacemaker cells and diminishes the inhibitory effects of
overdrive. Such sympathetic effects can be localized to subsidiary

pacemakers in the absence of sinus node stimulation. Other causes
of enhanced normal automaticity include periods of hypox-
emia, ischemia, electrolyte disturbances, and certain drug toxici-
ties. There is evidence that in the subacute phase of myocardial
ischemia, increased activity of the sympathetic nervous system
can enhance automaticity of Purkinje fibers,thus enabling them to
escape from sinus node domination.

PARASYSTOLE

Parasystole is a result of interaction between two fixed rate
pacemakers having different discharge rates. Parasystolic pace-
makers can exist in either the atrium or the ventricle. The latent
pacemaker is protected from being overdriven by the dominant
rhythm (usually NSR) by intermittent or constant entrance block
(i.e., impulses of sinus origin fail to depolarize the latent pace-
maker secondary to block in the tissue surrounding the latent
pacemaker focus). Various mechanisms have been postulated
to explain the protected zone surrounding the ectopic focus. It
is possible that the depolarized level of membrane potential at
which abnormal automaticity occurs can cause entrance block,
leading to parasystole. This would be an example of an arrhyth-
mia caused by a combination of an abnormality of impulse
conduction and impulse initiation. Such block, however, must
be unidirectional, so that activity from the ectopic pacemaker
can exit and produce depolarization whenever the surrounding
myocardium is excitable.The protected pacemaker is said to be
a parasystolic focus. In general, under these conditions, a pro-
tected focus of automaticity of this type fires at its own intrinsic
frequency,and the intervals between the discharges of each pace-
maker are multiples of its intrinsic discharge rate (sometimes
described as fixed parasystole).Therefore,on the surface ECG, the
coupling intervals of the manifest ectopic beats wander through
the basic cycle of the sinus rhythm. Accordingly, the traditional
ECG criteria used to recognize the fixed form of parasystole are
(1) the presence of variable coupling intervals of the manifest
ectopic beats, (2) interectopic intervals that are simple multiples
of a common denominator,and (3) the presence of fusion beats.
Occasionally, the parasystolic focus can exhibit exit block, during
which it may fail to depolarize excitable myocardium.!”

Although the parasystolic focus is protected, it may not be totally
immune to the surrounding electrical activity The effective elec-
trical communication that permits the emergence of the ectopic
discharges can also allow the rhythmic activity of the surround-
ing tissues to electrotonically influence the periodicity of the
pacemaker discharge rate (described as modulated parasystole).
Electrotonic influences arriving during the early stage of diastolic
depolarization result in a delay in the firing of the parasystolic
focus, whereas those arriving late accelerate the discharge of the
parasystolic focus. As a consequence, the dominant pacemaker
can entrain the partially protected parasystolic focus and force it
to discharge at periods that may be faster or slower than its own
intrinsic cycle and give rise to premature discharges whose pat-
terns depend on the degree of modulation and the basic heart rate,
occasionally mimic reentry,and occur at fixed coupling intervals.
Therefore, appropriate diagnosis of modulated parasystole relies
on the construction of a phase response curve as theoretical evi-
dence of modulation of the ectopic pacemaker cycle length (CL)
by the electrotonic activity generated by the sinus discharges
across the area of protection.!?

All these features of abnormal automaticity can be found in the
Purkinje fibers that survive in regions of transmural MI and cause
ventricular arrhythmias during the subacute phase.

ARRHYTHMIAS CAUSED BY ABNORMAL AUTOMATICITY

There appears to be an association between abnormal Purkinje
fiber automaticity and the arrhythmias that occur during the
acute phase of MI (e.g., an accelerated idioventricular rhythm).
However, the role of abnormal automaticity in the development
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of ventricular arrhythmias associated with chronic ischemic heart
disease is less certain. Additionally, isolated myocytes obtained
from hypertrophied and failing hearts have been shown to mani-
fest spontaneous diastolic depolarization and enhanced I;, find-
ings suggesting that abnormal automaticity can contribute to the
occurrence of some arrhythmias in heart failure and left ventricu-
lar hypertrophy.

Abnormal automaticity can underlie atrial tachycardia, accel-
erated idioventricular rhythms, and ventricular tachycardia (VT),
particularly that associated with ischemia and reperfusion. It has
also been suggested that injury currents at the borders of ischemic
zones can depolarize adjacent nonischemic tissue, thus predispos-
ing to automatic VT.

Although automaticity is not responsible for most clinical
tachyarrhythmias, which are usually caused by reentry, normal or
abnormal automaticity can lead to arrhythmias caused by nonau-
tomatic mechanisms. Premature beats, caused by automaticity,can
initiate reentry Rapid automatic activity in sites such as the cardiac
veins can cause fibrillatory conduction, reentry,and atrial fibrilla-
tion (AF).

Triggered Activity

Triggered activity is impulse initiation in cardiac fibers caused by
afterdepolarizations that occur consequent to a preceding impulse
or series of impulses.! Afterdepolarizations are depolarizing oscil-
lations in membrane potential that follow the upstroke of a preced-
ing action potential. Afterdepolarizations can occur early during
the repolarization phase of the action potential (early afterdepolar
ization [EAD]) or late,after completion of the repolarization phase
(delayed afterdepolarization [DAD]; Fig. 3-4). When either type of
afterdepolarization is large enough to reach the threshold poten-
tial for activation of a regenerative inward current, a new action
potential is generated, which is referred to as triggered.

Unlike automaticity, triggered activity is not a self-generating
rhythm.Instead, triggered activity occurs as a response to a preced-
ing impulse (the trigger). Automatic rhythms, on the other hand,
can arise de novo in the absence of any prior electrical activity.

Delayed Afterdepolarizations and Triggered
Activity

DADs are oscillations in membrane voltage that occur after com-
pletion of repolarization of the action potential (i.e., during phase
4). The transient nature of the DAD distinguishes it from normal
spontaneous diastolic (pacemaker) depolarization, during which
the membrane potential declines almost monotonically until the
next action potential occurs. DADs may or may not reach thresh-
old. Subthreshold DADs do not initiate action potentials or trigger
arrhythmias.When a DAD does reach threshold, only one triggered
action potential occurs (Fig. 3-5). The triggered action potential
can also be followed by a DAD that, again, may or may not reach
threshold and may or may not trigger another action potential. The
first triggered action potential is often followed by a short or long
train of additional triggered action potentials,each arising from the
DAD caused by the previous action potential.
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FIGURE 3-4 Types of afterdepolarizations. Afterdepolarizations are indicated
by arrows. Purkinje cell action potentials are shown with phase 2 early afterde-
polarizations (EADs) (A) and phase 3 EADs (B), as well as delayed afterdepolariza-
tions (DADs) (C), which occur after full repolarization.

IONIC BASIS OF DELAYED AFTERDEPOLARIZATIONS

DADs usually occur under a variety of conditions in which Ca?
overload develops in the cytoplasm and sarcoplasmic reticulum.
During the plateau phase of the normal action potential, Ca?+ flows
through voltage-dependent Ltype Ca2* channels (Ic,;). Although
the rise in intracellular Ca2* is small and not sufficient to induce
contraction, the small amount of Ca?* entering the cell via I¢,, trig-
gers a massive release of Ca%* from the sarcoplasmic reticulum (the
major store for Ca*) into the cytosol by opening the RyR2 chan-
nels (present in the membrane of the sarcoplasmic reticulum) in
a process known as Ca?*~induced Ca?* release (CICR).!6 During
repolarization (i.e.,diastole), most of the surplus Ca2* in the cytosol
is resequestered into the sarcoplasmic reticulum by the sarcoplas-
mic reticulum Ca? adenosine triphosphatase (SERCA), the activ-
ity of which is controlled by the phosphoprotein phospholamban.
Additionally,some of the Ca?* is extruded from the cell by the Na*-
Ca2* exchanger to balance the Ca® that enters with Ca2* current.
Recurring Ca?* release-uptake cycles provide the basis for periodic
elevations of the cytosolic Ca2* concentration and contractions of
myocytes, hence for the orderly beating of the heart (Fig. 3-6).1820

Under various pathological conditions, Ca?* concentration in
the sarcoplasmic reticulum can rise to a critical level during repo-
larization (i.e.,Ca2* overload),at which time a secondary spontane-
ous release of Ca2+ from the sarcoplasmic reticulum occurs after
the action potential, rather than as a part of excitation-contraction
coupling. This secondary release of Ca* results in inappropriately
timed Ca?* transients and contractions. Spontaneous Ca2t waves
are arrhythmogenic; they induce Ca?-dependent depolarizing
membrane currents (transient inward current), mainly by activa-
tion of the Na*Ca2?* exchanger, thereby causing oscillations of the
membrane potential known as DADs. After one or several DADs,
myoplasmic Ca2* can decrease because the Na*-Ca?* exchanger
extrudes Ca?* from the cell, and the membrane potential stops
oscillating. 1820

When the DADs are of low amplitude, they usually are not
apparent or clinically significant. However, during pathological
conditions (e.g., myocardial ischemia, acidosis, hypomagnesemia,
digitalis toxicity, and increased catecholamines), the amplitude of
the Ca2*mediated oscillations is increased and can reach the stim-
ulation threshold, and an action potential is triggered. If this pro-
cess continues, sustained tachycardia will develop. Probably the
most important influence that causes subthreshold DADs to reach
threshold is a decrease in the initiating CL, because that increases
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FIGURE 3-5 Behavior of delayed afterdepolarizations (DADs). A, The DAD
is seen following the action potential at slow rates. B, At faster rates, the DAD
occurs slightly earlier and increases in amplitude. C, At still more rapid rates, the
DAD occurs even earlier and eventually reaches threshold, resulting in sustained
firing.



both the amplitude and rate of the DADs. Therefore, initiation of
arrhythmias triggered by DADs can be facilitated by a spontaneous
or pacing-induced increase in the heart rate.

Digitalis causes DAD-dependent triggered arrhythmias by inhib-
iting the Na*-K* exchange pump.In toxic amounts, this effect results
in the accumulation of intracellular Na* and, consequentially, an
enhancement of the Na*-Ca2+ exchanger in the reverse mode (Na*
removal, Ca2* entry) and an accumulation of intracellular Ca?+.16
Spontaneously occurring accelerated ventricular arrhythmias that
occur during digitalis toxicity are likely to be caused by DADs. Trig-
gered ventricular arrhythmias caused by digitalis also can be initi-
ated by pacing at rapid rates. As toxicity progresses, the duration
of the trains of repetitive responses induced by pacing increases.

Catecholamines can cause DADs by increasing intracellular
Ca?* overload secondary to different mechanisms. Catecholamines
increase the slow, inward I¢, through stimulation of beta-adrener
gic receptors and increasing cAMP which result in an increase in
transsarcolemmal Ca?* influx and intracellular Ca?* overload (see
Fig. 3-6). Catecholamines can also enhance the activity of the Na*-
Ca?* exchanger, thus increasing the likelihood of DAD-mediated
triggered activity Additionally, catecholamines enhance the uptake
of Ca® by the sarcoplasmic reticulum and lead to increased Ca®
stored in the sarcoplasmic reticulum and the subsequent release
of an increased amount of Ca2* from the sarcoplasmic reticulum
during contraction.’6 Sympathetic stimulation can potentially
cause triggered atrial and ventricular arrhythmias, possibly some
of the ventricular arrhythmias that accompany exercise and those
occurring during ischemia and infarction.

Elevations in intracellular Ca* in the ischemic myocardium are
also associated with DADs and triggered arrhythmias. Accumula-
tion of lysophosphoglycerides in the ischemic myocardium, with
consequent Na+ and Ca?* overload, has been suggested as a mech-
anism for DADs and triggered activity. Cells from damaged areas or
surviving the infarction can display spontaneous release of Ca2*
from sarcoplasmic reticulum, which can generate waves of intra-
cellular Ca?* elevation and arrhythmias. 920

Abnormal sarcoplasmic reticulum function caused by genetic
defects that impair the ability of the sarcoplasmic reticulum to
sequester Ca** during diastole can lead to DADs and be the cause
of certain inherited ventricular tachyarrhythmias. Mutations in the
cardiac RyR2, the sarcoplasmic reticulum Ca?* release channel

Antagonist .- Agonist
AV I

FIGURE 3-6 Signal transduction schema for
initiation and termination of cyclic adenosine
monophosphate  (CAMP)-mediated  triggered
activity. See text for discussion. AC = adenylyl
cyclase; ACh = acetylcholine; ADO = adeno-

in the heart, have been identified in kindreds with the syndrome
of catecholaminergic polymorphic VT and ventricular fibrillation
(VF) with short QT intervals. It seems likely that perturbed intra-
cellular Ca2?*, and perhaps also DADs, underlie arrhythmias in this
syndrome (see Fig.3-6).1821

Several drugs can inhibit DAD-related triggered activity via dif-
ferent mechanisms, including reduction of the inward Ca2* current
and intracellular Ca?* overload (Ca?* channel blockers, beta-
adrenergic blockers; see Fig. 3-6), reduction of Ca? release from
the sarcoplasmic reticulum (caffeine, ryanodine, thapsigargin,
cyclopiazonic acid),and reduction of the inward Iy, (tetrodotoxin,
lidocaine, phenytoin).

DAD-related triggered activity is thought to be a mechanism for
tachyarrhythmia associated with MI, reperfusion injury, some right
ventricular outflow tract tachycardia, and some atrial tachyar-
rhythmias. DADs are more likely to occur with fast spontaneous or
paced rates or with increased premature beats.1518.20.22

PROPERTIES OF DELAYED AFTERDEPOLARIZATIONS

The amplitude of DADs and the possibility of triggered activity are
influenced by the level of membrane potential at which the action
potential occurs.The reduction of the membrane potential during
DADs may also result in Na* channel inactivation and a slowing of
conduction.

The duration of the action potential is a critical determinant of
the presence of DADs. Longer action potentials, which are associ-
ated with more transsarcolemmal Ca?* influx, are more likely to be
associated with DADs.Drugs that prolong action potential duration
(e.g.,class IA antiarrhythmic agents) can increase DAD amplitude,
whereas drugs that shorten action potential duration (e.g.,class IB
antiarrhythmic agents) can decrease DAD amplitude.

The number of the action potentials preceding the DAD affects
the amplitude of the DAD; that is, after a period of quiescence, the
initiation of a single action potential can be followed by either no
DAD or only a small one. With continued stimulation, the DADs
increase in amplitude, and triggered activity can eventually occur.

The amplitude of DADs and the coupling interval between the
first triggered impulse and the last stimulated impulse that induced
them are directly related to the drive CL at which triggered impulses
are initiated. A decrease in the basic drive CL (even a single drive

ACh ADO

sine; AjR = alpha;-adenosine receptor; ATP =
adenosine triphosphate; 3-AR = beta-adrenergic
receptor; Ca = calcium; CCB = calcium channel
blocker; DAD = delayed afterdepolarization; G,i =
inhibitory G protein; G,s = stimulatory G protein;
GDP = guanosine diphosphate; GTP = guanosine
triphosphate; I; = transient inward current; MR =
muscarinic receptor; Na = sodium; NCX = sodium
(Na*)-calcium (Ca”*) exchanger; PLB = phospho-
lamban; PKA = protein kinase A; RyR = ryanodine
receptor; SR = sarcoplasmic reticulum. (From
Lerman BB: Mechanism of outflow tract tachycardia.
Heart Rhythm 4:973, 2007.)

43

w A
jast

SVINHLAHYIV OVIAYVDO 10 SWSINVHOHIW TVOIDOTOISAHdOYLOdTd



44

cycle; i.e., premature impulse), in addition to increasing the DAD
amplitude, results in a decrease in the coupling interval between
the last drive cycle and the first DAD-triggered impulse, with respect
to the last driven action potential, and an increase of the rate of
DADs. Triggered activity tends to be induced by a critical decrease
in the drive CL, either spontaneous,such as in sinus tachycardia, or
pacing induced. The increased time during which the membrane
is in the depolarized state at shorter stimulation CLs or after prema-
ture impulses increases Ca%* in the myoplasm and the sarcoplasmic
reticulum, thus increasing the transient inward current responsible
for the increased afterdepolarization amplitude, causing the cur
rent to reach its maximum amplitude more rapidly,and decreasing
the coupling interval of triggered impulses. The repetitive depo-
larizations can increase intracellular Ca?* because of repeated
activation of I¢,;. This characteristic property can help distinguish
triggered activity from reentrant activity because the relationship
for reentry impulses initiated by rapid stimulation is often the oppo-
site; that is, as the drive CL is reduced, the first reentrant impulse
occurs later with respect to the last driven action potential because
of rate-dependent conduction slowing in the reentrant pathway.

In general, triggered activity is influenced markedly by overdrive
pacing.These effects are dependent on both the rate and the dura-
tion of overdrive pacing. When overdrive pacing is performed for
a critical duration of time and at a critical rate during a catechol-
amine-dependent triggered rhythm, the rate of triggered activity
slows until the triggered rhythm stops, because of enhanced activ-
ity of the electrogenic Na*K* exchange pump induced by the
increase in intracellular Na* caused by the increased number of
action potentials. When overdrive pacing is not rapid enough to
terminate the triggered rhythm, it can cause overdrive acceleration
(in contrast to overdrive suppression observed with automatic
rhythms). Single premature stimuli also can terminate triggered
rhythms, although termination is much less common than it is by
overdrive pacing.

Early Afterdepolarizations and Triggered Activity

EADs are oscillations in membrane potential that occur during
the action potential and interrupt the orderly repolarization of the
myocyte. EADs manifest as a sudden change in the time course of
repolarization of an action potential such that the membrane volt-
age suddenly shifts in a depolarizing direction.

IONIC BASIS OF EARLY AFTERDEPOLARIZATIONS

The plateau of the action potential is a time of high membrane
resistance (i.e., membrane conductance to all ions falls to rather
low values), when there is little current flow. Consequently, small
changes in repolarizing or depolarizing currents can have pro-
found effects on the action potential duration and profile.Normally,
during phases 2 and 3, the net membrane current is outward. Any
factor that transiently shifts the net current in the inward direction
can potentially overcome and reverse repolarization and lead to
EADs.Such a shift can arise from blockage of the outward current,
carried by Na* or Ca2* at that time, or enhancement of the inward
current, mostly carried by K+ at that time.!

EADs have been classified as phase 2 (occurring at the plateau
level of membrane potential) and phase 3 (occurring during
phase 3 of repolarization; see Fig. 3-4). The ionic mechanisms of
phase 2 and phase 3 EADs and the upstrokes of the action poten-
tials they elicit can differ.! At the depolarized membrane voltages
of phase 2, Na* channels are inactivated; hence, the I,;, and Na*
Ca?* exchanger current are the major currents potentially respon-
sible for EADs. Voltage steady-state activation and inactivation of
the L-type Ca? channels are sigmoidal, with an activation range
over —40 to +10 mV (with a half-activation potential near —15 mV)
and a half-inactivation potential near —=35 mV. However, a relief of
inactivation for voltages positive to 0 mV leads to a U-shaped volt-
age curve for steady-state inactivation. Overlap of the steady-state
voltage-dependent inactivation and activation relations defines a

“window” current near the action potential plateau, within which
transitions from closed and open states can occur. As the action
potential repolarizes into the window region, I¢,;. increases and
can potentially be sufficient to reverse repolarization, thus generat-
ing the EAD upstroke (Fig.3-7).23

The cardiac Na*Ca* exchanger exchanges three Na* ions for
one Ca2* ion; the direction is dependent on the Na* and Ca2* con-
centrations on the two sides of the membrane and the transmem-
brane potential difference. When operating in forward mode, this
exchanger generates a net Na* influx, thereby resisting repolariza-
tion.The increase in the window Ic,;, further increases the Na+-Ca2*
exchanger, thus possibly facilitating EAD formation and increasing
the probability of an EAD-triggered action potential 23

EADs occurring late in repolarization develop at membrane
potentials more negative than —-60 mV in atrial, ventricular, or
Purkinje cells that have normal resting potentials. Normally, a net
outward membrane current shifts the membrane potential pro-
gressively in a negative direction during phase 3 repolarization
of the action potential. Despite fewer data, it has been suggested
that current through the Na*Ca2* exchanger and possibly the Iy,
can participate in the activation of phase 3 EADs. Nevertheless, this
concept was questioned by a study suggesting that phase 2 EADs
appear to be responsible for inducing phase 3 EADs through elec-
trotonic interactions and that a large voltage gradient related to
heterogeneous repolarization is essential for phase 3 EADs 2324

The upstrokes of the action potentials elicited by phase 2 and
phase 3 EADs also differ.! Phase 2 EAD-triggered action potential
upstrokes are exclusively mediated by Ca2* currents. Even when
these triggered action potentials do not propagate, they can sub-
stantially exaggerate heterogeneity of the time course of repolar-
ization of the action potential (a key substrate for reentry),because
EADs occur more readily in some regions (e.g.,Purkinje fibers, mid
left ventricular myocardium, right ventricular outflow tract epicar
dium) than others (e.g., left ventricular epicardium,endocardium).
Action potentials triggered by phase 3 EADs arise from more nega-
tive membrane voltages.Therefore, the upstrokes can be caused by
Na* and Ca2* currents and are more likely to propagate.

Under certain conditions, when an EAD is large enough, the
decrease in membrane potential leads to an increase in net inward
(depolarizing) current,and a second upstroke or an action poten-
tial is triggered before complete repolarization of the first. The
triggered action potential also can be followed by other action
potentials, all occurring at the low level of membrane potential
characteristic of the plateau or at the higher level of membrane
potential of later phase 3 (Fig. 3-8).The sustained rhythmic activity
can continue for a variable number of impulses and terminates
when repolarization of the initiating action potential returns mem-
brane potential to a high level. As repolarization occurs, the rate
of the triggered rhythm slows because the rate is dependent on
the level of membrane potential. Sometimes repolarization to the
high level of membrane potential may not occur,and membrane
potential can remain at the plateau level or at a level intermedi-
ate between the plateau level and the resting potential. The sus-
tained rhythmic activity then can continue at the reduced level of
membrane potential and assumes the characteristics of abnormal
automaticity However, in contrast to automatic rhythms, without
the initiating action potential, there can be no triggered action
potentials.

The ability of the triggered action potentials to propagate is
related to the level of membrane potential at which the triggered
action potential occurs. The more negative the membrane poten-
tial is,the more Na* channels are available for activation, the greater
the influx of Na* into the cell during phase 0, and the higher the
conduction velocity. At more positive membrane potentials of the
plateau (phase 2) and early during phase 3, most Na* channels
are still inactivated, and the triggered action potentials most likely
have upstrokes caused by the inward I, . Therefore, those triggered
action potentials have slow upstrokes and are less able to propa-
gate.Increased dispersion of repolarization facilitates the ability of
phase 2 EADs to trigger propagating ventricular responses.4



FIGURE 3-7 A, Normal action potential
(left) and an action potential with phase 2
early afterdepolarization (EAD) (solid line) or
phase 3 EAD (dashed line) (right). B, Sche-
matic plot of L-type calcium (Ca?*) channel
conductance (Gg,)) versus membrane volt-
age (mV) showing the window L-type inward
Ca?* current (Ic,|) region (purple area) where
the steady-state activation (SSA) and steady-
state inactivation (SSI) curves overlap and a
fraction of Ca channels remain continuously
open. Dashed lines show a potential thera-
peutic intervention that shifts the SSA and
SSI curves to reduce the overlapping window
current region. C, Schematic diagram illustrat-
ing the interaction between time-dependent
I, reactivation (blue dashed lines) and time-
dependent deactivation of repolarizing cur-
rents (l) (dashed red lines) in the window
voltage range during action potential repolar-
ization. For the normal action potential (left),
the repolarization rate is too fast for I, to
grow larger than ly. If the repolarization rate
is too slow, however, I, can grow larger than
I, thereby reversing repolarization to cause an

EAD (right). (From Weiss JN, Garfinkel A, Kara-
gueuzian HS, et al: Early afterdepolarizations
and cardiac arrhythmias. Heart Rhythm 7:1891-
1899, 2010.)

A fundamental condition that underlies the development of
EADs is action potential prolongation, which is manifest on the
surface ECG by QT prolongation. Hypokalemia, hypomagnesemia,
bradycardia, and drugs can predispose to the formation of EADs,
invariably in the context of prolonging the action potential dura-
tion; drugs are the most common cause. Class IA and III antiar
rhythmic agents prolong the action potential duration and the QT
interval, effects intended to be therapeutic but frequently causing
proarrhythmia. Noncardiac drugs such as some phenothiazines,
some nonsedating antihistamines, and some antibiotics can also
prolong the action potential duration and predispose to EAD-
mediated triggered arrhythmias, particularly when there is associ-
ated hypokalemia,bradycardia,or both.Decreased extracellular K*
concentration paradoxically decreases some membrane Iy (partic-
ularly the Ig,) in the ventricular myocyte. This finding explains why
hypokalemia causes action potential prolongation and EADs.EAD-
mediated triggered activity likely underlies initiation of the charac-
teristic polymorphic VT, torsades de pointes, seen in patients with
congenital and acquired forms of long QT syndrome (see Chap-
ter 31). Although the genesis of ventricular arrhythmias in these
patients is still unclear,marked transmural dispersion of repolariza-
tion can create a vulnerable window for development of reentry.
EADs arising from these regions can undetlie the premature com-
plexes that initiate or perpetuate the tachycardia.! Structural heart
disease such as cardiac hypertrophy and failure can also delay
ventricular repolarization—so-called electrical remodeling—and
predispose to arrhythmias related to abnormalities of repolariza-
tion.The abnormalities of repolarization in hypertrophy and failure
are often magnified by concomitant drug therapy or electrolyte
disturbances.

EADs are opposed by ATP-dependent K+ channel (Ixarp) openers
(pinacidil, cromakalim, rimakalim, and nicorandil), magnesium,

alpha-adrenergic blockade, tetrodotoxin, nitrendipine, and antiar
rhythmic drugs that shorten action potential (e.g., lidocaine and
mexiletine). Alpha-adrenergic stimulation can exacerbate EADs.

It was traditionally thought that unlike DADs,EADs do not depend
on a rise in intracellular Ca%*; instead, action potential prolonga-
tion and reactivation of depolarizing currents are fundamental to
their production. More recent experimental evidence suggested a
previously unappreciated interrelationship between intracellular
Ca?* loading and EADs. Cytosolic Ca2* levels can increase when
action potentials are prolonged. This situation, in turn, appears to
enhance I¢,, (possibly via Ca2*-calmodulin kinase activation), thus
further prolonging the action potential duration as well as provid-
ing the inward current driving EADs. Intracellular Ca?+ loading by
action potential prolongation can also enhance the likelihood of
DADs. The interrelationship among intracellular Ca%*, DADs, and
EADs can be one explanation for the susceptibility of hearts that
are Ca®* loaded (e.g., in ischemia or congestive heart failure) to
develop arrhythmias, particularly on exposure to action potential—
prolonging drugs.

PROPERTIES OF EARLY AFTERDEPOLARIZATIONS

EAD-triggered arrhythmias exhibit rate dependence. In general,
the amplitude of an EAD is augmented at slow rates when action
potentials are longer in duration.® Pacing-induced increases in
rate shorten the action potential duration and reduce EAD ampli-
tude. Action potential shortening and suppression of EADs with
increased stimulation rate are likely the result of augmentation
of delayed rectifier Iy and perhaps hastening of Ca2*induced
inactivation of Ic,. Once EADs have achieved a steady-state
magnitude at a constant drive CL, any event that shortens the
drive CL tends to reduce their amplitude. Hence, the initiation of
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a single premature depolarization, which is associated with an
acceleration of repolarization, will reduce the magnitude of the
EADs that accompany the premature action potential; as a result,
triggered activity is not expected to follow premature stimula-
tion. The exception is when a long compensatory pause follows
a premature ventricular complex. This situation can predispose
to the development of an EAD and can be the mechanism of
torsades de pointes in some patients with the long QT syndrome.
Thus, EADs are more likely to trigger rhythmic activity when the
spontaneous heart rate is slow because bradycardia is associated
with prolongation of the QT interval and action potential dura-
tion (e.g., bradycardia- or pause-induced torsades de pointes).
Similarly,catecholamines increase heart rate and decrease action
potential duration and EAD amplitude, despite the effect of beta-
adrenergic stimulation to increase I¢,;.

Reentry
Basic Principles of Reentry

During each normal cardiac cycle, at the completion of normal
cardiac excitation, the electrical impulse originating from the
sinus node becomes extinct, and the subsequent excitation
cycles originate from new pacemaker impulses.® Physiological
excitation waves vanish spontaneously after the entire heart
has been activated because of the long duration of refractori-
ness in the cardiac tissue compared with the duration of the
excitation period; therefore, after its first pass, the impulse, hav-
ing no place to go, expires. Reentry occurs when a propagating

FIGURE 3-8 Mixed focal reentrant poly-
morphic ventricular tachycardia as a result
of early afterdepolarization (EAD)-mediated
premature ventricular complexes (PVCs)
arising from EAD islands in simulated two-
dimensional homogeneous tissue. The tissue
was paced from the left edge at a slow rate.
Four successive voltage snapshots show an
EAD (red in upper left quadrant) that gen-
erates a PVC (red blob). The PVC then initi-
ates reentry by reentering (white arrow) the
receding waveback of the region without
EADs (blue blob). The voltage trace below
from a representative cell shows multiple
EAD:s followed by rapid tachycardia resulting
from a mixture of triggered activity and reen-
try. (From Weiss JN, Garfinkel A, Karagueuzian
HS, et al: Early afterdepolarizations and cardiac
arrhythmias. Heart Rhythm 7:1891-1899, 2010.)

impulse fails to die out after normal activation of the heart and
persists to reexcite the heart after expiration of the refractory
period.In pathological settings, excitation waves can be blocked
in circumscribed areas, rotate around these zones of block, and
reenter the site of original excitation in repetitive cycles. The
wavefront does not extinguish but rather propagates continu-
ously and thus continues to excite the heart because it always
encounters excitable tissue.

Reentrant tachycardia, also called reentrant excitation, recipro-
cating tachycardia, circus movement,or reciprocal or echo beats, is
a continuous repetitive propagation of the activation wave in a cir
cular path, returning to its site of origin to reactivate that site.!2526
Traditionally, reentry has been divided into two types: (1) anatomi-
cal reentry,when there is a distinct relationship of the reentry path-
way with the underlying tissue structure;and (2) functional reentry;
when reentrant circuits occur at random locations without clearly
defined anatomical boundaries (Fig. 3-9).Although this distinction
has a historical background and is useful for didactic purposes,
both the anatomical and functional forms can coexist in a given
pathological setting and share many common basic biophysical
mechanisms.

The original 3 criteria for reentry proposed by Mines still hold
true: (1) unidirectional block is necessary for initiation; (2) the
wave of excitation should travel in a single direction around the
pathway, returning to its point of origin and then restarting along
the same path;and (3) the tachycardia should terminate when one
limb of the pathway is cut or temporarily blocked. The 12 condi-
tions that were proposed to prove or identify the existence of reen-
trant tachycardia in the EP laboratory are listed in Table 3-1.25:26



Anatomical reentry Functional reentry  Reflected reentry

FIGURE 3-9 Models of reentry; the solid area is completely refractory tissue,
and mottled area is partially refractory. In anatomical reentry, the circuit is deter-
mined by structures or scar in the heart, and a portion of the circuit that has
fully recovered excitability can be stimulated while it awaits the next cycle. In
functional reentry, however, the rate is as rapid as it can be and still allow all por-
tions of the circuit to recover.

TABLE 3-1

. Mapping activation in one direction around the continuous loop

. Correlation of continuous electrical activity with occurrence of
tachycardia

. Correlation of unidirectional block with initiation of reentry

. Initiation and termination by premature stimulation

. Dependence of initiation of the arrhythmia on the site of pacing

. Inverse relationship between the coupling interval of the initiating

premature stimulus and the interval to the first tachycardia beat

Resetting of the tachycardia by a premature beat, with an inverse

relationship between the coupling interval of the premature beat and

the cycle length of the first or return beat of the tachycardia

Fusion between a premature beat and the tachycardia beat followed by

resetting

Transient entrainment (with external overdrive pacing, the ability

to enter the reentrant circuit and capture the circuit, resulting in

tachycardia at the pacing rate with fused complexes)

10. Abrupt termination by premature stimulation

. Dependence of initiation on critical slowing of conduction in the
circuit

12. Similarity with experimental models in which reentry is proven and is

the only mechanism of tachycardia

Criteria for Diagnosis of Reentrant Tachycardia
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Requisites of Reentry

SUBSTRATE

The initiation and maintenance of a reentrant arrhythmia require
the presence of myocardial tissue with adjacent tissue or pathways
having different EP properties, conduction,and refractoriness,and
that they be joined proximally and distally, forming a circuit.These
circuits can be stationary or can move within the myocardial
substrate.

The reentrant circuit can be an anatomical structure, such as a
loop of fiber bundles in the Purkinje system or accessory pathways,
or a functionally defined pathway,with its existence,size,and shape
determined by the EP properties of cardiac tissues in which the
reentrant wavefront circulates.The circuit can also be an anatomi-
cal-functional combination.The cardiac tissue that constitutes the
substrate for reentrant excitation can be located almost anywhere
in the heart.! The reentrant circuit can be a variety of sizes and
shapes and can include different types of myocardial cells (e.g.,
atrial, ventricular, nodal, Purkinje; Fig. 3-10).

CENTRAL AREA OF BLOCK

A core of inexcitable tissue around which the wavefront circulates
is required to sustain reentry Without this central area of block, the
excitation wavefront will not necessarily be conducted around the
core of excitable tissue; rather, it could take a shortcut, permitting
the circulating excitation wavefront to arrive early at the site where
it originated. If it arrives sufficiently early, the tissue at the site of
origination will still be refractory,and reentrant excitation will not
be possible.

As mentioned earlier, the area of block can be anatomical,
functional, or a combination of the two.627 Anatomical block is
the result of a nonconductive medium in the center of the cir
cuit, such as the tricuspid annulus in typical atrial flutter (AFL).
Functional block at the center of a circuit occurs when there is
block of impulses in otherwise excitable cardiac muscle.The cen-
tral area of functional block develops during the initiation of the
reentrant circuit by the formation of a line of block that most likely
is caused by refractoriness. When the reentrant circuit forms, the
line of block then is sustained by centripetal activation from the
circulating wavefront that, by repeatedly bombarding the central
area of block, maintains the state of refractoriness of this region.
A combination of an anatomical and a functional central area of
block in the reentrant circuit has been described in some models
of AFL such as the orifice of one or both venae cavae and an area
of functional block continuous with or adjacent to either or both
caval orifice(s). Additionally, it has now been shown that a func-
tional extension of an anatomical line of block can occur such
that it plays a role in creating the necessary or critical substrate for
reentry Thus,a surgical incision in the right atrium made to repair a
congenital heart lesion can,under certain circumstances, develop
a functional extension to one or both of the venae cavae,such that
the substrate to create and sustain AFL develops.

UNIDIRECTIONAL CONDUCTION BLOCK

Transient or permanent unidirectional block is usually a result of
heterogeneity of EP properties of the myocardium and is essential
for the initiation of reentry The excitation wavefront propagating in
the substrate must encounter unidirectional block; otherwise, the
excitation wavefronts traveling down both limbs of the reentrant
circuit will collide and extinguish each other2”

AREA OF SLOW CONDUCTION

In a successful reentrant circuit, the wavefront of excitation must
encounter excitable cells or the tachycardia will terminate. There-
fore,a condition necessary for reentry is the maintenance of excit-
able tissue ahead of the propagating wavefront.In other words, the
tissue initially activated by the excitation wavefront should have
sufficient time to recover its excitability by the time the reentrant
wavefront returns. Thus, conduction of the circulating wavefront
must be sufficiently delayed in an alternate pathway to allow for
expiration of the refractory period in the tissue proximal to the site
of unidirectional block, and there must always be a gap of excit-
able tissue (fully or partially excitable) ahead of the circulating
wavefront (i.e., the length of the reentrant pathway must equal or
exceed the reentrant wavelength; see later). This is facilitated by a
sufficiently long reentrant pathway (which is especially important
when conduction is normal along the reentrant path), sufficiently
slow conduction in all or part of the alternative pathway (because
sufficiently long pathways are usually not present in the heart),
sufficient shortening of the refractory period, or a combination of
these factors.!

CRITICAL TISSUE MASS

An additional requisite for random reentry is the necessity of a
critical mass of tissue to sustain the one or usually more simul-
taneously circulating reentrant wavefronts. Thus, it is essentially
impossible to achieve sustained fibrillation of ventricles of very
small, normal, mammalian hearts and equally difficult to achieve
sustained fibrillation of the completely normal atria of humans or
smaller mammals.

INITIATING TRIGGER

Another prerequisite for reentrant excitation to occur is often, but
not always, the presence of an initiating trigger, which invokes the
necessary EP milieu for initiation of reentry.! Susceptible patients
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FIGURE 3-10 Reentry in the Wolff-Parkinson-White syndrome. AV = atrioventricular.

with appropriate underlying substrates usually do not suffer from
incessant tachycardia because the different EP mechanisms
required for the initiation and maintenance of a reentrant tachy-
cardia are infrequently present at exactly the same time. However,
changes in heart rate or autonomic tone, ischemia, electrolyte or
pH abnormalities,or the occurrence of a premature depolarization
can be sufficient to initiate reentrant tachycardia.

The trigger frequently is required because it elicits or brings to
a critical state one or more of the conditions necessary to achieve
reentrant excitation. In fact, premature depolarizations frequently
initiate these tachyarrhythmias because they can cause slow
conduction and unidirectional block. Thus, a premature impulse
initiating reentry can arrive at one site in the potential reentrant
circuit sufficiently early that it encounters unidirectional block,
because that tissue has had insufficient time to recover excitabil-
ity after excitation by the prior impulse. Furthermore, in the other
limb of the potential reentrant circuit, the premature arrival of the
excitation wavefront causes slow conduction or results in further
slowing of conduction of the excitation wavefront through an area
of already slow conduction. The resulting increase in conduction
time around this limb of the potential reentrant circuit allows the
region of unidirectional block in the tissue in the other limb acti-
vated initially by the premature beat to recover excitability.It should
be noted that the mechanism causing the premature impulse can
be different from the reentrant mechanism causing the tachycar
dia.Thus, the premature impulse can be caused by automaticity or
triggered activity.

Types of Reentrant Circuits

ANATOMICAL REENTRY

In anatomically determined circuits, a discrete inexcitable ana-
tomical obstacle creates a surrounding circular pathway,resulting

in a fixed length and location of the reentrant circuit. Because
the length and location of the reentrant pathway are relatively
fixed, the characteristics of the reentrant circuit are determined
by the characteristics of the anatomical components of that
circuit.

A reentrant tachycardia is initiated when an excitation wave-
front splits into two limbs after going around the anatomical
obstacle and travels down one pathway and not the other, thus
creating a circus movement. Tachycardia rates are determined
by the wavelength and by the length of the reentrant pathway
(the path length).The initiation and maintenance of anatomical
reentry depend on conduction velocity and refractory period.
Thus, as long as the extension of the refractory zone behind the
excitation wave, the so-called wavelength of excitation, is smaller
than the entire length of the anatomically defined reentrant path-
way, a zone of excitable tissue, the so-called excitable gap, exists
between the tail of the preceding wave and the head of the fol-
lowing wave.?” In essence, circus movements containing an excit-
able gap are stable with respect to their frequency of rotation and
can persist at a constant rate for hours. In the setting where the
wavelength of excitation exceeds the path length, the excitation
wavefront becomes extinct when it encounters the not yet recov-
ered inexcitable tissue. A special case is present in the interme-
diate situation, when the head of the following wavefront meets
the partially refractory tail of the preceding wavefront (i.e., the
wavelength approximates the path length). This situation is char-
acterized by unstable reentrant CLs and complex dynamics of the
reentrant wavefront.There is often a long excitable gap associated
with anatomical reentry.

Anatomical circuits therefore are associated with ordered reen-
try. Examples of this type of reentry are AV reentrant tachycardia
associated with an AV bypass tract,AVN reentrant tachycardia, AFL,
VT originating within the HPS (bundle branch reentrant VT), and
post-MIVT.



FUNCTIONAL REENTRY

In functionally determined circuits,the reentrant pathway depends
on the intrinsic heterogeneity of the EP properties of the myocar-
dium, not by a predetermined anatomical circuit (i.e., without
involvement of an anatomical obstacle or anatomically defined
conducting pathway). Such heterogeneity involves dispersion of
excitability or refractoriness and conduction velocity, as well as
anisotropic conduction properties of the myocardium.28

Functional circuits typically tend to be small and unstable; the
reentrant excitation wavefront can fragment, generating other
areas of reentry The location and size of these tachycardias can
vary. The circumference of the leading circle around a functional
obstacle can be as small as 6 to 8 mm and represents a pathway
in which the efficacy of stimulation of the circulating wavefront
is just sufficient to excite the tissue ahead, which is still in its rela-
tive refractory phase.Therefore,conduction through the functional
reentrant circuit is slowed because impulses are propagating in
partially refractory tissue. Consequently, this form of functional
reentry has a partially excitable gap.The reentry CLs are therefore
significantly dependent on the refractory period of the involved
tissue.28

The mechanisms for functionally determined reentrant circuits
include the leading circle type of reentry, anisotropic reentry, and
spiral wave reentry. Functional circuits can be associated with
ordered reentry (the reentrant circuit remains in the same place)
or random reentry (the reentrant circuit changes size and loca-
tion). Random reentry can occur when leading circle reentry
causes fibrillation.

Leading Circle Concept

To explain the properties of a single functional reentrant circuit,
Allessie and colleagues formulated the leading circle concept (see
Fig.3-9).28 It was postulated that during wavefront rotation in tissue
without anatomical inexcitable obstacles, the wavefront impinges
on its refractory tail and travels through partially refractory tissue.
The interaction between the wavefront and the refractory tail deter
mines the properties of functional reentry In this model, functional
reentry involves the propagation of an impulse around a function-
ally determined region of inexcitable tissue or a refractory core
and among neighboring fibers with different EP properties. The
tissue within this core is maintained in a state of refractoriness by
constant centripetal bombardment from the circulating wavefront.
The premature impulse that initiates reentry blocks in fibers with
long refractory periods and conducts in fibers with shorter refrac-
tory periods and eventually returns to the initial region of block
after excitability has recovered there. The impulse then continues
to circulate around a central area that is kept refractory because
it is bombarded constantly by wavelets propagating toward it from
the circulating wavefront. This central area provides a functional
obstacle that prevents excitation from propagating across the ful-
crum of the circuit.

The leading circle was defined as “the smallest possible path-
way in which the impulse can continue to circulate” and “in
which the stimulating efficacy of the wavefront is just enough
to excite the tissue ahead which is still in its relative refractory
phase.”?8 Thus, the “head of the circulating wavefront is continu-
ously biting its tail of refractoriness” and the length of the reen-
trant pathway equals the wavelength of the impulse; as a result,
there is usually no fully excitable gap.28 Because the wavefront
propagates through partially refractory tissue, the conduction
velocity is reduced.

The velocity value and the length of the circuit depend on the
excitability of the partially refractory tissue and on the stimulating
efficacy of the wavefront, which is determined by the amplitude
and the upstroke velocity of the action potential and by the pas-
sive electrical properties of the tissue (e.g.,gap junctional conduc-
tance). The partially refractory tissue determines the revolution
time period. Because of the absence of a fully excitable gap, this
form of reentry is less susceptible to resetting, entrainment, and
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FIGURE 3-11 Anisotropic conduction. Progression of activation wavefronts in
blocks of ventricular myocardium with longitudinal fiber orientation are shown.
A wavefront stimulated (asterisk) at the left edge progresses more rapidly (wider
isochrone spacing, A) than one starting perpendicularly (B) because of more
favorable conduction parameters in the former direction.

termination by premature stimuli and pacing maneuvers. Leading
circle reentry is thought to be the underlying mechanism of AF and
VF and of at least some of the ventricular arrhythmias associated
with acute ischemia.

Anisotropic Reentry

Isotropic conduction is uniform in all directions; anisotropic
conduction is not.Anisotropy is a normal feature of heart muscle
and is related to the differences in longitudinal and transverse
conduction velocities,which are attributable to the lower resistiv-
ity of myocardium in the longitudinal (parallel to the long axis
of the myocardial fiber bundles) versus the transverse direction
(Fig. 3-11). Anisotropy in myocardium composed of tissue with
structural features different from those of adjacent tissue results
in heterogeneity in conduction velocities and repolarization
properties (see later discussion), which can lead to blocked
impulses and slowed conduction, thereby setting the stage for
reentry (referred to as anisotropic reentry).

Unlike the functional characteristic that leads to the leading cir
cle type of reentry (differences in refractoriness in adjacent areas
caused by local differences in membrane properties), the func-
tional characteristic that is important in functional reentry caused
by anisotropy is the difference in effective axial resistance to
impulse propagation dependent on fiber direction.In its pure form,
the unidirectional conduction block and slow conduction in the
reentrant circuit result from anisotropic,discontinuous propagation,
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and there is no need for variations in membrane propetties, such
as regional differences in refractoriness or depression of the resting
and action potentials.29

Anisotropic circuits are elliptical or rectangular because of the
directional differences in conduction velocities, with the long axis
of the ellipse in the fast longitudinal direction and a central line of
functional block parallel to the long axis of fibers. Circuits with this
shape can have a smaller dimension than circular circuits, such
as the leading circle. Reentrant circuits caused by anisotropy also
can occur without well-defined anatomical pathways and may be
classified as functional.

Anisotropic reentrant circuits usually remain in a fixed position
and cause ordered reentry. The degree of anisotropy (i.e., the ratio
of longitudinal to transverse conduction velocity) varies in differ
ent regions of the heart,and the circuit can reside only in a region
in which the conduction transverse to the longitudinal axis is suf-
ficiently slow to allow reentry. Stability of anisotropic reentrant cir
cuits is also assisted by the presence of an excitable gap, which
does not occur in the leading circle functional circuit. The excit-
able gap is caused by the sudden slowing of conduction velocity
and a decrease in the wavelength of excitation as the reentrant
impulse turns the corner from the fast longitudinal direction to the
slow transverse direction and from the slow transverse direction
to the fast longitudinal direction. Anisotropic reentry is typically
initiated by a premature stimulus that blocks in the direction of
propagation parallel to the long axis of the cells and then propa-
gates slowly in the transverse direction of fiber orientation because
of high axial resistance (see later).2?

Anisotropic reentry can potentially provide the substrate for
sustained VT that occurs in the epicardial border zone region of
healed infarcts, where viable normal myocytes are intermingled
with islands of fibrous connective tissue that separate muscle-fiber
bundles preferentially in the longitudinal direction and decrease
the density of side-to-side junctional connections, therefore creat-
ing nonuniform anisotropy.

Figure-of-8 Reentry

The model of figure-of-8 or double-loop reentry involves two
concomitant excitation wavefronts circulating in opposite direc-
tions, clockwise and counterclockwise, around a long line of
functional conduction block rejoining on the distal side of the
block. The wavefront then breaks through the arc of block to
reexcite the tissue proximal to the block.The single arc of block
is thus divided into two, and reentrant activation continues as
two circulating wavefronts that travel clockwise and counter
clockwise around the two arcs in a pretzel-like configuration.?0
This form of reentry has been shown in atrial and ventricular
myocardia (Fig.3-12,Video 1).

Reflection

Reflection is a special subclass of reentry in which the excitation
wavefront does not require a circuit but appears to travel back
and forth in a linear segment of tissue (e.g., trabecula or Purkinje
fiber) containing an area of conduction block (see Fig. 3-9). In
such a situation, an action potential propagates toward, but not
through, the inexcitable zone. Subsequently, an electrotonic cur-
rent conducts passively (i.e.,without eliciting an action potential)
through the inexcitable zone toward the distal portion of the path-
way.If the inexcitable zone is sufficiently small and the magnitude
of the electrotonic current is sufficiently large, the segment of tis-
sue distal to the blocked area will be excited (i.e.,an action poten-
tial is elicited) but with a significant delay. The action potential
generated in the distal portion of the pathway will then cause
electrotonic current to flow back through the inexcitable zone
toward the proximal region. Provided the proximal portion of the
conduction pathway recovers quickly enough, this current may
be sufficient to elicit a second action potential on the proximal
side of the inexcitable zone, which propagates in the opposite
direction to the first action potential, thus giving the appearance
that the inexcitable zone has reflected the initial action potential.

Because reflection can occur within areas of tissue as small as 1
to 2 mm?, it is likely to appear of focal origin. Its identification as
a mechanism of arrhythmia may be difficult even with very high
spatial resolution mapping of the electrical activity of discrete
sites.

Phase 2 Reentry

As discussed in Chapter 1,substantial differences in the expression
levels of ion channels underlie the substantial heterogeneity in
action potential duration and configuration between cardiomyo-
cytes across the ventricular wall. Heterogeneity in the distribution
of the transient outward Ix (I,,) channels across the myocardial
wall, being more prominent in ventricular epicardium than endo-
cardium, results in the shorter duration and the prominent phase
1 notch and the “spike and dome” morphology of the epicardial
action potential as compared with the endocardium. The resul-
tant transmural voltage gradient during the early phases (phases 1
and 2) of the action potential is thought to be responsible for the
inscription of the J wave on the surface ECG (see Fig. 31-6). A sig-
nificant outward shift of currents, secondary to either a decrease
in the inward currents (Iy, and I¢,) or an increase in the outward
Ix (Iios Ikn Iks: Ikach, Ikarp), or both, can cause partial or complete
loss of the dome of the action potential in the epicardium that
leads to exaggeration of transmural voltage gradient and disper
sion of repolarization between the epicardium and endocardium.
The type of the ion current affected and its regional distribution in
the ventricles determine the particular phenotype (including the
Brugada syndrome, early repolarization syndrome, hypothermia-
induced ST segment elevation,and infarction-induced ST segment
elevation).3!

In this setting, the phase 2 dome (plateau) of the action potential
can potentially propagate from regions where it is preserved (mid-
myocardium and endocardium) to regions where it is abolished
(epicardium), thus causing local reexcitation (phase 2 reentry)
and the generation of a closely coupled extrasystole that, in turn,
can initiate VT or VF (see Fig. 31-7).32
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FIGURE 3-12 Figure-of-8 reentry. A, ECG and intracardiac recordings from a
left ventricular mapping catheter (Map) and the right ventricle (RV) are shown
during scar-based ventricular tachycardia. B, A stylized tachycardia circuit is
shown in which propagation proceeds through a central common pathway
(small arrows and asterisk) constrained by scar or other barriers and then around
the outside of these same barriers. Activation in the circuit during electrical dias-
tole is shaded (also in A).



Spiral Wave (Rotor) Activity

The leading circle concept was based on properties of impulse
propagation in a one-dimensional tissue that forms a closed path-
way (e.g., a ring). The concept was a major breakthrough in the
understanding of the mechanisms of reentrant excitation. How-
ever, it became evident that these considerations alone do not
fully describe wave rotation in two- and three-dimensional cardiac
tissue.

Spiral waves typically describe reentry in two dimensions. The
term rofor initially described the rotating source, and the spiral
wave defined the shape (i.e.,curvature) of the wave emerging from
the rotating source.In many publications, this difference has been
blurred, and terms used in the literature include rotors, vortices,
and reverberators.2” The center of the spiral wave is called the core,
and the distribution of the core in three dimensions is referred to
as the filament. The three-dimensional form of the spiral wave is
called a scroll wave.30:33

Under appropriate circumstances, a pulse in two-dimensional,
homogeneous, excitable media can be made to circulate as a
rotor. When heterogeneities in recovery exist, the application of a
second stimulus over a large geometric area to initiate a second
excitation wave only excites a region in which there has been suf-
ficient time for recovery from the previous excitation, not regions
that have not yet recovered. An excitation wave is elicited at the
excitable site in the form of a rotor because the wave cannot
move in the direction of the wake of the previous wave but only in
the opposite direction, thus moving into adjacent regions as they
in turn recover. The inner tip of the wavefront circulates around
an organizing center or core,which includes cells with transmem-
brane potentials that have a reduced amplitude,duration,and rate
of depolarization (i.e., slow upstroke velocity of phase 0); these
cells are potentially excitable, but they remain unexcited, instead
of a region of conduction block.In the center of the rotating wave,
the tip of the wave moves along a complex trajectory and radiates
waves into the surrounding medium. In addition, the spiral waves
can give rise to daughter spirals that can result in disorganized
electrical activity

The curvature of the spiral wave is the key to the formation of
the core and the functional region of block.2730 Propagation of
two- and three-dimensional waves also depends on wavefront
curvature, a property that is not present in one-dimensional prepa-
rations.2” Because the maximal velocity of a convex rotating wave-
front can never exceed the velocity of a flat front and the period
of rotation remains constant in a stable rotating wave, the velocity
has to decrease from the periphery (where the highest value cor-
responds to linear velocity) to the center of a rotating wave. As a
consequence, any freely rotating wave in an excitation-diffusion
system has to assume a spiral shape.A prominent curvature of the
spiral wave is generally encountered following a wave break,a situ-
ation in which a planar wave encounters an obstacle and breaks
up into two or more daughter waves. Because it has the greatest
curvature, the broken end of the wave moves most slowly. As curva-
ture decreases along the more distal parts of the spiral, propagation
speed increases.3? The rotor, by definition, has a marked curvature,
and this curvature slows down its propagation. Slow conduction
results from an increased electrical load; that is, not only must a
curved wavefront depolarize cells ahead of it in the direction of
propagation, but also current flows to cells on its sides.

Because the slow activation by a rotor is not dependent on
conduction in relatively refractory myocardium, an excitable gap
exists, despite the functional nature of reentry This type of func-
tional reentrant excitation does not require any inhomogeneities
of refractory periods as in leading circle reentry inhomogeneities
in conduction properties as in anisotropic reentry, or a central
obstacle, whether functional or anatomical. The heterogeneity
that allows initiation can result from a previous excitation wave
and the pattern of recovery from that wave. Even though non-
uniform dispersions of refractoriness or anisotropy are not nec-
essary for the initiation of reentrant excitation caused by rotors
in excitable media, the myocardium, even when normal, is never

homogeneous, and anisotropy and anatomical obstacles can
modify the characteristics and spatiotemporal behavior of the
spiral.

The location of the rotor can occur wherever the second stimu-
lated excitation encounters the wake of the first excitation with
the appropriate characteristics. Spirals can be stationary, continu-
ously drift or migrate away from their origin, or anchored, initially
drifting and then becoming stationary by anchoring to a small
obstacle.3435

In the heart,spiral waves have been implicated in the generation
of cardiac arrhythmias for a long time. Both two-dimensional spiral
waves and three-dimensional scroll waves have been implicated
in the mechanisms of reentry in atrial and ventricular tachycardia
and fibrillation.2” Monomorphic VT results when the spiral wave
is anchored and cannot drift within the ventricular myocardium
away from its origin. In contrast,a polymorphic VT,such as the tor-
sades de pointes encountered with long QT syndromes, is thought
to be caused by a meandering or drifting spiral wave.VF seems to
be the most complex representation of rotating spiral waves in the
heart.VF develops when the single spiral wave responsible for VT
breaks up, leading to the development of multiple spirals that are
continuously extinguished and recreated.30:3435

Excitable Gaps in Reentrant Circuits

WAVELENGTH CONCEPT

The wavelength is defined as the product of the conduction
velocity of the circulating excitation wavefront and the effective
refractory period of the tissue in which the excitation wavefront is
propagating.b The wavelength quantifies how far the impulse trav-
els relative to the duration of the refractory period.The wavelength
of the reentrant excitation wavefront must be shorter than the
length of the pathway of the potential reentrant circuit for reen-
trant excitation to occur; that is, the impulse must travel a distance
during the refractory period that is less than the complete reen-
trant path length to give myocardium ahead of it sufficient time to
recover excitability Slowing of impulse conduction or shortening
of refractoriness shortens the wavelength and increases the excit-
able gap.

For almost all clinically important reentrant arrhythmias result-
ing from ordered reentry and in the presence of uniform, normal
conduction velocity along the potential reentrant pathway, the
wavelength would be too long to permit reentrant excitation.Thus,
almost all these arrhythmias must have, and do have, one or more
areas of slow conduction as a part of the reentrant circuit. The
associated changes in conduction velocity, as well as associated
changes in refractory periods, actually cause the wavelength to
change in different parts of the circuit. However, the presence of
one or more areas of slow conduction permits the average wave-
length of reentrant activation to be shorter than the path length.

The wavelength concept is a good predictive parameter of
arrhythmia inducibility. A decrease in conduction velocity or short-
ening of refractoriness results in a decrease in the wavelength or
lessening of the amount of tissue needed to sustain reentry. This
situation favors initiation and maintenance of reentry. In contrast,
an increase in conduction velocity or prolongation of refractori-
ness prolongs the wavelength of excitation and, in this situation, a
larger anatomical circuit is necessary to sustain reentry. If a larger
circuit is not possible, initiation or maintenance of tachycardia
cannot occur.

EXCITABLE GAPS

The excitable gap in a reentrant circuit is the region of excitable
myocardium that exists between the head of the reentrant wave-
front and the tail of the preceding wavefront and, at any given time,
is no longer refractory (i.e.,is capable of being excited) if the exci-
tation wavelength is shorter than the length of the reentrant circuit
(Fig.3-13).
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FIGURE 3-13 Excitable gap of recovered tissue in anatomically determined
reentry.

The occurrence of an excitable gap is dependent on the recov-
ery of excitability of the myocardium from its previous excitation
by the reentrant wavefront. A fully excitable gap is defined as the
segment of the reentrant circuit in which the tail of the preceding
wavefront does not affect the head and velocity of the following
wavefront (absence of head-tail interaction). A partially excitable
gap is defined as the zone where the rotating wave can be cap-
tured by local stimulation in the presence of head-tail interaction.
Whereas the excitable gap denotes a length of a segment within
the reentrant circuit, the fully or partially excitable period denotes
the time period during which a segment within the reentrant cir
cuit is fully or partially excitable, respectively (see Fig.3-13).

There are two different measurements of the excitable gap.The
spatial excitable gap is the distance (in millimeters) of excitabil-
ity occupied at any moment of time in the circuit ahead of the
reentrant wavefront. On the other hand, the temporal excitable
gap is the time interval (in milliseconds) of excitability between
the head of activation of one impulse and the tail of refractoriness
of the prior impulse. Both the spatial and temporal gaps can be
composed of partially excitable or fully excitable myocardium,
depending on the time interval between successive excitations of
the circuit. The size of the spatial gap and the duration of the tem-
poral gap vary in different parts of the circuit as the wavelength of
the reentrant impulse changes because of changes in conduction
velocity, refractory periods, or both.

The characteristics of the excitable gap can be different in dif-
ferent types of reentrant circuits. Many anatomically determined
reentrant circuits have large excitable gaps with a fully excitable
component,although,even in anatomically determined circuits,the
gap can sometimes be only partially excitable. On the other hand,
functional reentrant circuits caused by the leading circle mecha-
nism have very small gaps that are only partially excitable,although
parts of some functionally determined reentrant circuits (anisotro-
pic reentrant circuits) can have fully excitable gaps. An excitable
gap has been shown to occur during AF, VF, and AFL; these are
examples of arrhythmias caused by functional reentrant mecha-
nisms, possibly including spiral waves. The relationship between
the excitable gap and the excitable period can be complex if the
velocity of propagation changes within the reentry circuit.2?

The existence and the extent of an excitable gap in a reentrant
circuit have important implications.2” The presence of an excitable
gap enables modulation of the frequency of a reentrant tachycar
dia by a locally applied stimulus or by field stimulation; the longer
the excitable gap is, the more likely it will be for an extrastimulus
to be able to enter the reentrant circuit and initiate or terminate
a reentrant arrhythmia. In addition, resetting and entrainment are
more likely to occur when the excitable gap is longer. The excit-
able gap can be exploited to terminate a reentrant tachycardia.
The presence of a significant temporal and spatial excitable gap
in some reentrant circuits enables reentry to be terminated by a
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FIGURE 3-14 Response of tachycardia to a single extrastimulus (S,). The tachy-
cardia cycle length (CL) is [X;X;]. The coupling interval of the extrastimulus is
[X;S,]. The return CL of the first complex of tachycardia after the extrastimulus
is [S,X5]. In the top portion of the figure, the extrastimulus does not affect the
tachycardia circuit, and a compensatory pause occurs. Resetting (i.e., advance-
ment) of the tachycardia is shown at the bottom of the figure. (From Frazier DW,
Stanton MS: Resetting and transient entrainment of ventricular tachycardia. Pacing
Clin Electrophysiol 18:1919, 1995.)

single premature stimulus or by overdrive stimulation. Termination
of arrhythmias by stimulation would be expected to be much more
difficult when the reentrant circuit has only a small partially excit-
able gap. Additionally, the excitable gap can influence the effects
of drugs on the reentrant circuit, so that reentry with a partially
excitable gap and mainly functional components may respond
more readily to drugs that prolong repolarization, without slowing
conduction, whereas fixed anatomical reentry with a large excit-
able gap responds to drugs that decrease conduction velocity, pref-
erentially at pivot points.

The properties of the excitable gap influence the characteristics
of arrhythmias caused by reentry. Arrhythmias caused by lead-
ing circle reentry, in which the wavefront propagates in the just-
recovered myocardium of the refractory tail and in which there
is only a small partially excitable gap, are inherently unstable and
often terminate after a short period or go on to fibrillation. On the
other hand, the reentrant wavefront in anatomical and nonuniform
anisotropic reentrant circuits,in general, is not propagating in myo-
cardium that has just recovered excitability, and the excitable gap
can be large. This property can contribute to the stability of these
reentrant circuits.??

The shape of the anatomical obstacle determines the path of a
reentrant wave in fixed anatomical reentry Therefore, instability of
anatomical reentry is confined to variations of the rotating interval
and wavelength of excitation. This instability is characterized by
the wavefront’s invading the repolarizing phase of the preceding
wave, with resulting oscillations of the rotation period.??

Resetting Reentrant Tachycardias

DEFINITION

Resetting is the advancement (acceleration) of a tachycardia
impulse by timed premature electrical stimuli. The extrastimulus
is followed by a pause that is less than fully compensatory before
resumption of the original rhythm. The tachycardia complexes
that return first should have the same morphology and CL as the
tachycardia before the extrastimulus, regardless of whether single
or multiple extrastimuli are used.3638

The introduction of a single extrastimulus (S,;) during a tachy-
cardia yields a return cycle (5,X3) if the tachycardia is not termi-
nated (Fig. 3-14). If S, does not affect the arrhythmogenic focus,
the coupling interval (X;Sy) plus the return cycle (S,X3) will be
equal to twice the tachycardia cycle (2 x [X;X]); that is, a fully



compensatory pause will occur. Resetting of the tachycardia
occurs when a less than fully compensatory pause occurs. In this
situation, X;S, + SoX3 will be less than 2 x (X;X;),as measured from
the surface ECG. Tachycardia CL stability should be taken into
account when the return cycle is measured. To account for any
tachycardia CL instability, at least a 20-millisecond shortening of
the return cycle is required to demonstrate resetting.?

When more than a single extrastimulus is used, the relative pre-
maturity should be corrected by subtracting the coupling interval
or intervals from the spontaneous tachycardia cycles when the
extrastimuli are delivered.®0

REENTRANT TACHYCARDIA RESETTING

To reset reentrant tachycardia, the stimulated wavefront must reach
the reentrant circuit, encounter excitable tissue within the circuit
(i.e., enter the excitable gap of the reentrant circuit), collide in the
antidromic (retrograde) direction with the previous tachycardia
impulse, and continue in the orthodromic (anterograde) direction
to exit at an earlier than expected time and perpetuate the tachy-
cardia (Fig.3-15).638 If the extrastimulus encounters fully excitable
tissue,which commonly occurs in reentrant tachycardias with large
excitable gaps, the tachycardia will be advanced by the extent that
the stimulated wavefront arrives at the entrance site prematurely. If
the tissue is partially excitable, which can occur in reentrant tachy-
cardias with small or partially excitable gaps or even in circuits with
large excitable gaps when the extrastimulus is very premature, the
stimulated wavefront will encounter some conduction delay in the
orthodromic direction within the circuit (see Fig. 3-15). Therefore,
the degree of advancement of the next tachycardia beat depends
on both the degree of prematurity of the extrastimulus and the
degree of slowing of its conduction within the circuit. The reset
tachycardia beat consequently can be early, on time, or delayed.

Termination of the tachycardia occurs when the extrastimulus
collides with the preceding tachycardia impulse antidromically
and blocks in the reentrant circuit orthodromically (see Fig. 3-15).
This occurs when the premature impulse enters the reentrant cir
cuit early in the relative refractory period,; it fails to propagate in the
anterograde direction because it encounters absolutely refractory
tissue.In the retrograde direction, it encounters increasingly recov-
ered tissue and can propagate until it encroaches on the circulat-
ing wavefront and terminates the arrhythmia.3%:40

Resetting does not require that the pacing site be located in the
reentrant circuit.The closer the pacing site is to the circuit,however,
the less premature a single stimulus can be and reach the circuit
without being extinguished by collision with a wave emerging from
the circuit.The longest coupling interval for an extrastimulus to be
able to reset a reentrant tachycardia depends on the tachycardia
CL, the duration of the excitable gap of the tachycardia, refractori-
ness at the pacing site, and the conduction time from the pacing
site to the reentrant circuit.??

Resetting Zone and Excitable Gap

For an extrastimulus to be able to reset the reentrant circuit, it has
to penetrate the circuit during its excitable gap. The difference
between the longest and shortest coupling intervals resulting in
resetting is defined as the resetting interval or resetting zone.373
Thus, the coupling intervals over which resetting occurs, the reset-
ting zone, can be considered a measure of the duration of the
temporal excitable gap existing in the reentrant circuit. Therefore,
the entire extent of the fully excitable gap would be the zone of
coupling intervals from the onset of tachycardia resetting until
tachycardia termination.The excitable gap,however,can be under
estimated by using only a single extrastimulus or by using single or
double extrastimuli in the absence of tachycardia termination by
the extrastimuli.

All tachycardias reset by a single extrastimulus can be reset
by double extrastimuli, unless tachycardia termination occurs.
Double extrastimuli produce resetting over a longer range of cou-
pling intervals and should therefore be used to characterize the
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FIGURE 3-15 A, Schematic representation of the reentrant circuit is illustrated
with separate entrance and exit sites. During tachycardia, a wavefront is shown
propagating through the tissue of the reentrant circuit (arrow). The dark portion
of the arrow represents fully refractory tissue, and the fading portion represents
partially refractory tissue. B, A premature stimulus (Stim) introduced during the
tachycardia results in a wavefront of depolarization (red arrow), which enters the
reentrant circuit and conducts antegradely over fully excitable tissue while it col-
lides retrogradely with the already propagating wavefront (blue arrow). The pre-
mature wavefront (red arrow) then propagates around the circuit to the exit site,
thus leading to the less than compensatory pause and resetting of the tachycar-
dia. C, A more premature extrastimulus (Stim) results in a wavefront of depolar-
ization (red arrow), which enters the circuit at a time when it collides retrogradely
with the previously propagating wavefront (blue arrow) and encounters ante-
grade tissue incapable of sustaining further propagation. As a result, circus move-
ment in the circuit is extinguished, and tachycardia terminates. (From Rosenthal
ME, Stamato NJ, Almendral JM, et al: Coupling intervals of ventricular extrastimuli
causing resetting of sustained ventricular tachycardia secondary to coronary artery
disease: relation to subsequent termination. Am J Cardiol 61:770, 1988.)

excitable gap of the reentrant circuit more fully. During EP testing,
only the temporal excitable gap of the entire circuit can be evalu-
ated. It is impossible to assess the conduction velocity and refrac-
toriness at any point in the circuit, which certainly must vary, with
available technology.

Return Cycle

The return cycle is the time interval from the resetting stimulus to the
next excitation of the pacing site by the new orthodromic wavefront.
This corresponds to the time required for the stimulated impulse
to reach the reentrant circuit, conduct through the circuit, exit the
circuit,and travel back to the pacing site.3”* The noncompensatory
pause following the extrastimulus and the return cycle are typically
measured at the pacing site; however,they may also be measured to
the onset of the tachycardia complex on the surface ECG.

When the return cycle is measured from the extrastimulus pro-
ducing resetting to the onset of the first return tachycardia com-
plex on the surface ECG, conduction time into the tachycardia
circuit is incorporated into that measurement. Conduction time
between the pacing site and the tachycardia circuit may or may
not be equal to that from the circuit to the pacing site. Differences
in location of the site of stimulation, as well as the tachycardia cir
cuit entrance and exit,can result in differences in conduction time
to and from the pacing site.

Orthodromic and Antidromic Resetting

Antidromic resetting occurs when intracardiac sites are directly cap-
tured by the premature stimulus without traversing the reentrant
circuit and the zone of slow conduction.3” Therefore, antidromic
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resetting of intracardiac sites occurs with a conduction interval
from the pacing stimulus to the captured electrogram that is less
than the tachycardia CL and with differing morphology of the cap-
tured as compared with the spontaneous electrogram. Although
demonstration of an antidromic resetting response can indicate a
tachycardia mechanism other than reentry,an antidromic resetting
pattern can also be observed during reentry with an excitable gap
if the pacing site is located distal to a region of slow conduction
in the reentry circuit. Conversely, if the recording sites are located
in regions activated proximal to a region of slow conduction, an
antidromic resetting response will be observed.

Orthodromic resetting occurs when the premature stimulus tra-
verses the reentrant circuit, including the zone of slow conduction,
in the same direction as the spontaneous tachycardia impulse and
with an identical exit site.?” Intracardiac areas that are orthodromi-
cally reset are advanced by the premature extrastimulus but retain
the same morphology because they are activated from the impulse
emerging from the same reentrant circuit exit site. The conduction
interval from the pacing stimulus to the orthodromically captured
electrogram exceeds the tachycardia CL by the time required for the
extrastimulus to travel from the pacing site to the reentrant circuit.
Thus,an orthodromic resetting response implies that the pacing site
is located proximal to a region of slow conduction in the reentry
circuit and that the recording site is located distal to this region.The
ability to demonstrate orthodromic resetting is critically dependent
on the location of pacing and recording electrodes relative to the
region of slow conduction in the circuit.Therefore, failure to demon-
strate an orthodromic resetting response does not exclude reentry
with an excitable gap as a possible tachycardia mechanism.

RESETTING RESPONSE CURVES

Response patterns during resetting are characterized by plotting
the coupling interval of the extrastimulus producing resetting ver-
sus the return cycle measured at the pacing site. Alternatively, the
return cycle is measured to the onset of the first tachycardia com-
plex following stimulation on the surface ECG; then, qualitatively
similar but quantitatively different response curves are obtained.??
Demonstration of a noncompensatory pause following the extra-
stimulus is required,and the interval encompassing the extrastimu-
lus should be 20 or more milliseconds earlier than the expected
compensatory pause following a single extrastimulus and 20 or
more milliseconds less than three tachycardia CLs when double
extrastimuli are used.®® As always, it is important to establish the
stability of tachycardia CL before assessing any perturbation in
tachycardia presumed to be caused by resetting.

Four resetting response patterns are possible (Fig.3-16)3%:

1. During the flat response pattern, the return cycle is constant
(less than a 10-millisecond difference) over a 30-millisecond
range of coupling intervals.

2. With the increasing response pattern, the return cycle increases
as the coupling interval increases.

3. With a decreasing response pattern, the return cycle decreases
as the coupling interval increases.

4. A mixed response pattern meets the criteria for a flat response
at long coupling intervals and for an increasing response at
shorter coupling intervals.

Occasionally, a response pattern to a single extrastimulus can-
not be characterized because resetting occurs over too narrow a
range of coupling intervals as a result of significant variability of
the baseline tachycardia CL or of variability in the return cycle.Trig-
gered rhythms secondary to DADs usually have a flat or decreasing
response. A flat response can be observed in automatic, triggered,
or reentrant rhythms.

In all cases in which a single extrastimulus resets the tachycardia,
double extrastimuli from the same pacing site produce an identi-
cal or expected resetting curve. Thus, if a single extrastimulus pro-
duces a flat curve,double extrastimuli will produce a flat or mixed
curve. If a single extrastimulus produces an increasing or mixed
curve,double extrastimuli will produce the same curve.

The types of resetting curves can vary depending on the site of
stimulation. Extrastimuli from different pacing sites likely engage
different sites in the reentrant circuit that are in different states of
excitability or refractoriness and therefore result in different con-
duction velocities and resetting patterns.3?

Flat Response Curves in Reentrant Rhythms

A flat resetting curve implies the presence of a fully excitable gap
within the reentrant circuit over a range of coupling intervals.The
total duration of the excitable gap should exceed the range of cou-
pling intervals that produce resetting with a flat response. Large
excitable gaps are more likely to result in flat response curves,
because the increasingly premature extrastimuli are less likely
to encroach on the trailing edge of refractoriness and encounter
decremental conduction (see Fig. 3-16).The flat return cycle also
suggests the presence of fixed sites of entrance and exit from the
circuit and fixed conduction time from the stimulation site through
the reentrant circuit over a wide range of coupling intervals.

If a single extrastimulus produced resetting with a flat response,
the response to double extrastimuli would also be flat. However,
because the use of double extrastimuli allows engagement of the
reentrant circuit at relatively long coupling intervals with greater
prematurity, resetting will begin at longer coupling intervals and
will continue over a greater range of coupling intervals than
observed with a single extrastimulus. Therefore, double extrastim-
uli can produce a flat and then increasing response curve.
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FIGURE 3-16 Mechanisms of various resetting response patterns. A, Schemas
of three types of resetting response curves. B, A theoretical mechanism of reset-
ting patterns in response to extrastimuli at coupling intervals of X and X-50 mil-
liseconds. The reentrant circuit is depicted as having a separate entrance and
exit in each pattern. Each tachycardia wavefront is followed by a period of abso-
lute refractoriness (blue arrow), which is then followed by a period of relative
refractoriness (fading tail of the arrow) of variable duration. On the left side, a
flat curve results when the stimulated wavefront reaches the tachycardia circuit
and finds a fully excitable gap between the head and tail of the tachycardia
wavefront. The gap is still fully excitable at a coupling interval of X-50. There-
fore, the conduction time from the entrance to exit is the same. An increasing
curve is shown in the middle; this results when the initial stimulated wavefront
enters the reentrant circuit when the excitable gap is partially refractory. The
curve continues to increase at a coupling interval of X-50 because the tissue
is still in a relative refractory state. A mixed curve (right side) results when the
less premature extrastimuli find the reentrant circuit fully excitable, whereas the
more premature one (at coupling intervals of X-50) finds it in the relative refrac-
tory period. (From Josephson ME: Recurrent ventricular tachycardia. In Josephson
ME, editor: Clinical cardiac electrophysiology, ed 3, Philadelphia, 2004, Lippincott
Williams & Wilkins, pp 425-610.)



Increasing Response Curves in Reentrant Rhythms

Increasing resetting curves result from progressively longer return
cycles in response to increasingly premature extrastimuli and indi-
cate a zone of decremental slow conduction,usually located within
the reentrant circuit.The most probable mechanism underlying the
decremental conduction is encroachment of the advancing wave-
front from the premature extrastimuli on an increasingly more
refractory tissue within the reentrant circuit, most likely within the
zone of slow conduction (see Fig. 3-16).%9 This response pattern is
possible only for reentrant arrhythmias and is not observed in trig-
gered or automatic rhythms.

Mixed Response Curves in Reentrant Rhythms

In a mixed response curve, the initial coupling intervals demon-
strate a flat portion of the curve of variable duration (but less than
30 milliseconds), followed by a zone during which the return cycle
increases (see Fig. 3-16). Occasionally, a flat curve is seen with a
single extrastimulus; it is only by using double extrastimuli that an
increasing response can be observed.

Decreasing Response Curves in Reentrant Rhythms

Decreasing reset curves are not observed in reentry but can be
seen in triggered rhythms, although flat responses are the most
common response for triggered activity. The return cycle in trig-
gered activity is typically 100% to 110% of the tachycardia CL.

RESETTING WITH FUSION

Fusion of the stimulated impulse can be observed on surface
ECG or intracardiac recordings if the stimulated impulse is inter
mediate in morphology between a fully paced complex and the
tachycardia complex.The ability to recognize ECG fusion requires
a significant mass of myocardium to be depolarized by both the
extrastimulus and the tachycardia.?”3941 With early extrastimuli,
the paced antidromic wavefront captures all or most of the myo-
cardium prior to the orthodromic wavefront of the tachycardia
impulse exiting from the reentrant circuit. Thus, no ECG fusion is
present, although resetting can occur. With later coupled extra-
stimuli, the orthodromic wavefront exits from the reentrant circuit,
thus capturing a certain portion of myocardium before colliding
with the paced antidromic wavefront. In this situation, ECG fusion
occurs. Resetting with ECG fusion requires wide separation of the
entrance and exit of the reentrant circuit, with the stimulus wave-
front preferentially engaging the entrance.

If presystolic activity in the reentrant circuit is recorded before
delivery of the extrastimulus that resets the tachycardia, one must
consider this to represent local fusion (Fig.3-17).3% Thus, an extra-
stimulus that is delivered after the onset of the tachycardia complex

and enters and resets the circuit always demonstrates local fusion.
Resetting with local fusion and a totally paced complex morphol-
ogy provides evidence that the reentrant circuit is electrocardio-
graphically small.

The farther the pacing site is from the reentrant circuit, the less
likely resetting with ECG fusion will occur because the extrastimu-
lus should be delivered at a shorter coupling interval to reach the
circuit with adequate prematurity. Consequently, the stimulated
impulse is more likely to capture both the exit and entrance sites
and therefore have a purely paced ECG complex morphology
without fusion.

Reentrant circuits reset with fusion have a higher incidence
of flat resetting curves, longer resetting zones, and significantly
shorter return cycles measured from the stimulus to the onset of
the tachycardia complex. Resetting with fusion is a potential indi-
cation that the pacing site is located proximal to the zone of slow
conduction (i.e., prior to the entrance site) within the reentrant
circuit, whereas resetting without fusion potentially suggests pac-
ing distal to the zone of slow conduction,because pacing closer to
the exit is more likely to capture both the exit and entrance sites
and produce resetting without fusion.

RESETTING OF TACHYCARDIAS WITH DIVERSE
MECHANISMS

Resetting can be demonstrated for tachycardias based on different
mechanisms, including reentry, normal or abnormal automaticity,
and triggered activity. Although the ability to reset an arrhythmia
is not helpful in distinguishing the underlying mechanism, certain
features of the resetting response can be useful for the differential
diagnosis.??

Site Specificity of Resetting
Triggered activity and automaticity do not demonstrate site speci-

ficity for resetting, whereas reentry can. Site specificity for resetting
is decreased with the use of multiple extrastimuli.

Resetting Response Curves

Triggered rhythms secondary to DADs usually have a flat or decreas-
ing resetting curve.A flat resetting curve can be seen in automatic,
triggered, or reentrant rhythms. Reentrant rhythms never demon-
strate a decreasing resetting curve to single or double extrastimuli.

Resetting with Fusion

The ability to reset tachycardia after it has begun activating the
myocardium (i.e., resetting with fusion) is diagnostic of reentry
and excludes automatic and triggered mechanisms.373941

In automaticity or triggered activity, resetting of the arrhythmia
by an extrastimulus requires depolarization of the site of origin by

Resetting with fusion
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the paced wavefront. Because the entrance and exit sites of focal
rhythms (automatic or triggered) are not separate, a tachycardia
wavefront cannot exit the focus once the exit or entrance site has
already been depolarized and rendered refractory by the paced
wavefront.

During automatic or triggered tachycardias, when an extrastimu-
lus is delivered late in the tachycardia cycle, it can collide with the
tachycardia impulse exiting the tachycardia focus and produce
fusion of a single beat on the surface ECG or intracardiac record-
ings. In this case, however, resetting cannot occur because the sur
rounding myocardium is refractory to the advancing extrastimulus;
that is, entrance block occurs.This produces a fully compensatory
pause.

Entrainment of Reentrant Tachycardias

BASIC PRINCIPLES OF ENTRAINMENT

Entrainment of reentrant tachycardias by external stimuli was origi-
nally defined in the clinical setting as “an increase in the rate of a
tachycardia to a faster pacing rate, with resumption of the intrinsic
rate of the tachycardia upon either abrupt cessation of pacing or
slowing of pacing beyond the intrinsic rate of the tachycardia” and
taken to indicate an underlying reentrant mechanism. The ability
to entrain a tachycardia also establishes that the reentrant circuit
contains an excitable gap.27:39.4243

Orthodromic resetting and transient entrainment are manifesta-
tions of the same phenomenon (i.e., premature penetration of a
tachycardia circuit by a paced wavefront), and the ability to dem-
onstrate resetting is a strong indication that entrainment can occur
from that specific pacing site. Entrainment is the continuous reset-
ting of a reentrant circuit by a train of capturing stimuli. However,
following the first stimulus of the pacing train that penetrates and
resets the reentrant circuit,the subsequent stimuli interact with the
reset circuit, which has an abbreviated excitable gap.?

During entrainment, each pacing stimulus creates two activation
wavefronts, one in the orthodromic direction and the other in the
antidromic direction. The wavefront in the antidromic direction
collides with the existing tachycardia wavefront. The wavefront
that enters the reentrant circuit in the orthodromic direction (i.e.,
the same direction as the spontaneous tachycardia wavefront)
conducts through the reentrant pathway, resets the tachycardia,
and emerges through the exit site to activate the myocardium and
collide with the antidromically paced wavefront from the next
paced stimulus.This sequence continues until cessation of pacing
or block somewhere within the reentrant circuit develops.3” The
first entrained stimulus results in retrograde collision between the
stimulated and tachycardia wavefronts, whereas for all subsequent
stimuli, the collision occurs between the currently stimulated
wavefront and the one stimulated previously. Depending on the
degree to which the excitable gap is preexcited (and abbreviated)
by the first resetting stimulus,subsequent stimuli fall on fully or par-
tially excitable tissue. Entrainment is said to be present when two
consecutive extrastimuli conduct orthodromically through the cir
cuit with the same conduction time while colliding antidromically
with the preceding paced wavefront. Because all pacing impulses
enter the tachycardia circuit during the excitable gap, each paced
wavefront advances and resets the tachycardia. Thus, when pacing
is terminated, the last paced impulse will continue to activate the
entire tachycardia reentrant circuit orthodromically at the pacing
CL and also will activate the entire myocardium orthodromically
on exiting the reentrant circuit.4243

Overdrive pacing at long CLs (approximately 10 to 20 millisec-
onds shorter than the tachycardia CL) can almost always entrain
reentrant circuits with large flat resetting curves and a post-pacing
interval (PPI) equal to the return cycle observed during the flat
part of the resetting curve.?® During overdrive pacing, once the nth
pacing stimulus resets the circuit, the following pacing stimulus
(n + D will reach the circuit more prematurely. Depending on
how premature it is, this (n + 1) extrastimulus may produce no

change in the return cycle (compared with that in response to the
n'h extrastimulus),encounter progressive conduction delay (until a
fixed,longer return cycle is reached), or terminate the tachycardia.
The larger the flat curve observed during resetting or the longer the
pacing CL, or both, the more likely the return cycle of the nt" and
(n + Dt extrastimuli will be the same. In this case, no matter how
many subsequent extrastimuli are delivered, the return cycle will
be the same and equal to that observed during the flat portion of
the resetting curve.However, if the flat portion of the resetting curve
is small, the pacing CL is short, or both, the (n + 1) extrastimu-
lus will fall on partially refractory tissue and the return cycle will
increase.Continued pacing at the same CL will result in a stable but
longer return cycle than the n' extrastimulus or termination of the
tachycardia. Consequently, circuits with large fully excitable gaps
(i.e.,large flat resetting curves) can demonstrate prolonged return
cycles or even termination at pacing CLs equal to coupling inter-
vals of a single extrastimulus demonstrating a fully excitable gap.

ENTRAINMENT RESPONSE CURVES

During entrainment, the orthodromic wavefront of the last extra-
stimulus propagates around the circuit to become the first com-
plex of the resumed tachycardia. The conduction time of this
impulse to the exit site of the circuit is termed the last entrained
interval,and it characterizes the properties of the reset circuit dur
ing entrainment 3”39 Measurement of the interval between the last
paced extrastimulus to the first nonpaced tachycardia complex
(on the surface ECG or presystolic electrogram) during entrain-
ment at progressively shorter pacing CLs characterizes an entrain-
ment response curve, analogous but not identical to resetting
response curves with single extrastimuli. In this case, the return
cycle depends critically on the number of extrastimuli delivered
that reset the circuit before the return cycle is measured, because
following the first extrastimulus producing resetting (the n' extra-
stimulus), subsequent extrastimuli are relatively more premature
and can lead to a different return cycle. 243

During entrainment, the return cycle measured at an ortho-
dromically captured presystolic electrogram should equal the pac-
ing CL regardless of the site of pacing, as long as the presystolic
electrogram is orthodromically activated at a fixed stimulus-to-
electrogram interval (i.e., fixed orthodromic conduction time).
This would not be observed if the electrogram were captured anti-
dromically If the time from the orthodromically activated electro-
gram to the onset of the return cycle on the surface ECG remains
constant, which is a requirement to prove that the electrogram is
within or attached to the reentrant circuit proximal to the exit site,
then the interval from the stimulus to the surface ECG complex will
remain constant. The same is true for the electrogram measured
at the stimulation site. In the absence of recording of a presystolic
electrogram, other measurements may be used to characterize the
last entrained interval at any pacing CL.Therefore, during entrain-
ment, curves relating the pacing CL to the last entrained interval
can be measured from the stimulus to the orthodromic presystolic
electrogram, to the onset of the surface ECG of the first tachycardia
(nonpaced) complex, or to the local activation time at the pacing
site of the first tachycardia (nonpaced) complex. These measure-
ments will be qualitatively identical but have different absolute val-
ues.As always, it is important to establish the stability of tachycardia
CL and document the presence of entrainment before assessing
the return cycle and PPI.4243

Termination is the usual response to overdrive pacing of circuits
that demonstrate an increasing curve in response to resetting by
a single extrastimulus. However, if the number of extrastimuli fol-
lowing the n® extrastimulus is limited to one or two (especially at
long pacing CLs), termination may not occur, although the return
cycle will be progressively longer following each extrastimulus.
Entrainment is not present until two consecutive PPIs are identical.
In such cases, when termination does not occur, the return cycle
will be longer than that observed if pacing were discontinued fol-
lowing the nt? extrastimulus at that pacing CL.3%39 Thus, if only the



return cycle following entrainment is used to analyze the excitable
gap, an increasing curve suggesting decremental conduction can
result, even though a flat curve is observed with single or double
extrastimuli,or both.Therefore, only resetting phenomena describe
the characteristics of the reentrant circuit. Entrainment analyzes a
reset circuit that has a shorter excitable gap. Flat, mixed (flat and
increasing),and increasing curves can be seen during entrainment
of macroreentrant circuits. Increasing curves are almost always
observed during entrainment of small or microreentrant circuits.

RELATIONSHIP OF PACING SITE AND CYCLE LENGTH
TO ENTRAINMENT

As with resetting, entrainment does not require the pacing site be
located in the reentrant circuit. The closer the pacing site is to the
circuit, however, the less premature a single stimulus can be and
reach the circuit and, with pacing trains, the fewer the number of
stimuli required before a stimulated wavefront reaches the reen-
trant circuit without being extinguished by collision with a wave
emerging from the circuit.

Overdrive pacing at long CLs (approximately 10 to 20 millisec-
onds shorter than the tachycardia CL) can almost always entrain
reentrant tachycardias. However, the number of pacing stimuli
required to entrain the reentrant circuit depends on the tachy-
cardia CL, the duration of the excitable gap of the tachycardia,
refractoriness at the pacing site,and the conduction time from the
stimulation site to the reentrant circuit.3%:4245

DIAGNOSTIC CRITERIA OF ENTRAINMENT

Entrainment is the continuous resetting of a tachycardia circuit.
Therefore, during constant rate pacing, entrainment of tachycar-
dia results in the activation of all myocardial tissue responsible for
maintaining the tachycardia at the pacing CL, with the resumption
of the intrinsic tachycardia morphology and rate after cessation
of pacing. Unfortunately, it is almost impossible to document the
acceleration of all tissues responsible for maintaining the reentrant
circuit to the pacing CL. Therefore, certain surface ECG criteria
have been proposed for establishing the presence of entrainment:
(1) fixed fusion of the paced complexes at a constant pacing rate;
(2) progressive fusion or different degrees of fusion at different
pacing rates (i.e., the surface ECG and intracardiac morphology
progressively look more like the purely paced configuration and
less like the pure tachycardia complex in the course of pacing at
progressively shorter pacing CLs); and (3) resumption of the same
tachycardia morphology following cessation of pacing, with the
first PPI displaying no fusion but occurring at a return cycle equal
to the pacing CL.% These criteria are discussed in more detail in
Chapter 5424347

Mechanism of Slow Conduction in the Reentrant
Circuit

As mentioned earlier, a condition necessary for reentry is that
the impulse be delayed sufficiently in the alternative pathway or
pathways to allow tissues proximal to the site of unidirectional
block to recover excitability2” All types of reentrant arrhythmias
have a basic feature in common—the wavefront must encounter
a zone of tissue where local electrical inhomogeneity is present.
This inhomogeneity can be related to (1) electrical properties of
the individual cardiac myocyte that generates the action potential
(inhomogeneity in electrical excitability or refractoriness,or both),
(2) passive properties governing the flow of current among cardiac
cells (cell-to-cell coupling and tissue geometry), or (3) combina-
tions of those conditions.*® Such changes can be permanent (e.g.,
in remodeling after ventricular hypertrophy or infarction), or they
can be purely functional (e.g.,inhomogeneity of refractoriness in
acutely ischemic tissue). Additionally, some of those changes are
needed only to set the initial condition for the deviation of the
impulse, the so-called unidirectional conduction block. Once the

disturbance is initiated, an arrhythmia can develop in a perfectly
homogeneous electrical medium.*®

Slow conduction within the reentrant circuit is also an impor-
tant determinant of the size of the reentrant circuit. A decrease in
conduction velocity results in a reduction in the wavelength and a
lessening of the amount of tissue needed to sustain reentry.In con-
trast, an increase in conduction velocity prolongs the wavelength
of excitation,and, hence, a larger anatomical circuit is necessary to
sustain reentry.If a larger circuit is not possible, initiation or mainte-
nance of tachycardia cannot occur.?’

In some cardiac tissues (e.g., the AVN), slow conduction is nor
mal physiology. Slow conduction also can be secondary to patho-
physiological settings (e.g.,MI) or caused by functional properties
that can develop as a result of premature stimulation or evolve dur
ing a rapid transitional rhythm.27

As discussed in Chapter 1, action potential propagation and
conduction velocity in cardiac tissue are determined by source-
sink relationships, which reflect the interplay between the active
membrane properties of cardiac cells (the source generating
the action potential) and the passive properties determined by
architectural features of the myocardium (sink), as well as the
coupling resistance between source and sink. The current pro-
vided by the source must reach the sink. The pathway between
the source and sink includes intracellular resistance (provided by
the cytoplasm) and intercellular resistance (provided by the gap
junctions).Extracellular resistance plays a role,but it can often be
neglected.The coupling resistance is mainly determined by resis-
tance of the gap junctions.Therefore,the number and distribution
of gap junctions, as well as the conductance of the gap junction
proteins (connexins),are important factors for conduction of the
action potential.

The safety factor for conduction predicts the success of action
potential propagation and is defined as the ratio of the current
generated by the depolarizing ion channels of a cell (source) to
the current consumed during the excitation cycle of a single cell
in the tissue (sink).? Thus, the safety factor for propagation is pro-
portional to the excess of source current over the sink needs. By
this definition,conduction fails when the safety factor drops to less
than 1 and becomes increasingly stable as it rises to more than 1.4
This concept of propagation safety provides information about the
dependence of propagation velocity on the state of the ion chan-
nels, cell-to-cell coupling, and tissue geometry. In essence, local
source-sink relationships determine the formation of conduction
heterogeneities and provide conditions for the development of
slow conduction, unidirectional block,and reentry27:50:51

REDUCED MEMBRANE EXCITABILITY

Excitability of a cardiac cell describes the ease with which the cell
responds to a stimulus with a regenerative action potential, and
it depends on the passive and active properties of the cell mem-
brane.” The passive properties include the membrane resistance
and capacitance and the intercellular resistance. The more nega-
tive the membrane potential is, the more Na* channels are avail-
able for activation, the greater the influx of Na* into the cell during
phase 0,and the greater the conduction velocity.

In contrast, membrane depolarization to levels of —-60 to =70 mV
can inactivate half the Na* channels,and depolarization to =50 mV
or less can inactivate all the Na* channels. Therefore, when stimu-
lation occurs during phase 3 (e.g., during premature stimulation
during the relative refractory period), before full recovery and at
less negative potentials of the cell membrane, a portion of Na*
channels will still be refractory and unavailable for activation. As
a result, Iy, and phase 0 of the next action potential are reduced,
and conduction of the premature stimulus is slowed, facilitating
reentry 627

Reduced membrane excitability occurs in numerous physi-
ological and pathophysiological conditions. Genetic mutations
that result in loss of Na* channel function, as occurs in the
Brugada syndrome, can cause reduced membrane excitability.
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Reduced membrane excitability is also present in cardiac cells
with persistently low levels of resting potential caused by dis-
ease (e.g., during acute ischemia, tachycardia, certain electrical
remodeling processes, and treatment with class I antiarrhythmic
agents).2750 At low resting potentials, the availability of excitable
Nat* channels is reduced because of inactivation of a significant
proportion of the Na* channels and prolonged recovery of Na*
channels from inactivation. With progressive reduction of excit-
ability, less Na* source current is generated, and conduction
velocity and the safety factor decrease monotonically. When the
safety factor falls to less than 1, conduction can no longer be
sustained, and failure (conduction block) occurs. Action poten-
tials with reduced upstroke velocity resulting from partial inac-
tivation of Na* channels are called depressed fast responses.
These action potential changes are likely to be heterogeneous,
with unequal degrees of Na* inactivation that create areas with
minimally reduced velocity, more severely depressed zones, and
areas of complete block. In addition, refractoriness in cells with
reduced membrane potentials can outlast voltage recovery of the
action potential; that is, the cell can still be refractory or partially
refractory after the resting membrane potential returns to its most
negative value.?

Thus,in a diseased region with partially depolarized fibers, there
can be some areas of slow conduction and some areas of con-
duction block, depending on the level of resting potential and the
number of Na* channels that are inactivated.This combination can
be the substrate for reentry The chance for reentry in such fibers
is even greater during premature activation or during rhythms at a
rapid rate, because slow conduction or the possibility of block is
increased even further.

REDUCED CELLULAR COUPLING

Intercellular communication is maintained by gap junctional
channels that connect neighboring cells and allow biochemical
and low-resistance electrical coupling.® Although the resistiv-
ity of the gap junctional membrane for the passage of ions and
small molecules and for electrical propagation is several orders
of magnitude higher than the cytoplasmic intracellular resistivity,
gap junction coupling provides a resistance pathway that is sev-
eral orders of magnitude lower compared with uncoupled cell
membranes.>?

In normal adult working myocardium, a given cardiomyocyte is
electrically coupled to an average of approximately 11 adjacent
cells, with gap junctions being predominantly localized at the
intercalated discs at the ends of the rod-shaped cells. Lateral (side-
to-side) gap junctions in nondisc lateral membranes of cardiomyo-
cytes are much less abundant and occur more often in atrial than
ventricular tissues.27-5355 This particular subcellular distribution of
gap junctions is a main determinant of anisotropic conduction in
the heart; a wavefront must traverse more cells in the transverse
direction than over an equivalent distance in the longitudinal
direction, because cell diameter is much smaller than cell length.
Additionally, less intercellular gap junctional coupling occurs and,
hence, greater resistance and slower conduction transversely than
longitudinally.27:52.55

Modification of intercellular coupling occurs in numerous physi-
ological and pathophysiological conditions.2” Physiologically, cell-
to-cell coupling is reduced in atrial and ventricular myocardium
in the transverse direction to the main fiber axis relative to the
longitudinal direction. Reduced intercellular coupling also likely
contributes to slow impulse conduction in the AVN.In pathophysi-
ological settings (e.g., myocardial ischemia, ventricular hypertro-
phy, cardiomyopathy),56 modification of intercellular coupling
can occur as a consequence of acute changes in the average
conductance of gap junctions secondary to ischemia, hypoxia,
acidification, or increase in intracellular Ca2*, or it can be pro-
duced by changes in expression or cellular distribution patterns
of gap junctions.’”%® Changes in the distribution and number of
gap junctions (gap junction remodeling) have been reported in

almost all cardiac diseases predisposing to arrhythmias. Remodel-
ing includes a decrease in some gap junction channels resulting
from the interruption of communication between cells by fibrosis
and downregulation of connexin-43 (Cx43) formation or traffick-
ing to the intercalated disc.Additionally,gap junctions can become
more prominent along lateral membranes of myocytes (so-called
structural remodeling).5459

A reduction in the gap junctional conductance increases the
intercellular resistance, thus leading to conduction delay or block.
Similar to its behavior during reduced membrane excitability,
conduction velocity decreases monotonically with reduction in
intercellular coupling.52 However, the resulting reduction of con-
duction velocities is more than an order of magnitude larger than
that observed during a reduction of excitability?” Importantly,
the changes in the safety factor with uncoupling are opposite to
those observed with a reduction in membrane excitability. As cells
become less coupled, there is greater confinement of depolariz-
ing current to the depolarizing cell, with less electrotonic load and
axial flow of charge to the downstream cells.As a result,individual
cells depolarize with a high margin of safety, but conduction pro-
ceeds with long intercellular delays.At such low levels of coupling,
conduction is very slow but, paradoxically, very robust.2757:58

Importantly, there is a high redundancy in connexin expression
in the heart with regard to conduction of electrical impulse,and a
large reduction of intercellular coupling is required to cause major
slowing of conduction velocity.It has been shown that a 50% reduc-
tion in Cx43 does not alter ventricular impulse conduction. Cx43
expression must decrease by 90% to affect conduction, but even
then conduction velocity is reduced only by 20%.

TISSUE STRUCTURE AND GEOMETRY

Tissue geometry can influence action potential propagation and
conduction velocity. In contrast to an uncoupled cell strand, in
which the high resistance junctions alternate with the low cyto-
plasmic resistance of the cells, a high degree of discontinuity can
be produced by large tissue segments (consisting of a segment
with side branches) alternating with small tissue segments having
a small tissue mass (connecting segments without branches).2”

When a small mass of cells has to excite the large mass (e.g.,
an impulse passing abruptly from a fiber of small diameter to one
of large diameter or propagating into a region where there is an
abrupt increase in branching of the myocardium), transient slow-
ing of the conduction velocity can be observed at the junction.
This occurs because of sink-source mismatch, during which the
current provided by the excitation wavefront (source) is insuffi-
cient to charge the capacity and thus excite the much larger vol-
ume of tissue ahead (sink).27:49.60.61

In a normal heart, abrupt changes in geometric properties are
not of sufficient magnitude to provide sufficient sink-source mis-
match and cause conduction block of the normal action poten-
tial because the safety factor for conduction is large; that is, there
is a large excess of activating current over the amount required
for propagation. However, when the action potential is abnormal,
the unexcited area has decreased excitability (e.g.,in the setting
of acute ischemia), or both, anatomical impediments can result in
conduction block.

Anisotropy and Reentry

The anisotropic cellular structure of the myocardium is important
for the understanding of normal propagation and arrhythmogene-
sis.Structural anisotropy can relate to cell shape and to the cellular
distribution pattern of proteins involved in impulse conduction,
such as gap junction connexins and membrane ion channels.The
anisotropic architecture of most myocardial regions, consisting
of elongated cells forming strands and layers of tissue, leads to a
dependence of propagation velocity on the direction of impulse
spread.2”5 In normal ventricular myocardium, conduction in the
direction parallel to the long axis of the myocardial fiber bundles



is approximately three to five times more rapid than that in the
transverse direction. This is attributable principally to the lower
resistivity of myocardium in the longitudinal versus the transverse
direction; hence, intercellular current flow occurs primarily at the
cell termini (although propagation also occurs transversely). As
discussed previously, the gap junctions of the intercalated discs
form a major source of intercellular resistance to current flow
between fiber bundles.Therefore, the structure of the myocardium
that governs the extent and distribution of these gap junctions has
a profound influence on axial resistance and conduction.%

CELLULAR COUPLING: GAP JUNCTIONAL
ORGANIZATION

The anisotropic conductive properties of ventricular myocardium
are dependent on the geometry of the interconnected cells and the
numbey, size, and location of the gap junction channels between
them. Additionally, gap junctions vary in their molecular composi-
tion, degree of expression, and distribution pattern, whereby each
of these variations can contribute to the specific propagation
properties of a given tissue in a given species. Tissue-specific con-
nexin expression and gap junction spatial distribution, as well as
the variation in the structural composition of gap junction chan-
nels, allow for a greater versatility of gap junction physiological
features and enable disparate conduction properties in cardiac
tissue.The myocytes of the sinus node and AVN are equipped with
small,sparse, dispersed gap junctions containing Cx45,a connexin
that forms low conductance channels, thus underlying the rela-
tively poor intercellular coupling in nodal tissues, a property that
is linked to slowing of conduction. In contrast, ventricular muscle
expresses predominantly Cx43 and Cx45, which have larger con-
ductance. Atrial muscle and Purkinje fibers express all three car
diac connexins.

Alterations in distribution and function of cardiac gap junctions
are associated with conduction delay or block. Inactivation of gap
junctions decreases transverse conduction velocity to a greater
degree than longitudinal conduction, thereby resulting in exagger
ation of anisotropy and providing a substrate for reentrant activity
and increased susceptibility to arrhythmias.>*59

MYOCYTE PACKING AND TISSUE GEOMETRY

Discontinuities in myocardial architecture exist at several levels.
In addition to discontinuities imposed by cell borders, microves-
sels and connective tissue sheets separating bundles of excitable
myocytes can act as resistive barriers. A propagating impulse is
expected to collide with such barriers and travels around them
wherever it encounters excitable tissue.*

In some regions of the myocardium (e.g.,the papillary muscles),
connective tissue septa subdivide the myocardium into unit bun-
dles composed of 2 to 30 cells surrounded by a connective tis-
sue sheath.6 Within a unit bundle, cells are tightly connected or
coupled to each other longitudinally and transversely through
intercalated discs that contain the gap junctions and are activated
uniformly and synchronously as an impulse propagates along the
bundle. Adjacent unit bundles also are connected to each other.
Unit bundles are coupled better in the direction of the long axis
of its cells and bundles, because of the high frequency of the gap
junctions within a unit bundle, than in the direction transverse to
the long axis, because of the low frequency of interconnections
between the unit bundles.This is reflected as a lower axial resistiv-
ity in the longitudinal direction than in the transverse direction
in cardiac tissues composed of many unit bundles. Additionally,
anisotropy on a macroscopic scale can influence conduction
at sites at which a bundle of cardiac fibers branches or separate
bundles will coalesce. Marked slowing can occur when there is a
sudden change in the fiber direction, causing an abrupt increase
in the effective axial resistivity Conduction block,which sometimes
can be unidirectional,can occur at such junction sites, particularly
when membrane excitability is reduced.

UNIFORM VERSUS NONUNIFORM ANISOTROPY

Uniform anisotropy is characterized by smooth wavefront propaga-
tion in all directions and measured conduction velocity changes
monotonically on moving from fast (longitudinal) to slow (trans-
verse) axes, thus indicating relatively tight coupling between
groups of fibers in all directions. However, this definition is based
on the characteristics of activation at a macroscopic level, where
the spatial resolution encompasses numerous myocardial cells
and bundles,and therefore it describes the behavior of the myocar
dial syncytium.In contrast,when the three-dimensional network of
cells is broken down into linear single-cell chains, gap junctions
can be shown to limit axial current flow and induce saltatory con-
duction because of the recurrent increases in axial resistance at the
sites of gap junctional coupling; that is,conduction is composed of
rapid excitation of individual cells followed by a transjunctional
conduction delay In two- and three-dimensional tissue, these dis-
continuities disappear because of lateral gap junctional coupling,
which serves to average local small differences in activation times
of individual cardiomyocytes at the excitation wavefront.49:55

In multicellular tissue, saltatory conduction reappears only
under conditions of critical gap junctional uncoupling, in which
it leads to a functional unmasking of the cellular structure and
induces ultraslow and meandering conduction, well known to be
a key ingredient in arrhythmogenesis.*? Change in the characteris-
tics of anisotropic propagation at the macroscopic scale from uni-
form to nonuniform strongly predisposes to reentrant arrhythmias.
Nonuniform anisotropy has been defined as tight electrical cou-
pling between cells in the longitudinal direction but uncoupling
to the lateral gap junctional connections.Therefore, there is disrup-
tion of the smooth transverse pattern of conduction characteristic
of uniform anisotropy that results in a markedly irregular sequence
or zigzag conduction, producing the fractionated extracellular
electrograms characteristic of nonuniform anisotropic conduc-
tion (Fig.3-18).In nonuniformly anisotropic muscle, there also can
be an abrupt transition in conduction velocity from the fast longi-
tudinal direction to the slow transverse direction, unlike the case
with uniform anisotropic muscle, in which intermediate velocities
occur between the two directions.

Nonuniform anisotropic properties can exist in normal cardiac
tissues secondary to separation of the fascicles of muscle bundles
in the transverse direction by fibrous tissue that proliferates with
aging to form longitudinally oriented insulating boundaries (e.g.,
crista terminalis, interatrial band in adult atria, or ventricular pap-
illary muscle). Similar connective tissue septa cause nonuniform
anisotropy in pathological situations such as chronic ischemia or
a healing MI, in which fibrosis in the myocardium occurs (see Fig.
3-18).655

Mechanism of Unidirectional Block
in the Reentrant Circuit

Unidirectional block occurs when an impulse cannot conduct in
one direction along a bundle of cardiac fibers but can conduct
in the opposite direction. As mentioned earlier, this condition is
necessary for the occurrence of classic reentrant rhythms. Several
mechanisms, involving active and passive electrical properties of
cardiac cells,can cause unidirectional block.2

INHOMOGENEITY OF MEMBRANE EXCITABILITY
AND REFRACTORINESS

Unidirectional block develops when the activation wavefront
interacts with the repolarization phase (tail) of a preceding exci-
tation wave. There is a critical or vulnerable window during the
relative refractory period of a propagating action potential within
which unidirectional block occurs.When a premature stimulus is
delivered outside this window, the induced action potential propa-
gates or blocks in both directions; specifically,a stimulus delivered
too early fails to induce a propagating action potential in either
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Good cell-cell coupling
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FIGURE 3-18 Effect of scar on electrical propagation. A, Ahomogeneous sheet
of myocardium conducts an electrical wavefront rapidly, with synchronous acti-
vation of a large number of cells that leads to a sharp electrogram. B, Myocardial
scarring produces disordered propagation, resulting in a low-amplitude electro-
gram, with multiple fragmented peaks.

direction (bidirectional block), whereas a late stimulus results in
bidirectional conduction (no block).In contrast, when a stimulus
is applied within the vulnerable window,the induced action poten-
tial propagates incrementally in the retrograde direction because
the tissue is progressively more recovered as the distance from the
window increases in this direction,but it blocks in the anterograde
direction following a short distance of decremental conduction
because the tissue is progressively less excitable as the distance
from the window increases in this direction.2

The size of the vulnerable window provides an index of the vul-
nerability to the development of reentrant arrhythmias. Therefore,
the probability that a premature stimulus will fall inside the win-
dow and induce reentry is high when the vulnerable window is
large.In contrast, precise timing of a premature stimulus is required
to induce reentry in a small window,and the probability of such an
event is low. In normal tissue, the vulnerable window is very small,
and inducibility of unidirectional block and reentry is negligible.
The width of the vulnerable window can be affected by changes in
the availability of Na* channels for depolarization, cell-to-cell cou-
pling, and repolarizing Ix. Additionally, the size of the vulnerable
window can be widened (and reentry facilitated) by factors that
increase the spatial inhomogeneity of refractoriness or decrease
cellular coupling via gap junctions.

Unidirectional conduction block in a reentrant circuit also can
be persistent and independent of premature activation, in which
case it often occurs in a region of depressed and heterogeneous
excitability (as occurs in acute ischemia); this leads to a widen-
ing of the vulnerable window. Asymmetry in excitability, which
can occur because of asymmetrical distribution of a pathological
event, can lead to an abrupt rise in the threshold for excitation in
one direction and to a more gradual rise in the other. Conduction
fails when the wavefront encounters the least depressed site first
and is successful in the direction in which it encounters the most
depressed site first. Additionally,impulses are conducted more eas-
ily from a rapidly conducting tissue to a slowly conducting tissue
than in the opposite direction.?

Local dispersion of refractory periods is a normal feature of ven-
tricular myocardium. Critical increases in the dispersion of refrac-
toriness, the difference between the shortest and longest refractory
periods, can result in the local widening of the vulnerability

window and an increased probability for the generation of unidi-
rectional block and reentry.%27 Increased heterogeneity of repolar-
ization and dispersion of refractoriness can be caused by acute or
prolonged ischemia, the long QT syndrome, or electrical remod-
eling in the setting of ventricular hypertrophy and failure and in
the setting of M. When differences in the duration of the refractory
periods occur in adjacent areas, conduction of an appropriately
timed premature impulse can be blocked in the region with the
longest refractory period, which then becomes a site of unidirec-
tional block, whereas conduction continues through regions with
a shorter refractory period.6

ANISOTROPY AND UNIDIRECTIONAL BLOCK

The anisotropic properties of cardiac muscle can contribute to the
occurrence of unidirectional block.% As mentioned earlier, in the
anisotropic muscle, the safety factor for conduction is lower in the
longitudinal direction of rapid than in the transverse direction of
slow conduction.The low safety factor longitudinally is a result of a
large current load on the membrane associated with the low axial
resistivity and a large membrane capacitance in the longitudinal
direction. This low safety factor can result in a preferential con-
duction block of premature impulses in the longitudinal direction
while conduction in the transverse direction continues. The site
of block in the longitudinal direction can become a site of unidi-
rectional block that leads to reentry In contrast to the propensity
of premature impulses to block in the longitudinal direction in
nonuniformly anisotropic myocardium because of the decreased
depolarizing current and low safety factor, when coupling resis-
tance between cells is increased, conduction of all impulses will
block first in the transverse direction. Preferential block in this
direction occurs because an increase in coupling resistance will
reduce the safety factor below the critical level needed to main-
tain transverse conduction before the safety factor for longitudinal
conduction is reduced to this critical level 655

DISCONTINUITIES IN TISSUE STRUCTURE
AND GEOMETRY

Geometric factors related to tissue architecture also can influence
impulse conduction and, under certain conditions, lead to uni-
directional block.2” Structural discontinuities exist in the normal
heart in the form of trabeculations of the atrial and ventricular
walls, sheets interconnected by small trabeculae, or myocardial
fibers with different diameters packed in a connective tissue
matrix. Structural discontinuities can also be secondary to patho-
physiological settings, such as the connective tissue septa charac-
teristic of aging, infarcted, hypertrophic, and failing myocardium.
The propagating excitation wave is expected to interact with these
normal and abnormal structural discontinuities. These structural
features influence conduction by affecting the axial currents that
flow ahead of the propagating wavefront.?” Therefore, an impulse
conducting in one direction can encounter a different sequence
of changes in fiber diameter, branching, and frequency and distri-
bution of gap junctions than it does when traveling in the opposite
direction. The configuration of pathways in each direction is not
the same.
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Indications

Invasive electrophysiological (EP) testing involves recording a por
tion of cardiac electrical activity and programmed cardiac elec-
trical stimulation via multipolar catheter electrodes positioned
percutaneously strategically at various locations within the cardiac
chambers. EP testing is used predominantly in patients with sus-
pected or documented cardiac arrhythmias when the precise EP
diagnosis is required for management decisions or when catheter
ablation is planned. Additionally, EP testing is of value in selected
groups of patients for stratification of risk of life-threatening arrhyth-
mias.The role of EP testing in specific cardiac electrical and struc-
tural cardiac diseases is discussed in subsequent chapters.

Periprocedural Management
Preprocedure Evaluation

Heart failure, myocardial ischemia, and electrolyte abnormalities
should be treated and adequately controlled before any inva-
sive EP testing is undertaken. Patients with critical aortic stenosis,
severe hypertrophic cardiomyopathy, left main or severe three-
vessel coronary artery disease, or decompensated heart failure
are at higher than average risk of complications. Induction of sus-
tained tachyarrhythmias in these patients can cause severe dete-
rioration. Anticoagulation to achieve an international normalized
ratio (INR) in the therapeutic range (2.0 to 3.0) for 4 weeks before
the procedure, transesophageal echocardiography (to exclude the
presence of intracardiac thrombus), or both, is required before
studying patients who have persistent atrial fibrillation (AF) and
atrial flutter (AFL) who may have sinus rhythm restored intention-
ally or inadvertently (i.e., cardioversion of ventricular tachycardia
[(VTD.

Antiarrhythmic Drugs

Antiarrhythmic drugs are usually, but not always, stopped for at
least five half-lives prior to EP testing.In selected cases,antiarrhyth-
mic drugs can be continued if an arrhythmic event occurred while
the patient was taking a specific agent.

Consent

Patients generally are not as familiar with EP procedures as they
are with other invasive cardiac procedures,such as coronary angi-
ography. Therefore, patient education is an essential part of the
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procedure. The patient should be informed about the value of the
EP study; its risks, and the expected outcome. Patients should also
have a realistic idea of the benefit that they can derive from under
going EP studies, including the possibility that the study result can
be negative or equivocal.

Defibrillator Pads

A functioning cardioverter-defibrillator should be available at the
patient’s side throughout the EP study. Using preapplied adhesive
defibrillator pads avoids the need to disrupt the sterile field in
the event that electrical defibrillation or cardioversion is needed
during the procedure. Biphasic devices are more effective than
devices with monophasic waveforms.

Arterial Line

Although accurate monitoring of blood pressure is vital during any
invasive procedure, indwelling arterial pressure monitoring lines
are not used routinely in most EP laboratories. Automated cuff
blood pressure devices are usually adequate. However, invasive
blood pressure monitoring is generally used in unstable patients
and when transseptal left atrial (LA) access is planned.

Sedation

Many patients benefit from mild sedation. Longer procedures and
ablations are now routinely performed using intravenous conscious
sedation. The combination of a benzodiazepine (most commonly
midazolam) and a narcotic (e.g., fentanyl) is typically used. Pro-
pofol is used in some EP laboratories. Bispectral analysis of brain
electrical activity is occasionally used for monitoring the depth and
safety of sedation. In certain situations, especially when mapping
and ablation of an automatic or triggered-activity tachycardia are
expected, sedation can suppress the arrhythmic activity and delay
or preclude the mapping-ablation procedure. In such cases, avoid-
ing sedation is advisable until inducibility of the tachycardia is
ensured.

Urinary Problems

Urinary retention can occur during lengthy EP procedures, par
ticularly in combination with sedation, fluid administration, and
tachycardia-related diuresis. When such situations are antici-
pated, it is useful to insert a urinary drainage catheter before the
procedure.



Oxygen and Carbon Dioxide Monitoring

Monitoring of oxygen saturation is used routinely. Exhaled carbon
dioxide monitors also can be useful in preventing hypercapnia in
patients receiving supplemental oxygen, because oxygen satura-
tion can be misleadingly high.

Anticoagulation

Periprocedural anticoagulation for catheter ablation of persistent
AFL or AF is necessary to minimize thromboembolic stroke risk;
LA stunning and increased spontaneous echo contrast within the
LA can occur following cardioversion or ablation of these arrhyth-
mias. Similarly, patients with mechanical valvular prosthesis require
uninterrupted anticoagulation. A perception of increased bleeding
risks of invasive procedures in patients taking therapeutic warfarin
doses led many operators to adopt a “bridging” strategy of conver
sion to enoxaparin to allow ablation and subsequent hemostasis
to be performed during a pause in anticoagulation.! This strategy
involves discontinuation of warfarin at least 3 to 5 days prior to
ablation, and starting heparin or enoxaparin after cessation of war
farin until the evening prior to the ablation procedure. Both enoxa-
parin and warfarin are then reinitiated within 4 to 6 hours after
ablation and sheath removal, and enoxaparin is maintained until
an optimal INR level is achieved.

An alternative strategy of uninterrupted oral anticoagulation dur
ing these procedures was found to be safe and feasible and more
cost-effective for ablation of typical AFL or AE without increasing
hemorrhagic complications. However, INR testing is required on
the day of the procedure to confirm therapeutic anticoagulation.
Transesophageal echocardiography is performed in patients with a
subtherapeutic INR in the 3 weeks prior to the procedure. Another
potential advantage of this strategy is the ability to reverse warfarin
effects rapidly in the setting of a bleeding complication (e.g., peri-
cardial bleeding) by using synthetic clotting factor concentrates or
fresh frozen plasma infusion, whereas enoxaparin effects remain
difficult to reverse; protamine has only a partial effect on its action.
This anticoagulation strategy can potentially be used routinely for
EP studies and ablation of right-sided arrhythmias for which anti-
coagulation is required.24

Catheterization Techniques
Electrode Catheters

Electrode catheters are used during EP testing for recording and
pacing. These catheters consist of insulated wires; at the distal
tip of the catheter, each wire is attached to an electrode, which
is exposed to the intracardiac surface. At the proximal end of the
catheter, each wire is attached to a plug, which can be connected
to an external recording device. Electrode catheters are gener-
ally made of woven Dacron or newer synthetic materials, such as
polyurethane. The Dacron catheters have the advantage of stiff-
ness, which helps maintain catheter shape with enough softness
at body temperature to allow formation of loops. Catheters made
of synthetic materials cannot be easily manipulated and change
shape within the body, but they are less expensive and can be
made smaller. Some manufacturers use braided metal strands to
enhance torque control.

Electrode catheters come in different sizes (3 to 8 Fr).In adults,
sizes 5,6,and 7 Fr catheters are the most commonly used. Record-
ings derived from electrodes can be unipolar (one pole) or bipolar
(two poles). The electrodes are typically 1 to 2 mm in length. The
interelectrode distance can range from 1 to 10 mm or more. The
greater the interelectrode spacing is on a conventional bipolar
electrode, the more the recorded electrogram resembles a unipo-
lar recording. Catheters with a 2- or >mm interelectrode distance
are most commonly used.?

Many multipolar electrode catheters have been developed to
facilitate placement of the catheter in the desired place and to

fulfill various recording requirements. Bipolar or quadripolar elec-
trode catheters are used to record and pace from specific sites of
interest within the atria or ventricles. These catheters come with a
variety of preformed distal curve shapes and sizes (Fig. 4-1). Mul-
tipolar recording electrode catheters are placed within the coro-
nary sinus (CS) or along the crista terminalis in the right atrium
(RA).The Halo catheter is a multipolar catheter used to map atrial
electrical activity around the tricuspid annulus during atrial tachy-

cardias, as well as for locating right-sided bypass tracts (BTs) (Fig.

4-2). A decapolar catheter with a distal ring configuration (Lasso
catheter) is used to record electrical activity from the pulmonary
vein (PV; Fig. 4-3). Basket catheters capable of conforming to the
chamber size and shape have also been used for mapping atrial
and ventricular arrthythmias (Fig. 4-4). Special catheters are also
used to record LA and left ventricular (LV) epicardial activity from
the CS branches.

Catheters can have a fixed or deflectable tip.Steerable catheters
allow deflection of the tip of the catheter in one or two directions
in a single plane; some of these catheters have asymmetrical bidi-
rectional deflectable curves (Fig.4-5).

FIGURE 4-1 Multipolar electrode catheters with different preformed curve
shapes. (Courtesy of Boston Scientific, Boston.)

Quadripolar
Duodecapolar

Halo

FIGURE 4-2 Multipolar electrode catheters with different electrode numbers
and curve shape. Left to right, Duodecapolar catheter, quadripolar catheter, and
Halo catheter. (Courtesy of Boston Scientific, Boston.)
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FIGURE 4-3 Lasso catheter with two different loop sizes. (Courtesy of Biosense
Webster, Inc., Diamond Bar, Calif,; www.BiosenseWebster.com.)

FIGURE 4-4 Basket catheter (Constellation). (Courtesy of Boston Scientific,
Boston.)

Ablation catheters have tip electrodes that are conventionally

4 mm long and are available in sizes up to 10 mm in length (Fig.4-6).

The larger tip electrodes on ablation catheters reduce the resolution

of a map obtained using recordings from the distal pair of electrodes.

Catheter Positioning

The percutaneous technique is used almost exclusively. RA, His
bundle (HB), and right ventricular (RV) electrograms are most

commonly recorded using catheters inserted via a femoral vein.

Some other areas (e.g., the CS) are more easily reached through
the superior vena cava (SVC), although the femoral approach can
be adequate in most cases.Insertion sites can also include the ante-
cubital, jugular, and subclavian veins. Femoral arterial access can
be required for mapping of the LV or mitral annulus or for invasive
blood pressure monitoring. Occasionally,an epicardial approach is
required to map and ablate certain VTs and BTs as well as the sinus
node. For this purpose, the epicardial surface is accessed via the CS
and its branches or percutaneously (subxiphoid puncture).b
Fluoroscopy is conventionally used to guide intracardiac posi-
tioning of the catheters. It is important to remember that catheters

23 mm [{ :W i)
% @ s F £ mm
<~

Small radius Standard Large radius Asymmetrical
curve (K1) curve curve (K2) curve (N4)

FIGURE 4-5 Deflectable multipolar electrode catheters with different curve
sizes and shapes. (Courtesy of Boston Scientific, Boston.)

FIGURE 4-6 Ablation catheters with different tip electrode sizes and shapes.
Left to right, Peanut 8-mm, 2-mm, 4-mm, and 8-mm tip electrodes. (Courtesy of
Boston Scientific, Boston.)

can be withdrawn without fluoroscopy, but they should always be
advanced under fluoroscopy guidance. More recently, newer navi-
gation systems have been tested to guide catheter positioning in an
effort to limit radiation exposure (see Chap.6).

Transcaval Approach

The modified Seldinger technique is used to obtain multiple venous
accesses. The femoral approach is most common, but the subcla-
vian, internal jugular, or brachial approaches may be used, most
often for the placement of a catheter in the CS.6

The femoral access should be avoided in patients with any of
the following: known or suspected femoral vein or inferior vena
cava (IVC) thrombosis, active lower extremity thrombophlebitis or
postphlebitic syndrome, groin infection, bilateral leg amputation,
extreme obesity, or severe peripheral vascular disease resulting in
nonpalpable femoral arterial pulse. IVC umbrella filters are not
necessarily a contraindication to the femoral approach.

Typically, the RA, HB, and RV catheters are introduced via the
femoral veins.It is advisable to use the left femoral vein for diagnos-
tic EP catheters and to save the right femoral vein for potential abla-
tion or mapping catheter placement, which then would be easier
to manipulate because it would be on the side closer to the opera-
tor. Multiple venous punctures and single vascular sheaths may be
used for the different catheters. Alternatively; a single triport 12 Fr
sheath can be used to introduce up to three EP catheters (usually
the RA, HB, and RV catheters).The CS catheter is frequently intro-
duced via the right internal jugular or subclavian vein, but also via
the femoral approach.

RIGHT ATRIAL CATHETER

A fixed-tip,5 or 6 Fr quadripolar electrode catheter is typically used.
The RA may be entered from the IVC or SVC.The femoral veins are
the usual entry sites. Most commonly, stimulation and recording



FIGURE 4-7 Fluoroscopic views of cath-
eters in study for supraventricular tachycardia
(superoparaseptal bypass tract ablation). Cath-
eters are labeled HRA (high right atrium), right
ventricle (RV), and coronary sinus (CS); the CS
catheter was inserted from a jugular venous
approach.

from the RA is performed by placing the RA catheter tip at the high
posterolateral wall at the SVC-RA junction in the region of the sinus
node or in the RA appendage (Fig.4-7).

RIGHT VENTRICULAR CATHETER

A fixed-tip,5 or 6 Fr quadripolar electrode catheter is typically used.
All sites in the RV are accessible from any venous approach. The
RV apex is most commonly chosen for stimulation and recording
because of stability and reproducibility (see Fig.4-7).

HIS BUNDLE CATHETER

A fixed- or deflectable-tip, 6 Fr quadripolar electrode catheter is
typically used.The catheter is passed via the femoral vein into the
RA and across the tricuspid annulus until it is clearly in the RV
(under fluoroscopic monitoring, using the right anterior oblique
[RAO] view; see Fig.4-7).1t is then withdrawn across the tricuspid
orifice while maintaining a slight clockwise torque for good con-
tact with the septum until a His potential is recorded. Initially, a
large ventricular electrogram can be observed,then,as the catheter
is withdrawn, the right bundle branch (RB) potential can appear
(manifesting as a narrow spike less than 30 milliseconds before the
ventricular electrogram). When the catheter is further withdrawn,
the atrial electrogram appears and grows larger. The His potential
usually appears once the atrial and ventricular electrograms are
approximately equal in size and is manifest as a biphasic or tripha-
sic deflection interposed between the local atrial and ventricular
electrograms. If the first pass was unsuccessful, the catheter should
be passed again into the RV and withdrawn with a slightly different
rotation.If,after several attempts,a His potential cannot be recorded
using a fixed-tip catheter, the catheter should be withdrawn and
reshaped, or it may be exchanged with a deflectable-tip catheter.
Once the catheter is in place, a stable recording can usually be
obtained. Occasionally, continued clockwise torque on the cath-
eter shaft is required to obtain a stable HB recording, which can be
accomplished by looping the catheter shaft remaining outside the
body and fixing the loop by placing a couple of towels on it, or by
twisting the connection cable in the opposite direction so that it
maintains a gentle torque on the catheter.

When the access is from the SVC, it is more difficult to record the
His potential because the catheter does not lie across the superior
margin of the tricuspid annulus. In this case, a deflectable-tip cath-
eter is typically used, advanced into the RV, positioned near the
HB region by deflecting the tip superiorly to form a J shape, and
then withdrawing the catheter so that it lies across the superior
margin of the tricuspid annulus. Alternatively, the catheter can be

HRA

looped in the RA (“figure-of-6” position); then the body of the loop
is advanced into the RV so that the tip of the catheter is pointing
toward the RA and lying on the septal aspect of the RA.Gently with-
drawing the catheter can increase the size of the loop and allow
the catheter tip to rest on the HB location.

Recording of the HB electrogram can also be obtained via the
retrograde arterial approach. Using this approach, the catheter tip
is positioned in the noncoronary sinus of Valsalva (just above the
aortic valve) or in the LV outflow tract (LVOT), along the interven-
tricular septum (just below the aortic valve).

CORONARY SINUS CATHETER

A femoral, internal jugular, or subclavian vein may be used. It is
easier to cannulate the CS using the right internal jugular or left
subclavian vein versus the femoral vein because the CS valve is
oriented anterosuperiorly and, when prominent, can prevent easy
access to the CS from the femoral venous approach.A fixed-tip,6 Fr
decapolar electrode catheter is typically used for access from the
SVC, whereas a deflectable-tip catheter is preferred for CS access
from the femoral veins.

The standardized RAO and left anterior oblique (LAO) fluo-
roscopic views are used to guide placement of catheters in the
CS. Although the CS cannot be directly visualized with standard
fluoroscopy, the epicardial fat found in the posteroseptal space just
posterior to the CS os can be visualized as a characteristic radio-
lucency on cine fluoroscopy in the RAO projection, where the car
diac and diaphragmatic silhouettes meet.”

When cannulating the CS from the SVC approach, the LAO view
is used, the catheter tip is directed to the left of the patient,and the
catheter is advanced with some clockwise torque to engage the
CS os; electrodes should resemble rectangles rather than ovals

when the catheter tip is properly oriented to advance into the CS.

Once the CS os is engaged, the catheter is further advanced gently
into the CS, so that the most proximal electrodes lie at the CS os
(see Fig.4-7).

During cannulation of the CS from the IVC approach, the tip of

the catheter is first placed into the RV,in the RAO fluoroscopy view, g

and flexed downward toward the RV inferior wall (Video 2). Sub-
sequently, the catheter is withdrawn until it lies at the inferoseptal
aspect of the tricuspid annulus. In the LAO or RAO view; the catheter
is then withdrawn gently with clockwise rotation until the tip of the
catheter drops into the CS os. Afterward, the catheter is advanced
into the CS concomitantly with gradual release of the catheter curve
(Fig.4-8). Alternatively, the tip of the catheter is directed toward the
posterolateral RA wall and advanced with a tight curve to form a
loop in the RA, in the LAO view, with the tip directed toward the
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inferomedial RA. The tip is then advanced with gentle up-down,
right-left manipulation using the LAO and RAO views to cannulate
the CS.In the RAO view, the atrioventricular (AV) fat pad (containing
the CS) appears as more radiolucent than surrounding heart tissue.

When attempting CS cannulation, the catheter can enter the RV,
and premature ventricular complexes (PVCs) orVT can be observed.
Catheter position in the RV outflow tract (RVOT) can be misleading
and simulate a CS position. Confirming appropriate catheter posi-
tioning in the CS can be achieved by fluoroscopy and recorded elec-
trograms. In the LAO view, further advancement in the CS directs the
catheter toward the left heart border, where it curves toward the left
shoulder. Conversely, advancement of a catheter lying in the RVOT
leads to an upward direction of the catheter toward the pulmonary
artery. In the RAO view, the CS catheter is directed posteriorly, poste-
rior to the AV sulcus,whereas the RVOT position is directed anteriorly.
Recording from the CS catheter shows simultaneous atrial and ven-
tricular electrograms, with the atrial electrogram falling in the later
part of the P wave,whereas a catheter lying in the RVOT records only
a ventricular electrogram.The catheter can also pass into the LA via a
patent foramen ovale, in which case it takes a straight course toward
the left shoulder,and all recordings are atrial.

If used, the CS catheter should be placed first, because its posi-
tioning can be impeded by the presence of other catheters. It is
also recommended that the CS catheter sheath be sutured to the
skin to prevent displacement of the catheter during the course of
the EP study.

Transaortic Approach

This approach is generally used for mapping the LV and mitral
annulus (forVT and left-sided BTs).The right femoral artery is most
commonly used. The mapping-ablation catheter is passed to the

FIGURE 4-8 Right anterior oblique (RAO) and
left anterior oblique (LAO) fluoroscopic views
of catheters in a study of typical atrial flutter. A
20-pole Halo catheter is positioned along the
tricuspid annulus. The coronary sinus (CS) cath-
eter was introduced from a femoral venous
approach. The ablation catheter (Abl) is at the
cavotricuspid isthmus.

FIGURE 4-9 Right anterior oblique (RAO) fluo-
roscopic views of a mapping-ablation catheter
introduced into the left ventricle (LV) via the
retrograde transaortic approach. In a 30-degree
RAO view, the curved catheter (A) is prolapsed
across the aortic valve into the LV (B).

descending aorta,and, in this position,a tight J curve is formed with
the catheter tip before passage to the aortic root to minimize cath-
eter manipulation in the arch.In a 30-degree RAO view, the curved
catheter is advanced through the aortic valve with the J curve open-
ing to the right,so the catheter passes into the LV oriented anterolat-
erally (Fig.4-9; Video 3).The straight catheter tip must never be used
to cross the aortic valve because of the risk of leaflet damage or
perforation and also because the catheter tip can slip into the left
or right coronary artery or a coronary bypass graft, thus mimicking
entry to the LV and causing damage to these structures.

Along vascular sheath can provide added catheter stability. Anti-
coagulation should be started once the LV is accessed or before
(intravenous heparin, a 5000-unit bolus followed by a 1000-unit
infusion is usually used), to maintain the activated clotting time
(ACT) between 250 and 300 seconds.

Transseptal Approach

Mapping and ablation in the LA are performed through a trans-
septal approach.Knowledge of septal anatomy and its relationship
with adjacent structures is essential to ensure safe and effective
access to the LA.Many apparent septal structures are not truly sep-
tal.The true interatrial septum is limited to the floor of the fossa ova-
lis, the flap valve, and the anteroinferior rim of the fossa.Therefore,
the floor of the fossa (with an average diameter of 18.5 + 6.9 mm
[vertically] and 10.0 + 2.4 mm [horizontally] and 2 mm thickness)
is the target for atrial septal crossing.The area between the superior
border of the fossa and the mouth of the SVC is an infolding of
the atrial wall filled with adipose tissue. Although this area is often
referred to as the septum secundum, it is not really a true septum,
and puncture in this region would lead to exiting of the heart.The
infolded groove ends at the superior margin (superior rim) of the
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fossa ovalis. Anterior and superior to the fossa ovalis, the RA wall
overlies the aortic root. Advancing the transseptal needle in this
area can puncture the aorta.

A search for a patent foramen ovale, which is present in 15%
to 20% of normal subjects, is initially performed. If one is absent,
atrial septal puncture is performed.The challenge for a successful
atrial septal puncture is positioning the Brockenbrough needle at
the thinnest aspect of the atrial septum, the membranous fossa
ovalis, guided by fluoroscopy or intracardiac echocardiography
(ICE;Videos 4,5,and 6).

Although fluoroscopy provides sufficient information to allow
safe transseptal puncture in most cases, variations in septal anatomy;
atrial or aortic root dilation, the need for multiple punctures,and the
desired ability to direct the catheter to specific locations within the
LA can make fluoroscopy an inadequate tool for complex LA abla-
tion procedures. Intraoperative transesophageal echocardiography
allows identification of the fossa ovalis and its relation to surround-
ing structures and provides realtime evaluation of the atrial septal
puncture procedure, with demonstration of tenting of the fossa prior
to entry into the LA and visualization of the sheath advancing across
the septum (Video 7). However, the usefulness of transesophageal
echocardiography is limited by the fact that the probe obstructs the
fluoroscopic field,and it is impractical in the nonanesthetized patient.
ICE, which provides similar information on septal anatomy; can be
used for the conscious patient and does not impede fluoroscopy:.

FLUOROSCOPY-GUIDED TRANSSEPTAL
CATHETERIZATION

Equipment required for atrial septal puncture includes the follow-
ing: a 62-cm, 8 Fr transseptal sheath for LA cannulation (e.g., SRO,
SL1, Mullins, or Agilis NxT Steerable sheath, St. Jude Medical, Min-
netonka, Minn.),a 0.035-inch J guidewire,a 71-cm Brockenbrough
needle (e.g., BRK, St. Jude Medical, Minnetonka, Minn.),and a 190-
cm,0.014-inch guidewire.

Venous access is obtained via the femoral vein, preferably the
right femoral vein because it is closer to the operator. The sheath,
dilator, and guidewires are flushed with heparinized saline. The
transseptal sheath and dilator are advanced over a 0.035-inch J
guidewire under fluoroscopy guidance into the SVC.The guidewire
is then withdrawn, thus leaving the sheath and its dilator locked in
place. The dilator within the sheath is flushed and attached to a
syringe to avoid introduction of air into the RA.

Attention is then directed to preparing the transseptal needle.
The Brockenbrough needle comes prepackaged with an inner sty-
let,which may be left in place to protect it as it is advanced within
the sheath. Alternatively; the inner stylet may be removed and the
needle connected to a pressure transducer line (pressure monitor
ing through the Brockenbrough needle will be required during the
transseptal puncture); continuous flushing through the Brocken-
brough needle is used while advancing the needle into the dilator.
A third approach, when the use of contrast injection is planned, is
to attach the Brockenbrough needle to a standard three-way stop-
cock via a freely rotating adapter. A 10-mL syringe filled with radi-
opaque contrast is attached to the other end of the stopcock while
a pressure transducer line is attached to the third stopcock valve
for continuous pressure monitoring. The entire apparatus should
be vigorously flushed to ensure that no air bubbles are present
within the circuit.

The Brockenbrough needle is advanced into the dilator until the
needle tip is within 1 to 2 cm of the dilator tip.The needle tip must
be kept within the dilator at all times, except during actual septal
puncture. The curves of the dilator, sheath, and needle should be
aligned so that they are all in agreement and not contradicting
each other.The sheath, dilator,and needle assembly is then rotated
leftward and posteriorly (usually with the Brockenbrough needle
arrow pointing at the 3 to 6 o’clock position relative to its shaft) and
retracted caudally as a single unit (while maintaining the relative
positions of its components) to engage the tip of the dilator into
the fossa ovalis. Under fluoroscopy monitoring (30-degree LAO

FIGURE 4-10 Right anterior oblique (RAQ; left) and left anterior oblique (LAO;
right) fluoroscopic views during transseptal catheterization. A, Initially, the
transseptal sheath-dilator assembly is advanced into the superior vena cava. B,
The transseptal assembly is withdrawn into the high right atrium. C, With further
withdrawal, the dilator tip abruptly moves leftward, indicating passage over the
limbus into the fossa ovalis at the level of the His bundle catheter. At the fossa
ovalis, the dilator tip has an anteroposterior orientation in the RAO view and a
leftward orientation in the LAO view. D, The transseptal assembly is advanced
across the atrial septum. CS = coronary sinus.

view), the dilator tip moves slightly leftward on entering the RA and
then leftward again while descending below the aortic root. A third
abrupt leftward movement (“jump”) below the aortic root indi-
cates passage over the limbus into the fossa ovalis (Fig.4-10).This
jump generally occurs at the level of the HB region (marked by an
EP catheter recording the HB potential). If the sheath and dilator
assembly is pulled back farther than intended (i.e.,below the level
of the fossa and HB region), the needle should be withdrawn and
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FIGURE 4-11 Left anterior oblique (LAO) fluoroscopic views and simultaneous electrical and pressure (P) recordings during transseptal catheterization. Left, The
transseptal assembly is in the right atrium (RA), indicated by typical A and V waves of right-heart pressure tracing. Middle, The pressure waveform is dampened some-
what as the catheter tip abuts the septum. Right, The needle is across the atrial septum, and characteristic waves (V larger than A) are seen. CSdist = distal coronary

sinus; CSprox = proximal coronary sinus; LA = left atrium.

the guidewire placed through the dilator into the SVC.The sheath
and dilator assembly is then advanced over the guidewire into the
SVC and repositioning attempted, as described earlier. The sheath
and dilator assembly should never be advanced without the guide-
wire at any point during the procedure.

Several fluoroscopic markers are used to confirm the position of
the dilator tip at the fossa ovalis.As noted,an abrupt leftward move-
ment (jump) of the dilator tip below the aortic knob is observed as
the tip passes under the muscular atrial septum onto the fossa ova-
lis (see Video 4).In addition, the posterior extent of the aortic root
can be marked by a pigtail catheter positioned through the femoral
artery in the noncoronary cusp or by the HB catheter (recording a
stable proximal HB potential), which lies at the level of the fibrous
trigone opposite and caudal to the noncoronary aortic cusp.When
the dilator tip lies against the fossa ovalis, it is directed posteroin-
feriorly to the proximal HB electrode (or pigtail catheter) in the
RAO view and to the left of the proximal HB electrode (or pigtail
catheter) in the LAO view (see Fig.4-10). Another method that can
be used to ensure that the tip is against the fossa ovalis is injection
of 3 to 5 mL of radiopaque contrast through the Brockenbrough
needle to visualize the interatrial septum.The needle tip then can
be seen tenting the fossa ovalis membrane with small movements
of the entire transseptal apparatus.Typically,septal staining remains
visible after contrast injection, which allows for real-time septal visu-

alization while monitoring the pressure during transseptal puncture.

Once the position of the dilator tip is confirmed at the fossa ova-
lis,the needle,dilator,and sheath assembly is pushed slightly against
the interatrial septum, and the needle is then briskly advanced
to protrude outside the dilator in the LAO view during continu-
ous pressure monitoring. If excessive force is applied without a

palpable “pop” to the fossa,then the Brockenbrough needle likely
is not in proper position. After passage through the fossa ovale and
before advancing the dilator and sheath, an intraatrial position
of the needle tip within the LA, rather than the ascending aorta

or posteriorly into the pericardial space, needs to be confirmed.

Recording an LA pressure waveform from the needle tip confirms
an intraatrial location (Fig. 4-11). An arterial pressure waveform
indicates intraaortic position of the needle. Absence of a pressure
wave recording can indicate needle passage into the pericardial

space or sliding up and not puncturing through the atrial septum.

A second method is injection of contrast through the needle to
assess the position of the needle tip. Opacification of the LA (rather
than the pericardium or the aorta) verifies the successful trans-
septal access. Alternatively, passing a 0.014-inch floppy guidewire
through the Brockenbrough needle into a leftsided PV (beyond
the cardiac silhouette in the LAO fluoroscopy view) helps verify
that needle tip position is within the LA (see Video 4).If the guide-
wire cannot be advanced beyond the fluoroscopic border of the
heart, pericardial puncture should be suspected.In addition,aortic
puncture should be suspected if the guidewire seems to follow the
course of the aorta.In these situations, contrast should be injected
to assess the position of the Brockenbrough needle before advanc-
ing the transseptal dilator. Sometimes, the guidewire enters the LA
appendage rather than a PV; in this setting, a clockwise torque of
the sheath and dilator assembly can help direct the guidewire pos-
teriorly toward the ostium of the left superior or left inferior PV.
Once the position of the needle tip is confirmed to be in the
LA, both the sheath and dilator are advanced as a single unit over
the needle by using one hand while fixing the Brockenbrough
needle in position with the other hand (to prevent any further



advancement of the needle). Preferably, the sheath and dilator
assembly is advanced into the LA over a guidewire placed distally
into a leftsided PV, which helps direct the path of the assembly as
it enters the LA and minimize the risk of inadvertent puncture of
the lateral LA wall. Once the dilator tip is advanced into the LA
over the needle tip, the needle and dilator are firmly stabilized as
a unit—to prevent any further advancement of the needle and
dilator—and the sheath is advanced over the dilator into the LA.
Once the transseptal sheath tip is within the LA, the dilator and
needle are withdrawn slowly during continuous flushing through
the needle or while suction is maintained through a syringe placed
on the sheath side port to minimize the risk of air embolism and
while fixing the sheath with the other hand to prevent dislodgment
outside the LA.The sheath should be aspirated until blood appears
without further bubbles; this usually requires aspiration of approxi-
mately 5 mL.The sheath is then flushed with heparinized saline at
a flow rate of 3 mL/min during the entire procedure.

The mapping-ablation catheter is advanced through the sheath
into the LA. Flexing the catheter tip and applying clockwise and
counterclockwise torque to the sheath help confirm free move-
ment of the catheter tip within the LA, rather than possibly in
the pericardium. It is important to recognize that merely record-
ing atrial electrograms does not confirm an LA catheter location
because an LA recording can be obtained from the epicardial sur
face of the LA, from the RA, or even the aortic root.

When two transseptal accesses are required, the second access
can be obtained through a separate transseptal puncture per
formed in a fashion similar to that described for the first punc-
ture. Alternatively; the first transseptal puncture can be used for the
second sheath. This technique entails passing a guidewire or thin
catheter through the first transseptal sheath into the LA, preferably
into the left inferior or superior PV, and then the sheath is pulled
back into the RA. Subsequently, a deflectable tip catheter is used
through the second long sheath to interrogate the fossa ovalis and
to try to access the LA through the initial puncture site. Once this
is accomplished, the first sheath is advanced back into the LA,
and the guidewire is replaced with the mapping catheter. Alter-
natively, instead of using a deflectable catheter, the needle, dilator,
and sheath assembly is advanced into the SVC and pulled back
and positioned at the fossa ovalis (as described earlier for the first
transseptal puncture).Once the tip of the dilator falls into the fossa
ovalis, gentle manipulation of the assembly under biplane fluo-
roscopy guidance is performed until the dilator tip passes along
the guidewire through the existing transseptal puncture, without
advancing the needle through the dilator. The assembly is then
advanced as a single unit into the LA.

An intravenous heparin bolus is administered just before or
immediately after puncturing the atrial septum, followed by inter-
mittent boluses or continuous heparin infusion to maintain an
elevated ACT (more than 250 to 300 seconds).

INTRACARDIAC ECHOCARDIOGRAPHY-GUIDED
TRANSSEPTAL CATHETERIZATION

The intent of ICE-guided transseptal catheterization is to image
intracardiac anatomy and identify the exact position of the distal
aspect of the transseptal dilator along the atrial septum—in par
ticular, to assess for tenting of the fossa ovalis with the dilator tip.
Two types of ICE imaging systems are currently available, the
electronic phased-array ultrasound catheter and the mechanical
ultrasound catheter.8 The electronic phased-array ultrasound cath-
eter sector imaging system (AcuNav, Siemens Medical Solutions,
Malvern, Pa.) uses an 8 or 10 Fr catheter that has a forward-facing
64-element vector phased-array transducer scanning in the longi-
tudinal plane.The catheter has a fourway steerable tip (160-degree
anteroposterior or left-right deflections). The catheter images a
sector field oriented in the plane of the catheter. The mechanical
ultrasound catheter radial imaging system (Ultra ICE, EP Technolo-
gies, Boston Scientific,San Jose, Calif.) uses a -MHz catheter-based
ultrasound transducer contained within a 9 Fr (110-cm length)

FIGURE 4-12 Intracardiac echocardiography (ICE)-guided transseptal puncture
using the Ultra-ICE catheter. These ICE images, with the transducer placed in the
right atrium (RA), show (A) the RA, fossa ovalis (arrowheads), left atrium (LA), and
aorta (AQ). B, The transseptal needle is properly positioned, with tenting (yellow
arrow) against the midinteratrial septum at the fossa ovalis. RV= right ventricle.

catheter shaft.It has a single rotating crystal ultrasound transducer
that images circumferentially for 360 degrees in the horizontal
plane.The catheter is not freely deflectable.

When using the mechanical radial ICE imaging system, a 9 Fr
sheath, preferably a long, preshaped sheath, for the ICE catheter is
advanced via a femoral venous access.To enhance image quality,
all air must be eliminated from the distal tip of the ICE catheter by
flushing vigorously with 5 to 10 mL of sterile water. The catheter
then is connected to the ultrasound console and advanced until
the tip of the rotary ICE catheter images the fossa ovalis. Satisfac-
tory imaging of the fossa ovalis for guiding transseptal puncture is
viewed from the mid-RA (Fig.4-12).8

The AcuNav ICE catheter is introduced under fluoroscopy guid-
ance through a 23-cm femoral venous sheath. Once the catheter
is advanced into the mid-RA with the catheter tension controls in
neutral position (the ultrasound transducer oriented anteriorly
and to the left), the RA, tricuspid valve, and RV are viewed. This is
called the home view (Fig. 4-13A; see Video 5). Gradual clockwise
rotation of a straight catheter from the home view allows sequen-
tial visualization of the aortic root and the pulmonary artery (see
Fig. 4-13B), followed by the CS, the mitral valve, the LA appendage
orifice,and a cross-sectional view of the fossa ovalis (see Fig.4-13C
and D).The mitral valve and interatrial septum are usually seen in
the same plane as the LA appendage. Posterior deflection or right-
left steering of the imaging tip in the RA, or both, is occasionally
required to optimize visualization of the fossa ovalis; the tension
knob (lock function) can then be used to hold the catheter tip in
position. Further clockwise rotation beyond this location demon-
strates images of the left PV ostia (see Fig.4-13E).The optimal ICE
image to guide transseptal puncture demonstrates adequate space
behind the interatrial septum on the LA side and clearly identify
adjacent structures,but it does not include the aortic root because
it would be too anterior for the interatrial septum to be punctured
safely In patients with an enlarged LA, a cross-sectional view that
includes the LA appendage is also optimal if adequate space exists
behind the atrial septum on the LA side.8

The sheath, dilator, and needle assembly is introduced into the
RA, and the dilator tip is positioned against the fossa ovale, as
described earlier. Before advancing the Brockenbrough needle,
continuous ICE imaging should direct further adjustments in the
dilator tip position until ICE confirms that the tip is in intimate con-
tact with the middle of the fossa,confirms proper lateral movement
of the dilator toward the fossa, and excludes inadvertent superior
displacement toward the muscular septum and aortic valve. With
further advancement of the dilator,ICE demonstrates tenting of the
fossa (Fig. 4-14 and see Fig. 4-12). If the distance from the tented
fossa to the LA free wall is small, minor adjustments in the dila-
tor tip position can be made to maximize the space. The Brock-
enbrough needle is then advanced. With successful transseptal
puncture, a palpable pop is felt,and sudden collapse of the tented
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FIGURE 4-13 Phased-array intracardiac echocardiography (ICE) AcuNav serial images with the transducer placed in the middle right atrium (RA) demonstrate serial
changes in tomographic imaging views following clockwise rotation of the transducer. Each view displays a left-right (L-R) orientation marker to the operator’s left
side (i.e,, craniocaudal axis projects from image right to left). A, Starting from the home view, the RA, tricuspid valve (yellow arrowheads), and right ventricle (RV) are
visualized. B, Clockwise rotation brings the aorta (AO) into view. PA = pulmonary artery. C, Further rotation allows visualization of the interatrial septum (green arrows),
left atrium (LA), coronary sinus (CS), left ventricle (LV), and mitral valve (red arrowheads). D, Subsequently, the left atrium appendage (LAA) becomes visible. E, The ostia
of the left superior pulmonary vein (LSPV) and left inferior PV (LIPV) can be visualized with further clockwise rotation. (Courtesy of AcuNav, Siemens Medical Solutions,
Malvern, Pa.)

FIGURE 4-14 Phased-array intracardiac echocardiography (ICE)-guided transseptal puncture. A, These ICE images, with the transducer placed in the right atrium
(RA), show a transseptal dilator tip (yellow arrowhead) lying against the interatrial septum (green arrows). B, With further advancement of the dilator, ICE demonstrates
tenting of the interatrial septum at the fossa ovalis. C, Advancement of the transseptal needle is then performed, with the needle tip visualized in the left atrium (LA),

and tenting of the interatrial septum is lost.

fossa is observed (see Fig.4-14).Advancement of the needle is then
immediately stopped. Saline infusion through the needle is visual-
ized on ICE as bubbles in the LA, thus confirming successful septal
puncture (see Video 6). With no change in position of the Brock-
enbrough needle, the transseptal dilator and sheath are advanced
over the guidewire into the LA, as described earlier.

ALTERNATIVE METHODS FOR DIFFICULT
TRANSSEPTAL CATHETERIZATION

In some cases, the conventional approach using a Brockenbrough
needle sheath fails to pierce the septum because of the presence
of a small fossa area,a thick interatrial septum, fibrosis and scarring
of the septum from previous interventions, or an aneurysmal sep-
tum with excessive laxity Applying excessive force to the needle,
dilator,and sheath assembly against a resistant septum (which can
be seen as bending and buckling of the assembly in the RA) can
lead to building pressure of the needle tip on the septum, which
can potentially lead to an uncontrolled sudden jump of the assem-
bly once across the stiff or fibrotic fossa ovalis, thus perforating the

opposing lateral LA wall. Similarly, excessive tenting of the inter-
atrial septum (beyond halfway into the LA) can bring it in close
proximity to the lateral LA wall,so that the needle can potentially
puncture the lateral LA wall once across the septum.Some of these
difficulties can sometimes be overcome by manual reshaping of
the curvature of the Brockenbrough needle tip, applying slight
rotation on the needle and sheath assembly to puncture a differ-
ent point on the fossa ovalis, using a sharper transseptal needle
type (BRK-1 extra sharp), or utilizing a 0.014-inch, sharp-tipped,
J-shaped transseptal guidewire (Safe Sept, Pressure Products, Inc.,
San Pedro, Calif.) %13

Other techniques to facilitate transseptal puncture include radio-
frequency (RF) perforation of the fossa ovalis and the application
of pulses of electrosurgical cautery or RF energy to the proximal
end of the Brockenbrough needle. Once the position of the dila-
tor tip is confirmed at the fossa ovalis (under ICE guidance), the
needle is advanced beyond the tip of the dilator in contact with
the septum until resistance is met. RF energy (5 to 30 W for 1 to
11 seconds) can be applied through a conventional ablation cath-
eter electrode brought manually in contact with the proximal hub



of the transseptal needle. Typically, the fossa is punctured almost
instantaneously (within 1 to 2 seconds) following RF application.
Alternatively, electrosurgical cautery (set to 15 to 20 W for a 1- to
2-second pulse of cut-mode cautery) is applied to the proximal
hub of the needle as its tip is advanced out of the dilator. Impor
tantly the cautery should be initiated on the needle handle prior to
pushing the needle tip beyond the dilator tip to help minimize the
power needed to puncture the septum,and it should be stopped as
soon as the needle is pushed out fully 1416

Additionally, a specialized, electrically insulated RF-powered
needle (Baylis Medical Company, Inc., Montreal) has been devel-
oped to facilitate transseptal puncture.The needle is connected to
a proprietary RF generator (RFP-100 RF Puncture Generator, Baylis
Medical), which delivers RF energy to the rounded, closed tip of
the needle positioned at the interatrial septum.Once septal tenting
is visualized on the ICE, RF energy is applied at 10 W for 2 sec-
onds.The RF perforation generators apply a higher voltage for short
durations, resulting in a high-energy electric field and an almost
instantaneous temperature rise to 100°C,leading to steam popping
and septal perforation with minimal collateral tissue damage. In
contrast, conventional RF generators deliver a higher power with
a lower voltage and impedance range for longer periods of time,
with resulting thermal destruction of the local tissue around the
needle tip, rather than perforation.!718

These methods help minimize pressure application to the nee-
dle as it crosses the septum and tenting of the septum, which can
potentially reduce the chances of sudden advancement through
the lateral LA as the needle crosses the septum. Nonetheless, the
powered needle can potentially be more traumatic at the puncture
site than a standard needle, and it is possible that the transseptal
puncture site created with a powered needle is less likely to close
spontaneously. Similarly, inadvertent cardiac perforation occurring
in the setting of powered needles can potentially be associated
with greater consequences. Whether RF is more likely to cause a
thrombus at the puncture site compared with a standard needle
is unknown. 1719

COMPLICATIONS OF ATRIAL TRANSSEPTAL PUNCTURE

Injury to cardiac and extracardiac structures is the most feared
complication. Because of its stiffness and large caliber, the trans-
septal dilator should never be advanced until the position of the
Brockenbrough needle is confirmed with confidence. Advancing
the dilator into an improper position can be fatal. Therefore, many
operators recommend the use of ICE-guided transseptal puncture,
especially for patients with normal atrial size.!?

When the aorta is advertently punctured by the Brockenbrough
needle—an arterial waveform is recorded from the needle tip and
dye injected through the needle is carried away from the heart—
the needle should be withdrawn back into the dilator. If the patient
remains stable for 15 minutes and echocardiography shows no
pericardial effusion, another attempt at LA access can be made.
Advancing the dilator and sheath assembly into the aorta can lead
to catastrophic consequences.

It is important to recognize that successful atrial septal puncture
is a painless procedure for the patient. If the patient experiences
significant discomfort, careful assessment should be made of the
catheter and sheath locations (pericardial space,aorta).

Another potential complication is embolism of thrombus or air.
To avoid air embolism, catheters must be advanced and withdrawn
slowly so as not to introduce air into the assembly. Sheaths must
be aspirated with a syringe on a stopcock to the amount of their
volume (e.g.,an 8 Fr sheath contains 5 mL when filled) to remove
any retained air. Thromboembolic complications can be avoided
by flushing all sheaths and guidewire with heparinized saline
and maintaining the ACT at longer than 300 seconds. In addition,
a guidewire should not be left in the LA for more than 1 minute,
especially if no systemic heparin has been administered. Adminis-
tration of heparin before,rather than after,the atrial septal puncture
can also help reduce thromboembolism.!?

Occasionally, ST segment elevation in the inferior ECG leads
(with or without transient bradycardia or AV block) can occur
following transseptal catheterization, potentially secondary to air
embolism in coronary arteries, although a Bezold-Jarisch-like
reflex mechanism can also be implicated.

Importantly, the presence of an LA thrombus is an absolute con-
traindication for transseptal catheterization. Additionally, caution
should be used in the setting of the presence cardiac or thoracic
malformation (e.g.,congenital heart disease, kyphoscoliosis).

Transseptal catheterization is feasible and safe in most patients
with atrial septal defect or patent foramen ovale repair. Nonethe-
less, because of the altered anatomical landmarks after repair,
fluoroscopic guidance for transseptal puncture can be unreliable,
and the procedure can be challenging. In these patients,an under
standing of the method of repair and utilization of ICE guidance
are essential.

In patients with atrial septal defect closure devices, puncture is
preferably performed at the portion of the septum located inferior
and posterior to the closure device and not through the device itself.
In patients with a septal stitch or pericardial or Dacron patch, punc-
ture can be achieved through the thickened septum or the patch.
However, transseptal access is typically not achievable through a
Gore-Tex patch (WL. Gore & Associates, Flagstaff, Ariz.) because of
its resistant texture; instead, puncture can be performed directly
through neighboring native interatrial tissue. When the patch is
wide, sufficient free septal tissue for transseptal puncture may not
be available, in which setting transseptal access to the LA may not
be feasible.19-20

Epicardial Approach

Coronary veins can be used to perform epicardial mapping, but
manipulation of the mapping catheter is limited by the anatomical
distribution of these vessels. Therefore, the subxiphoid percutane-
ous approach to the epicardial space is the only technique cur
rently available that allows extensive and unrestricted mapping of
the epicardial surface of both ventricles,and it has been used most
commonly for VT mapping and ablation. The epicardial approach
for mapping and ablation is discussed in Chapter 27.6

Baseline Measurements

Intracardiac Electrograms

Whereas the surface ECG records a summation of the electrical
activity of the entire heart, intracardiac electrograms recorded by
the electrode catheter represent only the electrical activity (phase
0 of the action potential) of the local cardiac tissue in the immedi-
ate vicinity of the catheter’s electrodes. Cardiac electrograms are
generated by the potential (voltage) differences recorded at two
recording electrodes during the cardiac cycle. All clinical electro-
gram recordings are differential recordings from one source that is
connected to the anodal (positive) input of the recording ampli-
fier and a second source that is connected to the cathodal (nega-
tive) input.2!

Recorded electrograms can provide three important pieces of
information: (1) the local activation time (i.e.,the time of activation
of myocardium immediately adjacent to the recording electrode
relative to a reference), (2) the direction of propagation of electri-
cal activation within the field of view of the recording electrode,
and (3) the complexity of myocardial activation within the field of
view of the recording electrode.

ANALOG VERSUS DIGITAL RECORDINGS

Intracardiac electrograms are recorded with amplifiers that have
high-input impedances (more than 1010 Q),to decrease unwanted
electrical interference and ensure high-quality recordings.?! Ana-
log recording systems directly amplify the potential from the
recording electrodes, plot the potential on a display oscilloscope,
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and write it to recording paper or store it on magnetic tape,or both.
Analog systems have largely been replaced by digital recording
systems that use an analog to digital (A/D) converter that converts
the amplitude of the potential recorded at each point in time to a
number that is stored.

The quality of digital data is influenced by the sampling frequency
and precision of the amplitude measurement.! The most common
digital recording systems sample the signal approximately every 1
millisecond (i.e., 1000 Hz),which is generally adequate for practical
purposes of activation mapping. However, higher sampling frequen-
cies can be required for high-quality recording of high-frequency,
rapid potentials that can originate from the Purkinje system or areas
of infarction. The faster sampling places greater demands on the
computer processor and increases the size of the stored data files.

UNIPOLAR RECORDINGS

A unipolar electrogram is the voltage difference recorded between
an intracardiac electrode in close association with cardiac tissue
and a distant indifferent (reference) electrode patch applied to the
body surface (so that the indifferent electrode has little or no car
diac signal). The precordial ECG leads, for example, are unipolar

recordings that use an indifferent electrode created by connecting
the arms and left leg electrodes through high-impedance resistors.?

By convention, the exploring electrode in contact with the cardiac
tissue is connected to the positive input of the recording amplifier.In
this configuration,an approaching wavefront creates a positive deflec-
tion that quickly reverses itself as the wavefront passes directly under
the electrode, thus generating an RS complex. In normal homoge-
neous tissue, the maximum negative slope (dV/dt) of the signal coin-
cides with the arrival of the depolarization wavefront directly beneath
the electrode, because the maximal negative dV/dt corresponds
to the maximum sodium (Na*) channel conductance; Fig. 4-15).
This is true for filtered and unfiltered unipolar electrograms 2123

The unfiltered unipolar recordings provide information about the
direction of impulse propagation; positive deflections (R waves)
are generated by propagation toward the recording electrode, and
negative deflections (QS complexes) are generated by propagation
away from the electrode. Therefore, a wavefront of depolarization
traveling past a unipolar electrode results in a biphasic electrogram
(positive then negative) representing the approach and recession of
the activation wavefront.?2

Unipolar recordings also allow pacing and recording at the
same location while eliminating a possible anodal contribution to

Unipolar recordings: local vs remote events

Ablyn

Ablgist

CSuist

RVA '\,

—— 500 msec —

FIGURE 4-15 Unipolar and bipolar recordings. Two complexes from different sites are shown in a patient with Wolff-Parkinson-White syndrome. The dashed line
denotes onset of the delta wave. In site A, the unfiltered unipolar recording shows a somewhat blunted “QS" complex and small atrial component, but the filtered
(30-to 300-Hz) bipolar signal shows a very large atrial signal and very small ventricular signal (arrow), suggesting a poor choice for ablation site. Site B shows a sharper
"QS"in the unipolar signal, with a larger ventricular than atrial electrogram, and the initial nadir of bipolar recording coincides with the maximal negative dV/dt of the
unipolar recording. Ablation at this site was successful. Ably, = distal ablation; Abl,,,; = unipolar ablation; CSy;; = distal coronary sinus; Hisyi; = distal His bundle; HRA

= high right atrium; RVA = right ventricular apex.



depolarization that is sometimes seen with bipolar pacing at high
output.2! However, one of the disadvantages of unipolar recording
is the inability to record an undisturbed electrogram during or
immediately after pacing.

The major disadvantage of unipolar recordings is that they con-
tain substantial farfield signals generated by depolarization of
tissue remote from the recording electrode, because the unipolar
electrode records a potential difference between widely spaced
electrodes.?3 Noise can be reduced by using an indifferent elec-
trode in the IVC.The unipolar electrograms are generally unfiltered
(0.05 to 300 Hz or more), but are usually filtered at settings com-
parable to those of bipolar electrograms (10 to 40 to 300 Hz or
more) when an abnormal tissue (scars or infarct areas) is studied,
where local electrograms can have very low amplitude and can
be masked by larger farfield signals. Filtering the unipolar electro-
grams can help eliminate farfield signals; however, the filtered uni-
polar recordings lose the ability to provide directional information.

BIPOLAR RECORDINGS

Bipolar recordings are obtained by connecting two electrodes that
are exploring the area of interest to the recording amplifier. At each
point in time, the potential generated is the sum of the potential
from the positive input and the potential at the negative input.The
potential at the negative input is inverted; this is subtracted from
the potential at the positive input so that the final recording is the
difference between the two.2!

Unlike unipolar recordings,bipolar electrodes with short interpo-
lar distances are relatively unaffected by farfield events.The bipo-
lar electrogram is simply the difference between the two unipolar
electrograms recorded at the two poles.Because the farfield signal
is similar at each instant in time, it is largely subtracted out, thus
leaving the local signal. Therefore,compared with unipolar record-
ings, bipolar recordings provide an improved signal-to-noise ratio,
and high-frequency components are more accurately seen.523

Although local activation is less precisely defined, in a homoge-
neous sheet of tissue the initial peak (or nadir) of a filtered (10 to
40 to 300 Hz or more) bipolar recording coincides with depolar-
ization beneath the recording electrode and corresponds to the
maximal negative dV/dt of the unipolar recording (see Fig.4-15).

Several factors can affect bipolar electrogram amplitude and
width, including conduction velocity (the greater the velocity, the
higher the peak amplitude of the filtered bipolar electrogram), the
mass of the activated tissue, the distance between the electrode
and the propagating wavefront, the direction of propagation rela-
tive to the bipoles, the interelectrode distance, the amplifier gain,
and other signal-processing techniques that can introduce arti-
facts.To acquire true local electrical activity,a bipolar electrogram
with an interelectrode distance of less than 1 c¢m is desirable.3

The direction of wavefront propagation cannot be reliably inferred
from the morphology of the bipolar signal. Moreover, bipolar record-
ings do not allow simultaneous pacing and recording from the same
location. To pace and record simultaneously in bipolar fashion at
endocardial sites as close together as possible, electrodes 1 and 3 of
the quadripolar mapping catheter are used for bipolar pacing, and
electrodes 2 and 4 are used for recording.?

The differences in unipolar and bipolar recordings can be used
to assist in mapping by simultaneously recording bipolar and
unipolar signals from the mapping catheter2! Although bipolar
recordings provide sufficient information for most mapping pur
poses in clinical EP laboratories,simultaneous unipolar recordings
can provide an indication of the direction of wavefront propaga-
tion and a more precise measure of the timing of local activation.2?

SIGNAL FILTERING

The surface ECG is usually filtered at 0.1 to 100.0 Hz. The bulk
of the energy is in the 0.1- to 20.0-Hz range. Because of interfer
ence from alternating current (AC), muscle twitches, and similar
relatively high-frequency interference, it is sometimes necessary to

record the surface ECG over a lower frequency range or to use
notch filters.6

Amplifiers are also used to filter the low- and high-frequency
content of the intracardiac electrograms. Intracardiac electro-
grams are usually filtered to eliminate farfield noise, typically at
30 to 500 Hz.The range of frequencies not filtered out is frequently
called the bandpass.The high-pass filter allows frequencies higher
than a certain limit to remain in the signal (i.e., it filters out lower
frequencies), and the low-pass filter filters out frequencies higher
than a certain limit.

High-Pass Filtering

High-pass filtering attenuates frequencies slower than the speci-
fied cutoff (corner frequency) of the filter. If intracardiac record-
ings were not filtered, the signal would wander up and down as
this potential fluctuated with respiration, catheter movement, and
variable catheter contact.

For bipolar electrograms, high-pass filters with corner frequen-
cies between 10 and 50 Hz are commonly used. Filtering can dis-
tort the electrogram morphology and reduce its amplitude. The
bipolar signal becomes more complex, and additional peaks are
introduced. In general, high-pass filtering can be viewed as differ
entiating the signal, so that the height of the signal is proportional
to the rate of change of the signal, rather than only the amplitude.2?

Unipolar signals are commonly filtered at 0.05 to 0.5 Hz to
remove baseline drift. Filtering at higher corner frequencies (e.g.,
30 Hz) alters the morphology of the signal so that the morphology
of the unipolar signal is no longer an indication of the direction
of wavefront propagation and the presence or absence of a QS
complex cannot be used to infer proximity to the site of earliest
activation. However, filtering the unipolar signal does not affect its
usefulness as a measure of the local activation time.> As mentioned
earlier,during mapping of areas with infarcts or scars, where local
electrograms can have very low amplitude and can be masked by
larger farfield signals, high-pass filtering of a unipolar signal (at 30
Hz) can help reduce the farfield signal and improve detection of
the lower amplitude local signals.??

Low-Pass Filtering

Low-pass filters attenuate frequencies that are faster than the
specified corner frequency (usually 250 to 500 Hz).This approach
is useful for reducing high-frequency noise without substantially
affecting electrograms recorded with clinical systems because
most of the signal content is lower than 300 Hz.22

Band-Pass Filtering

Defining a band of frequencies to record, such as setting the
high-pass filter to 30 Hz and the low-pass filter to 300 Hz, defines
a band of frequencies from 30 to 300 Hz that are not attenuated
(i.e.,bandpass filtering).A notch filter is a special case of bandpass
filtering, with specific attenuation of frequencies at 50 or 60 Hz to
reduce electrical noise introduced by the frequency of common
AC current.

TIMING OF LOCAL EVENTS

As noted, with an unfiltered unipolar electrogram, a wavefront of
depolarization that is propagating toward the exploring electrode
generates a positive deflection (an R wave). As the wavefront
reaches the electrode and propagates away, the deflection sweeps
steeply negative. This rapid reversal constitutes the intrinsic deflec-
tion of the electrogram and represents the timing of the most local
event (i.e, at the site of the electrode). The maximum negative
slope (dV/dt) of the signal coincides with the arrival of the depo-
larization wavefront directly beneath the electrode (see Fig.4-15).%2

Filtering the unipolar signal does not affect its usefulness as a
measure of the local activation time. The slew rate or dV/dt of the
filtered electrogram is so rapid in normal heart tissue that the differ-
ence between the peak and the nadir of the deflection is 5 millisec-
onds or less. Identification of the local event is therefore easy with
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filtered or unfiltered electrograms in normal tissue. On the other
hand, diseased myocardium can conduct very slowly with fraction-
ated electrograms,and this makes local events harder to identify.

To acquire true local electrical activity, a bipolar electrogram
with an interelectrode distance of less than 1 cm is preferable.
Smaller interelectrode distances record increasingly local events.
In normal homogeneous tissue, the initial peak of a filtered (30 to
300 Hz or more) bipolar recording coincides with depolarization
beneath the recording electrode and corresponds to the maximal
negative dV/dt of the unipolar recording (see Fig.4-15).However,in
the setting of complex multicomponent bipolar electrograms,such
as those with marked fractionation and prolonged duration seen in
regions with complex conduction patterns, determination of local
activation time becomes problematic.6

When the intracardiac electrogram of interest is small relative to
the size of surrounding electrograms (e.g., His deflection),and the
gain must be markedly increased to produce a measurable deflec-
tion, clipping the signals can help eliminate the highly amplified
surrounding signals to allow concentration on the deflection of
interest (Fig. 4-16). It is important to recognize, however, that clip-
pers eliminate the ability to determine the amplitude and timing of
the intrinsic deflection (local timing) of the signals being clipped.®

CHOICES OF SURFACE AND INTRACARDIAC SIGNALS

Baseline recordings obtained during a typical EP study include sev-
eral surface ECG leads and several intracardiac electrograms,all of
which are recorded simultaneously Timing of events with respect
to onset of the QRS complex or P wave on the surface ECG is often
important during the EP study, but it is cumbersome to display all
12 leads of the regular surface ECG.It is more common to use leads
[, I, II[,V;, and Vg, which provide most of the information required
to determine the frontal plane axis, presence and type of intraven-
tricular conduction abnormalities,and P wave morphology.
Intracardiac leads can be placed strategically at various loca-
tions within the cardiac chambers to record local events in the
region of the lead. A classic display would include three to five

Effect of “clipping” or clamping of electrograms
His and CS clipped His and CS unclipped

j{ﬂ;\

}

v
FIGURE 4-16 Effect of electronic clipping on recordings. The same two com-
plexes are shown in both panels. Left, Both His and coronary sinus (CS) record-
ings are electronically attenuated (clipped) to reduce excursions on the display.
The CS atrial and ventricular signals appear to have equal amplitude, and the
ventricular electrogram in the His recording is small. Right, Without clipping,
the true signal amplitudes are seen, showing a very large ventricular signal in
the His recording and a larger atrial than ventricular signal in the CS recording.

Ably, = distal ablation; Abl,,,; = unipolar ablation; CSy;; = distal coronary sinus;
Hisgise = distal His bundle; HRA = high right atrium; RVA = right ventricular apex.
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surface ECG leads, high RA recording, HB recording, CS recording,
and RV apex recording (Fig.4-17). Depending on the type of study
and information sought,stimulation and recording from other sites
can be appropriate and can include RB recording, LV recording,
transseptal LA recording, and atrial and ventricular mapping cath-
eter tracings for EP mapping and ablation.?!

The intracardiac electrograms are generally displayed in the
order of normal cardiac activation. The first intracardiac tracing
is a recording from the high RA close to the sinus node.The next
intracardiac tracing is the HB recording, obtained from a catheter
positioned at the HB, which shows low septal RA, HB, and high
septal RV depolarizations. One to five recordings may be obtained
from the CS, which reflects LA activation, followed by a recording
from the RV catheter (see Fig.4-17).6

Right Atrial Electrogram

Depending on the exact location of the RA catheter, the high RA
electrogram typically shows a local sharp, large atrial electrogram
and a smaller, farfield ventricular electrogram.The catheter is usu-
ally positioned in the RA appendage because of stability and repro-
ducibility The recorded atrial electrogram is earlier in the P wave
when the catheter is positioned close to the sinus node.Recordings
from this site also help determine the direction of atrial activation
(e.g., high-low versus low-high, and right-left versus left-right). Pac-
ing at this position allows evaluation of sinus node function and
AV conduction, as well as the induction of supraventricular, and
occasionally ventricular, arrhythmias.

Coronary Sinus Electrogram

Because the CS lies in the AV groove, in close contact to both the
LA and the LV, the CS catheter records both atrial and ventricular
electrograms. However, the CS has a variable relationship with the
mitral annulus.The CS lies 2 cm superior to the annulus as it crosses
from the RA to the LA. More distally, the CS frequently overrides
the LV. Consequently, the most proximal CS electrodes (located
at the CS os) are closer to the atrium and typically show a local
sharp, large atrial electrogram and a smaller, farfield ventricular

Coronary sinus electrograms
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FIGURE 4-17 A classic display of surface ECG and intracardiac recordings dur-
ing an electrophysiology study of supraventricular tachycardia. Included are four
surface ECG leads, high right atrium (HRA) recording, two His bundle recordings
(proximal and distal His [Hiso, and Hisgi ), five coronary sinus (CS) recordings (in
a proximal-to-distal sequence), and a right ventricular apex (RVA) recording. The
relative amplitudes of atrial and ventricular electrograms in CS recordings are
also shown. Right, The back of the heart is shown with a CS catheter in position.
The distal portion of the CS (CSq;s) is closer to the ventricle (originating as the
great cardiac vein on the anterior wall); the CS crosses the atrioventricular groove
at the lateral margin and becomes an entirely atrial structure as it empties into
the right atrium. Left, Thus, proximal CS (CS,,) recordings show large atrial
and small ventricular signals, whereas more distal recordings show small atrial,
large ventricular signals. IVC = inferior vena cava; PVs = pulmonary veins; SVC =
superior vena cava.



electrogram. The more distal CS electrodes, lying closer to the LV
than the LA, record progressively smaller, less sharp, far-field atrial
electrograms and larger, sharper, nearfield ventricular electro-
grams (see Fig.4-17).

During normal sinus rhythm (NSR), the atrial activation sequence
proceeds from the CS os distally However, if the CS catheter is
deeply seated in the CS,so that the most proximal electrodes are
distal to the CS os and the most distal electrodes are anterolateral
on the mitral annulus, then both proximal and distal electrodes
can be activated at the same time (Fig.4-18).

His Bundle Electrogram

The HB catheter is positioned at the junction of the RA and RV.
Therefore, it records electrograms from local activation of the adja-
cent atrial,HB,and ventricular tissues (Fig.4-19).Using a 5-to 10-mm
bipolar recording, the His potential appears as a rapid biphasic
spike, 15 to 25 milliseconds in duration, interposed between local
atrial and ventricular electrograms.The use of a quadripolar cath-
eter allows simultaneous recording of three bipolar pairs.2*

Before measuring conduction intervals within the HB electro-
gram, it is important to verify that the spike recorded between the
atrial and ventricular electrograms on the HB catheter actually rep-
resents activation of the most proximal HB and not the distal HB
or RB. The most proximal electrodes displaying the His potential
should be chosen,and a large atrial electrogram should accompany
the proximal His potential. Anatomically, the proximal portion of
the HB originates in the atrial side of the tricuspid annulus;thus,the
most proximal HB deflection is the one associated with the largest
atrial electrogram. Recording of a His potential associated with a
small atrial electrogram can reflect recording of the distal HB or RB
and therefore would miss important intra-His conduction abnor
malities and falsely shorten the measured HB-ventricular (HV)
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FIGURE 4-18 Influence of catheter position on coronary sinus (CS) atrial elec-
trograms. Two different CS atrial activation sequences are shown from different
patients. A, A proximal-to-distal sequence is shown. B, The latest activation is in
the mid-CS electrodes. The diagrams at the bottom show relative positions of the
CS catheter in each instance (atrioventricular grooves viewed from above). With
more proximal CS position (CS,,), propagation is proximal-distal, indicating rela-
tive distance from the sinus node. With a more distal CS position (CSg;s), the mid-
CS electrodes are farthest from the sinus node. Hisg;s; = distal His bundle; His,iq =
middle His bundle; His,,,, = proximal His bundle; HRA = high right atrium.

interval (see Fig.4-19). Even if a large His potential is recorded in
association with a small atrial electrogram, the catheter should be
withdrawn to obtain a His potential associated with a larger atrial
electrogram. Using a multipolar (three or more) electrode catheter
to record simultaneously proximal and distal HB electrograms (e.g.,
a quadripolar catheter records three bipolar electrograms over a
1.5-cm distance) can help evaluate intra-His conduction.”

Validation of the HB recording can be accomplished by assess-
ment of the HV interval and establishing the relationship between
the His potential and other electrograms.?* The HV interval should
be 35 milliseconds or longer (in the absence of preexcitation). In
contrast, the RB potential invariably occurs within 30 milliseconds
before ventricular activation.Atrial pacing can be necessary to dis-
tinguish a true His potential from a multicomponent atrial electro-
gram. With a true His potential, the atrial-HB (AH) interval should
increase with incremental pacing rates. HB pacing can also be a
valuable means for validating HB recording. The ability to pace
the HB through the recording electrode and obtain HB capture
(i.e., QRS identical to that during NSR and stimulus-to-QRS inter
val identical to the HV interval during NSR) provides the strongest
evidence validating the His potential. However, this technique is
inconsistent in accomplishing HB capture, especially at low cur-
rent output. Higher output can result in nonselective HB capture.
The use of closely spaced electrodes and the reversal of current
polarity (i.e.,anodal stimulation) can facilitate HB capture. Failure
to capture the HB selectively does not necessarily imply that the
recorded potential is from the RB.

Other measures that can be used, although rarely required, to
validate the HB recording include recording of pressure simultane-
ously with a luminal electrode catheter (which should reveal atrial
pressure wave when the catheter is at the proximal His electrogram
position) and simultaneous left and right recording of the His
potential. The His potential can be recorded in the noncoronary
sinus of Valsalva (just above the aortic valve) or in the LVOT along
the interventricular septum (just below the aortic valve). Because
these sites are at the level of the central fibrous body, the proxi-
mal penetrating portion of the HB is recorded and can be used
to time the His potential recorded via the standard venous route.
Recording the HB from the noncoronary cusp (versus the LVOT) is
preferred because only a true His potential can be recorded from
that site.25
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FIGURE 4-19 Intracardiac intervals. Shaded areas represent the P wave-atrial
(PA) (blue), atrial-His bundle (AH) (pink), and His bundle-ventricular (HV) (yel-
low) intervals. It is important that the HV interval be measured from the onset of
the His potential in the recording showing the most proximal (rather than the
most prominent) His potential (Hisy,) to the onset of the QRS on the surface
ECG (rather than the ventricular electrogram on the His bundle [HB] recording).
CSgigr = distal coronary sinus; CS,, ., = proximal coronary sinus; Hisge; = distal His
bundle; HRA = high right atrium; PRI = PR interval; RVA = right ventricular apex.
See text for details.
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Right Ventricular Electrogram

The RV electrogram typically shows a local sharp and large ven-
tricular electrogram and generally no atrial electrogram.The closer
the RV catheter tip position is to the apex, the closer it is to the
RB myocardial insertion site and the earlier the ventricular electro-
gram timing to the onset of the QRS.The catheter is usually posi-
tioned in the RV apex because of stability and reproducibility.

Baseline Intervals

The accuracy of measurements made at a screen speed of 100
mm/sec is +5 milliseconds, and at a speed of 400 mm/sec is 1
millisecond. In dealing with large intervals (e.g., sinus node func-
tion), a speed of 100 mm/sec is adequate. For refractory periods,a
speed of 150 to 200 mm/sec is adequate, but for detailed mapping,
a speed of 200 to 400 mm/sec is required.

P WAVE—ATRIAL INTERVAL

The P wave—-atrial (PA) interval is measured from the first evidence
of sinus node depolarization, whether on the intracardiac or sur
face ECG,to the atrial deflection as recorded in the HB lead. It rep-
resents conduction through the RA to the inferoposterior interatrial
septum (in the region of the AV node [AVN] and HB; see Fig.4-19).

The PA interval is a reflection of internodal (sinus node to AVN)
conduction; prolonged PA intervals suggest abnormal atrial con-
duction and can be a clue to the presence of biatrial disease or dis-
ease confined to the RA.The normal range of the PA interval is 20
to 60 milliseconds. Rarely, diseased atrial conduction can undetlie
first-degree AV block, indicated by a prolonged PA interval. A short
PA interval suggests an ectopic source of atrial activation.

INTERATRIAL CONDUCTION

Normal atrial activation begins in the high or mid-lateral RA
(depending on the sinus rate), spreads from there to the low RA
and AV junction,and then spreads to the LA.

Activation of the LA is mediated by three possible routes. Superi-
orly, activation proceeds through the Bachman bundle; this can be
seen in 50% to 70% of patients and can be demonstrated by CS os
activation followed by distal CS and then mid-CS activation.Activa-
tion also propagates through the mid-atrial septum at the fossa ova-
lis and at the region of the central fibrous trigone at the apex of the
triangle of Koch.The latter provides the most consistent amount of
LA activation.

Interatrial conduction is measured by the interval between the
atrial electrogram in the high RA lead and that in the CS lead. LA-
to-RA activation during LA pacing appears primarily to cross the
fossa and low septum and not the Bachman bundle, as reflected
by relatively late high RA activation.

Normal retrograde atrial activation proceeds over the AVN.The
earliest atrial activation is recorded in the AV junction (HB record-
ing), then in the adjacent RA and CS os, and finally in the high
RA and LA.More detailed mapping reveals atrial activation to start
at the HB recording, with secondary breakthrough sites in the CS
(reflecting activation over the LA extension of the AVN) or the pos-
terior triangle of Koch, or both. At faster ventricular pacing rates,
the earliest atrial activation typically shifts to the posterior portion
of the triangle of Koch, the CS os, or within the CS itself.

ATRIAL-HIS BUNDLE INTERVAL

The AH interval is measured from the first rapid deflection of the
atrial deflection in the HB recording to the first evidence of HB
depolarization in the HB recording (see Fig.4-19).The AH interval
is an approximation of the AVN conduction time, because it rep-
resents conduction time from the low RA at the interatrial septum
through the AVN to the HB.

The AH interval can vary according to the site of atrial pacing.
During LA or CS os pacing, the impulse can enter the AVN at a dif-
ferent site that bypasses part of the AVN, or it can just enter the AVN
earlier in respect to the atrial deflection in the HB electrogram.
Both mechanisms can give rise to a shorter AH interval.

The response of the AH interval to atrial pacing or drugs often
provides more meaningful information about AVN function than
an isolated measurement of the AH interval. Autonomic blockade
with atropine (0.04 mg/kg) and propranolol (0.02 mg/kg) can be
used to evaluate AVN function in the absence of autonomic influ-
ences. Not enough data, however, are available to define normal
responses under these circumstances.?*

The AH interval has a wide range in normal subjects (50 to
120 milliseconds) and is markedly influenced by the autonomic
nervous system. Short AH intervals can be observed in cases of
increased sympathetic tone, reduced vagal tone, enhanced AVN
conduction, and preferential LA input into the AVN, as well as
unusual forms of preexcitation (atrio-His BTs).

Long AH intervals are usually caused by negative dromotropic
drugs (such as digoxin, beta blockers, calcium channel block-
ers, and antiarrhythmic drugs), enhanced vagal tone, and intrin-
sic disease of the AVN. Artifactually prolonged AH intervals can
result from an improperly positioned catheter or the incorrect
identification of an RB potential as a His potential. This situation
needs to be distinguished from true AH interval prolongation.

HIS POTENTIAL

His potential duration reflects conduction through the short length
of the HB that penetrates the fibrous septum. Disturbances of HB
conduction can manifest as fractionation, prolongation (longer
than 30 milliseconds), or splitting of the His potential.

HIS BUNDLE-VENTRICULAR INTERVAL

The HV interval is measured from the onset of the His potential
to the onset of the earliest registered surface or intracardiac ven-
tricular activation.It represents conduction time from the proximal
HB through the distal His-Purkinje system (HPS) to the ventricular
myocardium (see Fig.4-19).24

The HV interval is not significantly affected by the autonomic
tone, and it usually remains stable. The range of HV intervals in
normal subjects is narrow, 35 to 55 milliseconds. A prolonged HV
interval is consistent with diseased distal conduction in all fas-
cicles or in the HB itself. A validated short HV interval suggests
ventricular preexcitation via a BT A falsely shortened HV interval
can occur during sinus rhythm with PVCs or an accelerated idio-
ventricular rhythm that is isorhythmic with the sinus rhythm, or
when an RB potential rather than a His potential is inadvertently
recorded.

Programmed Electrical Stimulation

Stimulators

Cardiac stimulation is carried out by delivering a pulse of elec-
trical current through the electrode catheter from an external
pacemaker (stimulator) to the cardiac surface. Such an electri-
cal impulse depolarizes cardiac tissue near the pacing electrode,
which then propagates through the heart. The paced impulses
(stimuli) are introduced in predetermined patterns and at precise
timed intervals using a programmable stimulator.

A typical stimulator has a constant current source and is capable
of pacing at a wide range of CLs and variable current strengths
(0.1 to 10 mA) and pulse widths (0.1 to 10 milliseconds). Addi-
tionally, current stimulators have at least two different channels of
stimulation (preferably four) and allow delivery of multiple extra-
stimuli (three or more) and synchronization of the pacing stimuli
to selected electrograms during intrinsic or paced rhythms.



Pacing Techniques
PACING OUTPUT

Stimulation is usually carried out using an isolated constant cur
rent source that delivers a rectangular impulse. Pacing output at
twice (2x) diastolic threshold is generally used. Pacing threshold is
defined as the lowest current required for consistent capture deter-
mined in late diastole.The pacing threshold can be influenced by
the pacing cycle length (CL); therefore, the threshold should be
determined at each pacing CL used. In general, refractory periods
are somewhat longer when determined using 2x threshold (as
opposed to higher outputs), and this can reduce the incidence of
induction of nonclinical tachyarrhythmias.24 Additionally, diastolic
excitability can be influenced by drug administration; re-evaluation
of the pacing threshold and adjustment of the pacing output (2x
threshold) are therefore required in such situations. A pulse dura-
tion of 1 or 2 milliseconds is generally used.

High current strength is generally used for determination of
strength-interval curves to overcome drug-induced prolongation of
refractoriness, assess the presence and mechanism of antiarrhyth-
mic therapy,and overcome the effect of decreased tissue excitabil-
ity (e.g.,pace mapping in scarrelated arrhythmias).

CYCLE LENGTH

During EP testing, CLs often change from beat to beat,so that these
measures are more relevant than an overall rate expressed in beats
per minute. The use of rates in beats per minute is retained mostly
to facilitate communication with physicians who are more com-
fortable with this terminology. Pacing rate is determined by divid-
ing 60,000 by the CL (in milliseconds).

INCREMENTAL VERSUS DECREMENTAL

The terms incremental and decremental can have opposite mean-
ing, depending on whether one is considering the pacing rate in
beats per minute or the pacing CL in milliseconds.The term incre-
mental pacing rate is derived from stimulators controlled by an
analog dial. Digitally controlled devices often increase the rate by
choosing a sequence of CL decrements, but the term incremental
pacing may still be used.

OVERDRIVE PACING (STRAIGHT PACING)

Pacing stimuli are delivered at a constant pacing rate (or pacing
CL) throughout the duration of the stimulation.The pacing rate is
faster than the rate of the baseline rhythm to ensure capture of the
spontaneous rhythm.

BURST PACING

Pacing stimuli are delivered at a constant rate for a relatively short
duration, but at successively faster rates with each burst until a pre-

determined maximum rate (or minimum CL) has been reached.

This technique is generally used for induction or termination of
tachycardias.

STEPWISE RATE-INCREMENTAL PACING

After pacing at a given rate for a predetermined number of stim-
uli or seconds, the rate is increased (with intervening pauses) in
a series of steps until predetermined endpoints are reached. It is
important to maintain the pacing at any given rate for at least 15
seconds (period of accommodation) before increasing the pac-
ing rate. Otherwise, the initial stimuli at any given rate can produce
effects different from those observed several seconds later,because
the ability of a tissue to conduct is affected by the baseline rate or
CL of the preceding beats. A disadvantage for this technique is the
prolonged pacing required at each rate, which is time-consuming.

RAMP PACING

Ramp pacing implies a smooth change in the interval between
successive stimuli, with gradual decrease of the pacing CL every
several paced complexes (without intervening pauses).Ramps are
often used as an alternative to the stepwise method for assessment
of conduction.The pacing rate is slowly increased at 2 to 4 beats/
min every several paced beats until block occurs. This method
avoids prolonged rapid pacing at each pacing CL and is particu-
larly useful when multiple assessments of conduction are planned
(e.g., after therapeutic interventions) and in the assessment of ret-
rograde conduction. Because each successive paced interval dif-
fers from its predecessor by only a few milliseconds, the interval
at which block occurs can be determined more precisely using
the ramp method. However, prolonged episodes of continuous
high-rate pacing can provoke significant hypotension, and close
monitoring of blood pressure is important while performing these
maneuvers.

For tachycardia induction or termination, the ramp is decreased
in duration, but the inter-stimulus intervals are decreased more
rapidly. Ramp pacing is generally used in antitachycardia pacing
algorithms in implantable cardioverterdefibrillators. Programmed
rate-incremental ramps are also known as autodecremental pacing.

EXTRASTIMULUS TECHNIQUE

S;-S; DRIVE STIMULI. The heart is paced,or driven,at a specified
rate and duration (typically eight beats) after which a premature
extrastimulus is delivered. The eight drive beats are each termed
S; stimulus. The S;-S; drive stimuli are sometimes called trains.These
S; drive stimuli can be followed by first,second, third,and nth prema-
ture extrastimuli,which are designated as S,,Ss3,S,,and Sy.When the
extrastimuli follow a series of sinus beats, the sinus beats can also
be designated as S;.

S4,S,, 83, ... SN. Sy is the first extrastimulus, with the S;-S, interval
almost always shorter than the S;-S; interval. Ss, S, . . . Sy are the
second, third, . . . n'" extrastimuli. When stimulation is performed
in the atrium, capture of S;, Sy, S, . . . Sy results in atrial depolar-
izations, termed A, A,, As, ... Ap, respectively, and when stimula-
tion is performed in the ventricle, they are termed V;, V,, V3, . ..
Vy, corresponding to the resultant ventricular depolarizations,
respectively.

One or more extrastimuli (designated Sy,53,and Sy) are introduced
at specific coupling intervals based on previous S; drive stimuli or
spontaneous beats. Thereafter, the S;-S, interval is altered, usually in
10- to 20-millisecond steps, until an endpoint is reached,such as tis-
sue refractoriness or termination or induction of a tachycardia. It is
usual to begin late in diastole and successively decrement the S-S,
interval. A second extrastimulus (S3) can then be introduced, with
the So-S3 interval altered similarly to that used for S;-S,.

Two methods are in common clinical use for decreasing the
coupling intervals during delivery of multiple extrastimuli. In the
simple sequential method,the S;-S, coupling interval is decreased
until it fails to capture, at which time the coupling interval is
increased until it captures (usually within 10 to 20 milliseconds).
The Si-S, coupling interval is then held constant while the S,-S3
interval is decreased similarly to that used for S-Sy, and then the
same is done for Sg-S4. In the tandem method, the S;-S, coupling
interval is decreased until S, fails to capture, and then the S;-S,
coupling interval is increased by 40 to 50 milliseconds and held
there. S; is then introduced and the S,-S5 interval decreased until
Ss fails to capture. At that point, the S;-S, interval is decreased, and
S5 is retested to see whether it captures. From that point on, the
Si-Sy and Sy-S3 intervals are decreased in tandem until refractory.
As compared with the simple sequential method, the tandem
method allows relatively longer intervals and provides a larger
number of stimulation runs before moving on to the next extra-
stimulus. Prospective studies comparing the two methods have
shown no differences between the two methods in any of the out-
comes assessed.
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ULTRARAPID TRAIN STIMULATION

Pacing at very short CLs (10 to 50 milliseconds) is rarely performed,
mainly for induction of ventricular fibrillation (VF),to test defibril-
lation threshold during implantation of a cardioverterdefibrillator.

Conduction and Refractoriness
CONDUCTION

During depolarization, the electrical impulse spreads along
each cardiac cell, and rapidly from cell to cell, because each
myocyte is connected to its neighbors through low resistance
gap junctions. As discussed in Chapter 1, conduction veloc-
ity refers to the speed of propagation of an electrical impulse
through cardiac tissue, which is dependent on both the active
membrane properties of the individual cardiac myocyte that
generates the action potential (i.e., electrical excitability or
refractoriness, or both) and passive properties governing the
flow of current between cardiac cells (cell-to-cell coupling and
tissue geometry).26:27

Conduction can be assessed by observing the propagation of
wavefronts during pacing at progressively incremental rates. Rate-
incremental pacing is delivered to a selected site in the heart while
propagation to a selected distal point is assessed. Conduction
velocity is assessed by measuring the time it takes for an impulse
to travel from one intracardiac location to another. During tests of
conduction, it is usual for capture to be maintained at the site of
stimulation and block to occur at a distal point.6

REFRACTORINESS

As discussed in Chapter 1, during a cardiac cycle, once an action
potential is initiated, the cardiac cell is unexcitable to stimulation
(i.e,, unable to initiate another action potential in response to a
stimulus of threshold intensity) for some duration of time (which
is slightly shorter than the “true” action potential duration) until its
membrane has repolarized to a certain level 2830

There are different levels of refractoriness during the action
potential. During the absolute refractory period (which extends
over phases 0, 1, 2, and part of phase 3 of the action potential),
the tissue is completely unexcitable and a second action potential
absolutely cannot be initiated, no matter how large a stimulus is
applied, because of inactivation of most Na* channels. After the
absolute refractory period, a stimulus may cause some cellular
depolarization but does not lead to a propagated action potential.
The sum of this period (which includes a short interval of phase
3 of the action potential) and the absolute refractory period is
termed the effective refractory period (ERP).The ERP is followed by
the relative refractory period (RRP),which extends over the middle
and late parts of phase 3 of the action potential. During the RRRini-
tiation of a second action potential is inhibited but not impossible;
a largerthan-normal stimulus can result in activation of the cell
and lead to a propagating action potential. However, the upstroke
of the new action potential is less steep and of lower amplitude
and its conduction velocity slower than normal. Of note, there is
a brief period in phase 3 of the action potential, the supernormal
period, during which excitation is possible in response to an oth-
erwise subthreshold stimulus; that same stimulus fails to elicit a
response eatlier or later than the supernormal period (see later).

MEASUREMENTS OF REFRACTORY PERIODS

Refractoriness (or, more appropriately, excitability) is defined by
the response of a tissue to premature stimulation.?132 Refractory
periods are analyzed by the extrastimulus technique, with progres-
sively premature extrastimuli delivered after a train of 8 to 10 paced
beats at a fixed pacing CL to allow for reasonable (more than 95%)
stabilization of refractoriness, which is usually accomplished after
3 or 4 paced beats.

Several variables are considered in the assessment of refractory
periods, including the stimulus amplitude and the drive rate or CL.
Longer CLs are generally associated with longer refractory periods,
but refractory periods of different parts of the conducting system
do not respond comparably with changes in the drive CLs.30

Additionally, the measured ERP is invariably related to the cur
rent used.Thus, standardization of the pacing output is required. In
most laboratories, it is arbitrarily standardized at twice the diastolic
threshold. A more detailed method of assessing refractoriness is to
define the strength-interval curves at these sites. The steep portion
of that curve defines the ERP of that tissue. The use of increasing
current strengths to 10 mA usually shortens the measured ERP by
approximately 30 milliseconds. However, such a method does not
offer a useful clinical advantage, except when the effects of anti-
arrhythmic drugs on ventricular excitability and refractoriness
are to be characterized. Moreover, the safety of using high current
strengths, especially when multiple extrastimuli are delivered, is
questionable, because fibrillation is more likely to occur in such
situations.

It is important that measurements of refractory periods be taken
at specific sites. Measurements of atrial and ventricular ERP are
taken at the site of stimulation. Measurements of AVN ERP and HPS
ERP are taken from responses in the HB electrogram.2*
EFFECTIVE REFRACTORY PERIOD. The ERP is the longest
premature coupling interval (5,-S;) at a designated stimulus
amplitude (usually 2x diastolic threshold) that results in failure
of propagation of the premature impulse through a tissue (i.e.,
fails to capture). ERP therefore must be measured proximal to the
refractory tissue.

RELATIVE REFRACTORY PERIOD. The RRP is defined as the
longest premature coupling interval (5;-S,) that results in pro-
longed conduction of the premature impulse (an increase in stim-
ulus to distal response time) compared with the conduction of
the stimulus delivered during the basic drive train. Conduction is
slowed when a wavefront encounters tissue that is not completely
repolarized. Thus, the RRP marks the end of the full recovery
period, the zone during which conduction of the premature and
basic drive impulses is identical. The RRP is generally slightly lon-
ger than the ERP by an amount called the /latency period. During
the latency period, the tissue is excitable, but the excitation wave-
front conducts with slower or even decremental conduction.
FUNCTIONAL REFRACTORY PERIOD. The functional refrac-
tory period (FRP) is the shortest interval between two consecu-
tively conducted impulses out of a cardiac tissue resulting from
any two consecutive input impulses into that tissue (i.e., the short-
est output interval that can occur in response to any input interval
in a particular tissue). Because the FRP is a measure of output
from a tissue, it is described by measuring points distal to that
tissue. It is helpful to think of the FRP as a response-to-response
measurement (in contrast, the ERP is a stimulus-to-stimulus mea-
surement). Therefore, the FRP is a measure of refractoriness and
conduction velocity of a tissue.

The definitions of anterograde ERP and FRP of the AV conduc-
tion system are given in Table 4-1.24

CYCLE LENGTHS RESPONSIVENESS OF
REFRACTORY PERIODS

Normally, refractoriness of the atrial, HPS, and ventricular tissue is
directly related to the basic drive CL (i.e., the ERP shortens with
decreasing basic drive CL). This phenomenon (termed peeling of
refractoriness) results from rate-related shortening of the action
potential duration and is most marked in the HPS.32 Abrupt changes
in the CL also affect refractoriness of these tissues. A change from
a long- to short-drive CL (e.g., with introduction of an extrastimulus
[Sy] following a pacing drive [S;] with a long CL) shortens the ERP
of the HPS and atrium, whereas a change from a short to a long
drive CL markedly prolongs the HPS ERP but alters the ventricular
ERP little, if at all. Refractoriness of the atrial, HPS, and ventricular
tissue appears relatively independent of autonomic tone; however,



TABLE 4-1 Definition of Refractory Periods
ERP RRP FRP
Atrium Longest S;-S, interval that fails to achieve Longest S;-S; interval at which S,-A, Shortest Aj-A, interval (recorded at a designated
atrial capture is>Si-A site, often the HB region) in response to any S;-S,
AVN Longest A;-A, interval (measured at the HB Longest A;-A, interval at which A-H, Shortest H;-H, interval in response to any A;-A, CH
region) that fails to propagate to the HB is > A-H, 4
HPS Longest H,-H, interval that fails to Longest H,-H, interval at which H,-V, Shortest V-V, interval in response to any H;-H,
propagate to the ventricles is > H;-V, or generates an aberrant
QRS complex
Ventricle Longest S;-S, interval that fails to achieve Longest S;-S, interval at which S,-V, Shortest V,-V, interval (recorded at a designated

ventricular capture is> SV, site or) in response to any $¢-5S,

AVN = atrioventricular node; ERP = effective refractory period; FRP = functional refractory period; HB = His bundle; HPS = His-Purkinje system; RRP = relative refractory period.

TABLE 4-2

Normal Refractory Periods in Adults

ERP VENTRICLE

STUDY* ERP ATRIUM (msec) ERP AVN (msec) FRP AVN (msec) ERP HPS (msec) (msec)

Denes et al (1974) 150-360 250-365 350-495 — —
Akhtar et al (1975) 230-330 280-430 320-680 340-430 190-290
Josephson (2002) 170-300 230-425 330-525 330-450 170-290

*Studies performed at 2x threshold.

AVN = atrioventricular node; ERP = effective refractory period; FRP = functional refractory period; HPS = His-Purkinje system.

Data from Denes P, Wu D, Dhingra R, et al: The effects of cycle length on cardiac refractory periods in man. Circulation 49:32, 1974; Akhtar M, Damato AN, Batsford WP, et al: A comparative analysis
of anterograde and retrograde conduction patterns in man, Circulation 52:766, 1975; and Josephson ME: Electrophysiologic investigation: general aspects. In Josephson ME, editor: Clinical cardiac
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electrophysiology, ed 3, Philadelphia, 2002, Lippincott Williams & Wilkins, pp 19-67.

data have shown that increased vagal tone reduces atrial ERP and
increases ventricular ERP30

In contrast, the AVN ERP increases with increasing basic
drive CL in response to the fatigue phenomenon, which most
likely results because AVN refractoriness is time-dependent and
exceeds its action potential duration (unlike HPS refractoriness).
Additionally, AVN refractory periods are labile and can be mark-
edly affected by the autonomic tone. On the other hand, the
response of AVN FRP to changes in pacing CL is variable, but
it tends to decrease with decreasing pacing CL.32 This paradox
occurs because the FRP is not a true measure of refractoriness
encountered by an atrial extrastimulus (AES;A,);it is significantly
determined by the AVN conduction time of the basic drive beat
(A-H));the longer the Aj-H; is,the shorter the calculated FRP will
be at any Ay-H,.%3

LIMITATIONS OF TESTS OF CONDUCTION
AND REFRACTORINESS

It is unusual to be able to collect a complete set of measurements.
With refractory period testing, the atrial ERP is often longer than
the AVN ERE so that atrial refractoriness is encountered before
AVN refractoriness, thus limiting the ability to assess the latter.
Moreover,an AES cannot be used to test the HPS if conduction is
blocked at the AVN level. This is a limitation that applies to most
patients undergoing conduction or refractory period testing.3! On
the other hand, it is possible to assess anterograde conduction and
refractoriness distal to the AVN by direct pacing of the HB.This is
not part of the routine EP evaluation, however, and is reserved for
cases in which the information is particularly desired.

It is important to recognize that atrial conduction can materially
affect the determination of refractory periods. Therefore, refractory
periods should not be timed from the site of stimulation, but from
the point in the conduction cascade that is being assessed. For
example, if the high RA is stimulated in a patient with a left lateral BT,
an early AES can encounter the RRP of the atrium,so that intraatrial
conduction time is prolonged. Thus, the timing of the S-S, stimuli
in the high RA would be shorter than the timing of the propagated
impulse when it arrives at the region of the BT as the local Aj-A,
interval.

A wide range of normal values has been reported for refractory
periods (Table 4-2). However, it is difficult to interpret these so-
called normal values because they come from pooled data using
different standards (different pacing CLs, stimulus strengths, and
pulse widths) 243132

Atrial Stimulation
Technical Aspects

Atrial stimulation provides a method for evaluation of the func-
tional properties of the sinus node and AV conduction system
and of the means of induction of different arrhythmias (supraven-
tricular and, occasionally, ventricular arrhythmias). Atrial stimula-
tion from different atrial sites can result in different patterns of AV
conduction.Thus, stimulation should be performed from the same
site if the effects of drugs and physiological maneuvers are to be
studied. Atrial stimulation is usually performed from the high RA
and CS.

Rate-incremental atrial pacing is usually started at a pacing CL
just shorter than the sinus CL, with progressive shortening of the
pacing CL (by 10- to 20-millisecond decrements) until 1:1 atrial
capture is lost, Wenckebach AVN block develops, or a pacing CL of
200 to 250 milliseconds is reached. Ramp atrial pacing is equiva-
lent to rate-incremental pacing if AVN Wenckebach CL is all that
is required. Stepwise rate-incremental pacing, however, also allows
evaluation of sinus node recovery time at each drive CL.Atrial pac-
ing should always be synchronized because alteration of the cou-
pling interval of the first paced beat of the pacing drive can affect
subsequent AV conduction.

During stepwise rate-incremental pacing, pacing should be con-
tinued long enough (usually 15 to 60 seconds) at each pacing CL
to ensure stability of conduction intervals and to overcome two
factors that significantly influence the development of a steady
state: the phenomenon of accommodation and the effects of
autonomic tone. During rate-incremental pacing, if the coupling
interval of the first beat of the drive is not synchronized, it can be
shorter,longer,or equal to the subsequent pacing CL.Therefore,one
can observe an increasing,decreasing,or stable AH interval pattern
for several cycles,and the initial AH interval can be different from
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the steady-state AH interval. Oscillations of the AH interval, which
dampen to a steady level, or AVN Wenckebach can occur under
these circumstances. With regard to influence of the autonomic
tone on AVN conduction, rapid pacing can produce variations
in AVN conduction, depending on the patient’s immediate auto-
nomic state. Rapid pacing can also provoke symptoms or hypoten-
sion in patients who then produce neurohumoral responses that
can alter results. Therefore, for assessment of AV conduction, ramp
pacing is often an attractive alternative to the stepwise method.The
pacing rate is slowly increased at 2 to 4 beats/min/sec (or the pac-
ing CL is decreased by 10 milliseconds every several paced beats)
until block occurs.?*

AES is used for assessment of atrial and AVN refractory periods
and for induction of arrhythmias. During programmed stimula-
tion, a sequence of eight paced stimuli is delivered at a constant
rate (the Sy drive), which allows stable AVN conduction. Follow-
ing these eight beats, an AES (S,) is delivered. This stimulation
sequence is repeated at progressively shorter S;-Sy coupling inter-
vals, thus allowing the response of the sinus node and AVN to be
recorded across a range of premature test stimuli.

Normal Response to Rate-Incremental Atrial
Pacing
SINUS NODE RESPONSE TO ATRIAL PACING

The sinus node is the prototype of an automatic focus. Automatic
rhythms are characterized by spontaneous depolarization, over
drive suppression, and post-overdrive warm-up to baseline CL.
Rapid atrial pacing results in overdrive suppression of the sinus
rate,with prolongation of the return sinus CL following termination
of the pacing train. Longer pacing trains and faster pacing rates
further prolong the return cycle.After cessation of pacing, the sinus
rate resumes discharge at a slower rate and gradually speeds up
(warms up) to return to the prepacing sinus rate.

Sinus node recovery time is the interval between the end of a
period of pacing-induced overdrive suppression of sinus node

activity and the return of sinus node function, manifested on the
surface ECG by a post-pacing sinus P wave.

ATRIOVENTRICULAR NODE RESPONSE
TO ATRIAL PACING

The normal AVN response to rate-incremental atrial pacing is for
the PR and AH intervals to increase gradually as the pacing CL
decreases until AVN Wenckebach block appears (Fig. 4-20). With
further decrease in the pacing CL, higher degrees of AV block (2:1
or 3:1) can appear. Infranodal conduction (HV interval) generally
remains unaffected.

Wenckebach block is frequently atypical; that is, the AH interval
does not increase gradually in decreasing increments but stabi-
lizes for several beats before the block, or it can show its greatest
increment in the last conducted beat. The incidence of atypical
Wenckebach block is highest during long Wenckebach cycles (lon-
ger than 6.5). It is important to distinguish atypical Wenckebach
periodicity from Mobitz II AV block. Additionally, it is important to
ensure that the ventricular pauses observed during atrial pacing
are not secondary to loss of atrial capture or the occurrence of
AVN echo beats (pseudoblock;see Fig.4-20).

AVN Wenckebach CL is the longest pacing CL at which Wencke-
bach block in the AVN is observed. Normally, Wenckebach CL is
500 to 350 milliseconds, and it is sensitive to the autonomic tone.
There is a correlation between the AH interval during NSR and the
Wenckebach CL; patients with a long AH interval during NSR tend
to develop Wenckebach block at a longer pacing CL,and vice versa.

At short pacing CLs (less than 350 milliseconds), infranodal
block can occasionally occur in patients with a normal baseline
HV interval and QRS. This occurs especially when atrial pacing
is started during NSR with the first or second paced impulses
acting as a long-short sequence. The HPS can also show accom-
modation following the initiation of pacing. Prolongation of the
HV interval or infranodal block at a pacing CL longer than 400
milliseconds is abnormal and indicates infranodal conduction
abnormalities.
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FIGURE 4-20 Normal atrioventricular node
(AVN) response to rate-incremental atrial pac-
ing. A, Fixed-rate high right atrial (HRA) pacing
(S) at a cycle length (CL) of 600 milliseconds.

B, Decreasing the pacing CL to 500 millisec-
onds results in prolongation of the atrial-His
bundle (AH) interval, as illustrated in the His
bundle recording (His). Infranodal conduction
(His bundle-ventricular [HV] interval) remains
unaffected. C, Further decrement of the pacing

CL results in progressive prolongation of the
AH interval until block occurs in the AVN (AVB),
followed by resumption of conduction, indicat-
ing Wenckebach CL. The site of block is in the
AVN because no His bundle deflection is pres-
ent after the nonconducted atrial stimulus. Of
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note, apparent block of another atrial stimulus
is observed (pseudoblock) because of failure of
the atrial stimulus to capture (NC), which is con-
firmed by the absence of an atrial electrogram
on the His bundle recording after the stimulus
artifact.



ATRIAL RESPONSE TO ATRIAL PACING

It is usually possible to maintain 1:1 atrial capture with rate-
incremental pacing techniques to a pacing CL of 200 to 300 mil-
liseconds. Pacing threshold normally tends to increase at faster
rates. Rate-incremental pacing can result in prolongation of the
intraatrial (PA interval) and interatrial conduction. At rapid pacing
rates,induction of AF is not rare and is not necessarily an abnormal
response.Vagal tone and medications such as adenosine and edro-
phonium can slow the sinus rate, but they tend to shorten the atrial
ERPE which makes the atrium more vulnerable to induction of AE

Normal Response to Atrial Premature
Stimulation

SINUS NODE RESPONSE TO ATRIAL
EXTRASTIMULATION

Four zones of response of the sinus node to AES have been identi-
fied: the zone of collision, the zone of reset, the zone of interpola-
tion,and the zone of reentry (Fig.4-21).

ZONE I. A late-coupled AES with very long Aj-A, intervals (with
A, falling in the last 20% to 30% of the sinus CL) collides with
the impulse already emerging from the sinus node, resulting in
fusion of atrial activation (fusion between the AES [A,] with the
spontaneous sinus impulse [A;]) or paced-only atrial activation
sequence; it fails to affect the timing of the next sinus beat, thus
producing a fully compensatory pause. This zone, also known as
the zone of collision, zone of interference, and nonreset zone, is
defined by the range of Aj-A, at which A,-Az is fully compensatory
(see Fig. 4-21).24

ZONE II. An earlier coupled AES results in penetration of the
sinus node with resetting so that the resulting pause is less than
compensatory (i.e., Aj-As is < 2x[A;-A]), but without changing
sinus node automaticity. The range of A;-A, at which resetting of
the sinus pacemaker occurs, resulting in a less than compensa-
tory pause, defines zone I, also known as the zone of reset (see
Fig. 4-21). This zone is typically of long duration (40% to 50% of
the sinus CL). In most patients, A;-A3 remains constant throughout
zone I, thus producing a plateau in the curve because, although
A, penetrates and resets the sinus node, it does so without chang-
ing the sinus pacemaker automaticity. Hence, A,-A3 should equal
the spontaneous sinus CL (Aj-A;) plus the time it takes the AES
(Ay) to enter and exit the sinus node. The difference between
As-Az and A;-A; therefore has been taken as an estimate of total
sinoatrial conduction time.2*

ZONE III. A very early coupled AES encounters a refractory
sinus node (following the last sinus discharge) and fails to enter
or reset the sinus node. The next sinus discharge is on time
because the atrium is already fully recovered following that
early AES. The range of A-A, coupling intervals at which Ay
Az is less than Aj-A;, and Aj-As is less than 2x (A-A;), defines
zone lII, also known as the zone of interpolation (see Fig. 4-21).
The Aj-A, coupling intervals at which incomplete interpola-
tion is first observed define the RRP of the perinodal tissue.
Some refer to this as the sinus node refractory period. In this
case, A3 represents delay of A; exiting the sinus node, which
has not been affected.?* The A-A, coupling interval at which
complete interpolation is observed probably defines the ERP of
the most peripheral of the perinodal tissue because the sinus
impulse does not encounter refractory tissue on its exit from the
sinus node. In this case, (Aj-Ay) + (Ay-A3) = Aj-A; and sinus node
entrance block is said to exist.34

ZONEIV. This zone, also known as the zone of reentry, is defined
as the range of Aj-A, at which A,-As is less than Aj-A;, (A-Ay) +
(As-A3) is less than Aj-A;, and the atrial activation sequence and
P wave morphology are identical to those of the sinus. The inci-
dence of single beats of sinus node reentry is approximately 11%
in the normal population.

ATRIOVENTRICULAR NODAL RESPONSE TO ATRIAL
EXTRASIMULATION

Progressively premature AES results in prolongation of PR and AH
intervals,with inverse relationship between the AES coupling interval
(A1-Ay) and the AH interval (Ay-H,).The shorter the coupling interval
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FIGURE 4-21 Normal sinus node and atrioventricular node response to atrial
extrastimulation. A, Baseline sinus rhythm shown in surface ECG lead I, high
right atrium (HRA) recording, and His bundle (His) recording. The shaded area
represents two sinus cycle lengths (2x [A;-A]). B, A late coupled atrial extra-
stimulus (AES) (A,) collides with the exiting sinus impulse and therefore does not
affect (or reset) the sinus pacemaker (zone of collision). The next sinus impulse
(A3) occurs at exactly twice the baseline sinus cycle length. C, An early coupled
AES is able to penetrate and reset the sinus node (zone of resetting). D, An even
earlier coupled AES reaches refractory tissue around the sinus node and is thus
unable to penetrate the sinus node (entrance block); therefore, it does not affect
sinus node discharge. The next spontaneous sinus beat (As) arrives exactly at
the sinus interval (zone of interpolation). The atrial-His bundle (AH) interval pro-
gressively prolongs with progressively premature coupling intervals (B to D). In
contrast, the His bundle—ventricular (HV) interval remains constant.
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of the AES is, the longer the A,-H, interval will be (see Fig.4-21).More
premature AES can block in the AVN with no conduction to the ven-
tricle (defining AVN ERP). Occasionally,conduction delay and block
occur in the HPS, especially when the AES is delivered following long
basic drive CLs, because HPS refractoriness frequently exceeds the
AVN FRP at long pacing CLs.

The patterns of AV conduction can be expressed by plotting
refractory period relating the A;-A, interval to the responses of
the AVN and HPS. Plotting the A;-A, interval versus the H;-H, and
V-V, intervals illustrates the functional input-output relationship
between the basic drive beat and the AES and provides an assess-
ment of the FRP of the AV conduction system. In contrast, plotting
the As-H, interval (AVN conduction time of the AES) and the H,-V,
interval (HPS conduction time of the AES) versus the Aj-A, interval
(the AES coupling interval) allows determination of the conduc-
tion times through the various components of the AV conduction
system.32
TYPE IRESPONSE. In this type, the progressively premature AES
encounters progressive delay in the AVN without any changes in
the HPS. Therefore, refractoriness of the AVN determines the FRP
of the entire AV conduction, and the ERP of the AV conduction
system is determined at the atrial or AVN level. This response is
characterized by initial shortening of the H;-H, and V-V, inter-
vals as the AES coupling interval (A;-A,) shortens, whereas AVN
conduction (Ay-Hy) and HPS conduction (Hy-V,) remain stable
(Fig. 4-22). With further shortening of the Aj-A, interval, the RRP
of the AVN is encountered, resulting in progressive delay in AVN
conduction (manifesting as progressive prolongation of the Ay-H,
interval) accompanied by stable HPS conduction (Hs-V,y) and a
progressive but identical prolongation of both the H-H, and V-
V, intervals, until the AES is blocked within the AVN (AVN ERP)
or until the atrial ERP is reached. The minimum H;-H, and V;-V,
intervals attained define the FRP of the AVN and entire AV con-
duction system. AVN conduction (Ay-H,) usually increases by 2 to
3x baseline values before block.?!

TYPEIIRESPONSE. Intype Il response, conduction delay occurs
initially in the AVN; however, with further shortening of the AES
coupling interval, progressive delay develops in the HPS. There-
fore, refractoriness of the HPS determines the FRP of the entire AV
conduction system, and the ERP of the AV conduction system is
determined at any level. At longer Aj-A, intervals, type Il response
is similar to type [ response; however, as the A;-A, interval short-
ens, conduction delay develops initially in the AVN (manifesting
as progressive prolongation of the A,-H, interval) but then in
the HPS (manifesting as aberrant QRS conduction and progres-
sive prolongation of the Hy-V, interval) as the RRP of the HPS is
encountered. Therefore, in contrast to type [ response, both A,-H,
and H,-V, intervals prolong in response to progressively shorter
Aj-A,, resulting in divergence in the H-H, and V;-V, curves until
the AES is blocked within the AVN (AVN ERP), in the HPS (HPS
ERP), or until the atrial ERP is reached (see Fig. 4-22). Block usu-
ally occurs in the AVN, but it can occur in the atrium and occa-
sionally in the HPS (modified type Il response). AVN conduction
(As-Hy) usually increases only modestly (by less than 2x baseline
values before block).2*

TYPE III RESPONSE. In type Il response, conduction delay
occurs initially in the AVN; however, at a critical AES coupling
interval, sudden and marked delay develops in the HPS. There-
fore, refractoriness of the HPS determines the FRP of the entire AV
conduction system, and the ERP of the AV conduction system is
determined at any level. However, in contrast to type Il response,
the HPS is invariably the first site of block. At longer A;-A, intervals,
type Il response is similar to type [ response; however, as the Aj-A,
interval shortens, progressive delay is noted initially in the AVN
(manifest as progressive prolongation in the A,-H, interval), but
then a sudden delay of conduction in the HPS occurs (manifesting
as aberrant QRS conduction and a sudden jump in the Hy-V; inter-
val). This results in a break in the V;-V, curve, which subsequently
descends until, at a critical Aj-A, interval, the impulse blocks in
the AVN or HPS (see Fig. 4-22). The FRP of the HPS occurs just

before the marked jump in Hy-Vy. AVN conduction (Ay-H,) usually
increases by less than 2x baseline values before block.24

Type [ response is the most common pattern, whereas type III
response is the least common.The pattern of AV conduction (type
[,11, or Ill), however, is not fixed in any patient. Drugs (e.g.,atropine,
isoproterenol) or changes in CL can alter the refractory period
relationship among different tissues so that one type of response
can be switched to another. For example, atropine can decrease
the FRP of the AVN and allow the impulse to reach the HPS during
its RREchanging type I response to type I or III.

The ERP of the atrium is not infrequently reached earlier than
that of the AVN, especially when the basic drive is slow (which
increases atrial ERP and decreases AVN ERP) or when the patient
is agitated, which increases sympathetic tone and decreases AVN
ERPThe first site of block is in the AVN in most patients (45%), in
the atrium in 40%,and in the HPS in 15%.3!
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FIGURE 4-22 A and B, Type | pattern of atrioventricular node response to atrial
extrastimulation (AES). C and D, Type Il pattern of response to AES. E and F, Type
Il pattern of response to AES. See text for details. BCL = basic cycle length. (From
Josephson ME: Electrophysiologic investigation: general aspects. In Josephson ME,
editor: Clinical cardiac electrophysiology, ed 3, Philadelphia, 2002, Lippincott Wil-
liams & Wilkins, pp 19-67.)



ATRIAL RESPONSE TO ATRIAL EXTRASTIMULATION

Early AESs can impinge on the atrial RRE with resulting local
latency (i.e.,long interval between the pacing artifact and the atrial
electrogram on the pacing electrode).?! A very early AES delivered
during the atrial ERP fails to capture the atrium.The atrial ERP can
be longer or shorter than the AVN ERE especially at long basic
drive CLs or in cases of enhanced AVN conduction secondary to
autonomic influences.

As with rate-incremental pacing, AES can result in prolonga-
tion of intraatrial and interatrial conduction, which is more

pronounced in patients with a history of atrial arrhythmias.

Development of a fractionated atrial electrogram is more often
observed in patients who have a history of AFE Intraatrial block
in response to AES is unusual. Occasionally,double or triple AESs
induce AF in patients with no history of such arrhythmia. Such
episodes usually terminate spontaneously and are not clinically
relevant in the absence of a history of known or suspected atrial
arrhythmias.

Repetitive Atrial Responses

Atrial stimulation can trigger extra atrial complexes or echo beats.

Those complexes can be caused by different mechanisms; the
most common are intraatrial reentrant beats and AVN echo beats.

Intraatrial reentrant beats usually occur at short coupling inter
vals.They can originate anywhere in the atrium,and atrial activation
sequence depends on the site of origin of the beat.The incidence of
these responses increases with increasing both the number of AESs
and the number of drive-pacing CLs and stimulation sites used.

Repetitive atrial responses can also be caused by reentry in the
AVN.These patients have anterograde dual AVN physiology,and the
last paced beat conducts slowly down the slow AVN pathway and
then retrogradely up the fast pathway to produce the echo beat
(Fig.4-23).Atrial activation sequence is consistent with retrograde
conduction over the fast AVN pathway; earliest in the HB catheter
recording. Atrial and ventricular activations occur simultaneously.

Ventricular Stimulation
Technical Aspects

Ventricular stimulation is used to assess retrograde (ventricu-
laratrial [VA]) conduction and refractory periods, retrograde
atrial activation patterns, including sequences that can indicate
the presence of a BT, and vulnerability to inducible ventricular
arrhythmias.?!

Stepwise rate-incremental ventricular pacing or ramp pacing
is used in the assessment of VA conduction. It is unusual to pro-
voke ventricular arrhythmias with these tests, even in patients with
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known ventricular arrhythmia.Rate-incremental ventricular pacing
is usually started at a pacing CL just shorter than the sinus CL,and
the pacing CL is then gradually decreased (in 10- to 20-millisecond
decrements) down to 300 milliseconds. Shorter pacing CL may be
used to assess rapid conduction in patients with supraventricular
tachycardia (SVT) or to induce VT. With ramp pacing, the pacing
rate is slowly increased at 2 to 4 beats/min/sec (or the pacing CL is
decreased by 10 milliseconds every several paced beats) until VA
block occurs.

Ventricular extrastimulus (VES) testing is used to assess ven-
tricular, HPS, and AVN refractory periods and to induce arrhyth-
mias.?! During programmed stimulation, a sequence of eight
paced stimuli is delivered at a constant rate (the S; drive), which
allows stable VA conduction. Following these eight beats, a VES
(Sy) is delivered. This stimulation sequence is repeated at pro-
gressively shorter 5;-S, intervals, thus allowing the response of the
HPS and AVN to be recorded across a range of premature test
stimuli.

During ventricular stimulation, the HB electrogram shows a ret-
rograde His potential in 85% of patients with a normal QRS during
NSR.2* Ventricular pacing at the base of the heart close to the AV
junction facilitates recording a retrograde His potential because it
allows the ventricles to be activated much earlier relative to the HB
(Fig. 4-24). The ventricularHB (VH) or stimulus-HB (S-H) interval
always exceeds the anterograde HV interval by the time it takes for
the impulse to travel from the stimulation site to the ipsilateral bun-
dle branch. In patients with normal HV intervals, a retrograde His
potential can usually be seen before the ventricular electrogram in
the HB recording during RV apical pacing.In contrast,when ipsilat-
eral bundle branch block (BBB) is present,especially with long HV
intervals, a retrograde His potential is less frequently seen; when it
is seen, it is usually inscribed after the QRS when pacing from the
ipsilateral ventricle (Fig.4-25).
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FIGURE 4-24 Retrograde activation with right ventricular (RV) septal (RVsep)
stimulation. Sinus and RV septal stimulated complexes (S) are shown. Retro-
grade atrial activation is concentric, following a retrograde His potential (H’).
CSgise = distal coronary sinus; CS,,ox = proximal coronary sinus; Hiss; = distal His
bundle; HRA = high right atrium.

Ventricular stimulation is relatively safe; however, induction of
clinically irrelevant serious arrhythmias, including VE can occur in
patients with normal hearts and those who have not had spontane-
ous ventricular arrhythmias. The induction of these arrhythmias is
directly related to the aggressiveness of the ventricular stimulation
protocol. Thus, the stimulation protocol is usually limited to single
or double VES in patients without a clinical history consistent with
malignant ventricular arrhythmias.24 The use of high pacing output
can also increase the risk of such arrhythmias.Therefore, ventricu-
lar stimulation at 2x diastolic threshold and 1-millisecond pulse
width is preferable.

Normal Response to Rate-Incremental
Ventricular Pacing

Ventricular pacing provides information about VA conduction,
which is present in 40% to 90% of patients, depending on the pop-
ulation studied. Absence of VA conduction at any paced rate is
common and normal.There is no difference in the capability of VA
conduction regarding the site of ventricular stimulation in patients
with a normal HPS.When present, normal VA conduction uses the
normal AV conduction system,with the earliest atrial activation site
usually in the septal region in proximity to the AVN.In some cases,
the slow posterior AVN pathway is preferentially engaged so that
the earliest atrial activation site is somewhat posterior to the AVN,
closer to the CS 0s.24

The normal AVN response to rate-incremental ventricular pacing
is a gradual delay of VA conduction (manifest as gradual prolonga-
tion of the HA interval) as the pacing CL decreases. Retrograde VA
Wenckebach block and a higher degree of block appear at shorter
pacing CLs. Occasionally, VA Wenckebach cycles are terminated
with ventricular echo beats secondary to retrograde dual AVN
physiology. When a retrograde His potential is visible, a relatively
constant VH interval at a rapid pacing rate, despite the develop-
ment of retrograde VA block, localizes the site of block to the AVN
(Fig. 4-26). When a retrograde His potential is not visible during
ventricular pacing, the site of VA block, when it occurs, must be
inferred from the effect of paced impulses on conduction of spon-
taneous or stimulated atrial beats (i.e.,by analyzing the level of ret-
rograde concealment; see Fig. 4-26).If the AH interval of the atrial
beat is independent of the time relationship of the paced impulse,
the site of block is in the HPS (infranodal).On the other hand, if the
AH interval varies according to the coupling interval of the atrial
beat to the paced QRS, or if the atrial beat fails to depolarize the
HB, the site of block is in the AVN. Moreover, drugs that enhance
AVN (but not HPS) conduction (e.g., atropine) improve VA con-
duction if the site of block is in the AVN, but they do not affect VA
conduction if the site of block is in the HPS.

At comparable pacing CLs, anterograde AV conduction is bet-
ter than retrograde VA conduction in most patients. AVN conduc-
tion is the major determinant of retrograde VA conduction. Patients
with prolonged PR intervals are much less likely to demonstrate
retrograde VA conduction.?! Furthermore, patients with prolonged
AVN conduction are less capable of VA conduction than patients
with infranodal conduction delay. Anterograde AV block in the
AVN is almost universally associated with retrograde VA block. On
the other hand,anterograde AV block in the HPS is associated with
some degree of VA conduction in up to 40% of cases. However, the
exact comparison between anterograde and retrograde AVN con-
duction can be limited by the absence of a visible retrograde His
potential during ventricular stimulation. Consequently; localization
of the exact site of conduction delay or block (AVN versus HPS)
may not be feasible.The response to rate-incremental pacing at two
different pacing CLs may differ because of the opposite effects of
the pacing CL on AVN and HPS refractoriness.24

Rapid ventricular pacing can result in ipsilateral retrograde
BBB, with subsequent impulse propagation across the septum,
retrogradely up the contralateral bundle branch,and then to the
HB. Such an event can manifest as sudden prolongation of the
HV interval during pacing. This can be followed by resumption



of VA conduction after a period of VA block in the AVN when the
VH interval is short, because the delay in the HPS allows recov-
ery of the AVN (the gap phenomenon). This occurrence can
permit better visualization of the His potential, and, by compar-
ing the ventricular electrogram in the HB recording when the
His potential is clearly delayed with that with normal retrograde

ipsilateral bundle branch conduction, a previously unappreci-
ated His potential within that electrogram can then be visualized
(see Fig.4-26).

To exclude the presence of a nondecremental retrogradely
conducting BT, the VES technique is usually more effective than
rate-incremental ventricular pacing for demonstrating normal
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FIGURE 4-25 His recordings in the presence of right bundle branch block (RBBB). Two right ventricular drive complexes (S4) and an extrastimulus (S,) are shown, with
a subsequent sinus complex with typical RBBB. Retrograde His activation (H’) cannot traverse the blocked right bundle branch and must occur over the left bundle
branch following transseptal ventricular activation, resulting in a long S-H” interval. The S-H” interval prolongs further following the extrastimulus (S,). Of note, S, is
associated with retrograde ventricular-atrial block in the atrioventricular node. Hisg;, = distal His bundle; His .,y = middle His bundle; His,, ., = proximal His bundle; HRA
= high right atrium; RVOT = right ventricular outflow tract.
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FIGURE 4-26 Complete retrograde ventricular-atrial (VA) block in the atrioventricular node (AVN). Three ventricular paced complexes are shown, the first two of
which have a clear retrograde His potential (H’) and no retrograde atrial activation (sinus rhythm in atria), suggesting the AVN as the site of VA block. However, the site
of VA block (AVN versus His-Purkinje system) following the third ventricular complex is not obvious because there is no His potential visible following that ventricular
stimulus. The site of VA block, however, can be inferred from the effect of paced impulses on conduction of the sinus complex after cessation of pacing. The atrial-His
bundle (AH) interval of the conducted sinus complex after the last paced ventricular complex is longer than the baseline AH interval (at right), consistent with retro-
grade penetration of the AVN by the ventricular stimulus (resulting in concealed conduction) and therefore suggesting the AVN as the site of VA block. Hisy, = distal
His bundle; Hisg,o, = proximal His bundle; HRA = high right atrium; RVA = right ventricular apex.
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prolongation of the VA interval. If uncertainty continues to exist,
adenosine can be extremely helpful, which is much more likely to
block AVN conduction than BT.

Normal Response to Ventricular Premature
Stimulation

Because a retrograde His potential may not be visible in 15% to
20% of patients during ventricular pacing, evaluation of the HPS,
and consequently VA conduction, is often incomplete. Addition-
ally, in the absence of a visible His potential during ventricu-
lar pacing, the FRP of the HPS (theoretically, the shortest H;-H,
interval at any coupling interval) must be approximated by the
Si-H, interval (S; being the stimulus artifact of the basic drive
CL), so that the Si-H, interval approximates the H;-H, interval, but
exceeds it by a fixed amount, the S;-H; interval. Retrograde AVN
conduction time (Hs-Ay) is best measured from the end of the His
potential to the onset of the atrial electrogram on the HB tracing.

Typically, VA conduction proceeds over the RB or left bundle
branch (LB),and then to the HB,AVN, and atrium.With a progres-
sively premature VES, the initial delay occurs in the HPS, and the
most common site of retrograde VA block is in the HPS. Delay or
block in the AVN can occur but is less common.3!

The typical response can be graphically displayed by plotting
the S-S, interval versus So-Hs, So-Ay, and Hy-A, intervals, as well as
the S;-S, interval versus S;-H, and Aj-A, intervals.3! At long S;-S,
intervals, no delay occurs in the retrograde conduction (Sy-Ay).
Further shortening of the S-S, intervals results in prolongation in
the S,-A, intervals, and localization of the exact site of S)-A, delay
may not be feasible unless a retrograde His potential is visible
(Fig.4-27A and B).During RV pacing,the initial delay usually occurs
in retrograde RB conduction. At a critical coupling interval (5;-S,),
block in the RB occurs, and retrograde conduction proceeds over
the LB. A retrograde His potential (H,) eventually becomes vis-
ible after the ventricular electrogram in the HB recording (see Fig.
4-27D).Once a retrograde His potential is seen, progressive prolon-
gation in the Sy-H, interval (HPS conduction delay) occurs as the
Si-S, interval shortens,and the VA conduction time (So-A,) is deter-
mined by the HPS conduction delay (S5,-Hs), as demonstrated by
parallel S)-A, and Sy-H, curves. The degree of prolongation of the
So-H, interval varies, but it can exceed 300 milliseconds.?4

In patients with preexistent BBB, retrograde block in the same
bundle is common.This is suggested by a prolonged VH interval
during a constant paced drive CL or late VES from the ventricle
ipsilateral to the BBB, so that a retrograde His potential is usu-
ally seen after the ventricular electrogram in the HB tracing (see
Fig.4-25).

In most cases, once a retrograde His potential is visible, the
S;-H, curve becomes almost horizontal because the increase in
the So-H, interval is similar to the decrease in the S-S, interval.
This response results in a relatively constant input to the AVN (as
determined by measuring the S;-H, interval) and consequently a
fixed Ho-A, interval.Occasionallythe increase in the So-H, interval
greatly exceeds the decrease in the S;-S, interval, thus giving rise
to an ascending limb on the curve, with a subsequent decrease
in the AVN conduction time (Hy-A,) because of decreased input
to the AVN.As the S;-S, interval is further shortened, block within
the HPS appears, or ventricular ERP is reached.?*

HPS refractoriness depends markedly on the CL,and shortening
of the basic drive CL shortens the FRP and ERP of the HPS and
ventricle. The general pattern, however, remains the same, with an
almost linear increase in the S)-H, interval as the S;-S, interval is
shortened. The curves for So-H versus S;-S, are shifted to the left,
and the curves for S-S, versus Si-H, are shifted down.

Repetitive Ventricular Responses

Ventricular stimulation can trigger extra ventricular beats. Those
beats can be caused by different mechanisms; the most common
are bundle branch reentry (BBR) beats, ventricular echo beats,

and intraventricular reentrant beats. Multiple mechanisms may
be responsible for repetitive responses in the same patient. Almost
always, one of these responses is BBR.

BUNDLE BRANCH REENTRY BEATS

This is the most common response and can occur in up to 50% of
normal individuals. In patients with normal hearts, BBR is rarely
sustained and is usually self-limiting in one or two complexes.The
occurrence of nonsustained BBR in patients with or without struc-
tural heart disease is not related to the presence of spontaneous
ventricular arrhythmias.

The longest refractory periods in the HPS are found most distally,
at or near the Purkinje-myocardial junction. This creates a distal
gate that inhibits retrograde conduction of early VES. Thus, when
an early VES is delivered to the RV apex, the nearby distal gate of
the RB can still be refractory. The results are progressive retrograde
conduction delay and block occurring in the distal RB, with sub-
sequent transseptal conduction of the impulse to the LV,leading to
retrograde conduction up the LB to the HB (see Fig.4-27D). At this
point,the His potential usually follows the local ventricular electro-
gram in the HB recording, and retrograde atrial stimulation, if pres-
ent, follows the His potential. Further decrease in the VES coupling
interval produces progressive delay in retrograde HPS conduction.
When a critical degree of HPS delay (So-Hy) is attained, the impulse
can return down the initially blocked RB, thus producing a QRS
with a typical LBBB pattern and left-axis deviation, because ven-
tricular activation originates solely from conduction over the RB
(see Fig.4-27E).This beat is called a BBR beat orV; phenomenon.4

The HV interval of the BBR beat usually approximates that dur
ing anterograde conduction. However, it can be shorter or longer,
depending on the site of HB recording relative to the turnaround
point and on anterograde conduction delay down the RB.

VENTRICULAR ECHO BEATS

This is the second most common response and can occur in 15%
to 30% of normal individuals. It is caused by reentry in the AVN,
and it appears when a critical degree of retrograde AVN delay is
achieved.These patients have retrograde dual AVN physiology,and
the last paced beat conducts slowly retrogradely up the slow AVN
pathway and then anterogradely down the fast pathway to pro-
duce the echo beat (Fig.4-28).In most cases, this delay is achieved
before the appearance of a retrograde His potential beyond the
local ventricular electrogram. At a critical Hs-A, interval (or Vo-A,y
interval,when the His potential cannot be seen),an extra beat with
a normal anterograde QRS morphology results. Atrial activity also
precedes the His potential before the echo beat.

This phenomenon can occur at long or short coupling intervals
and depends only on the degree of retrograde AVN conduction
delay. The presence of block within the HPS prevents its occur
rence, as does block within the AVN. If a retrograde His potential
can be seen throughout the zone of coupling intervals, a recipro-
cal relationship between the Hy-A; and A,-Hj intervals can often
be noted.

INTRAVENTRICULAR REENTRANT BEATS

This response usually occurs in the setting of a cardiac pathologi-
cal condition, especially coronary artery disease with a prior myo-
cardial infarction (MI).It usually occurs at short coupling intervals
and can have any morphology, but more often RBBB than LBBB
in patients with a prior MI. Such beats occur in fewer than 15% of
normal patients with a single VES at 2x diastolic threshold and in
24% with double VESs. In contrast, intraventricular reentrant beats
occur following single or double VESs in 70% to 75% of patients
with prior VT or VF and cardiac disease. The incidence of this
response increases with increasing the number of VESs, basic
drive CLs, and stimulation sites used. These responses are usually
nonsustained (1 to 30 complexes) and typically polymorphic. In



FIGURE 4-27 Normal response to progressively
premature ventricular stimulation. Following a
drive stimulus (S) at a cycle length of 600 mil-
liseconds, a progressively premature ventricular
extrastimulus (VES; S,) is delivered from the right
ventricular apex (RVA). A, At a VES coupling inter-
val of 460 milliseconds, retrograde His potential
(arrows) is visible just before the local ventricular
electrogram on the His bundle (HB) tracing, and
ventricular-atrial (VA) conduction is intact. B, An
earlier VES is followed by some delay in VA con-
duction and prolongation of the His bundle-atrial
(HA) interval. C, A short coupled VES is followed by
VA block. A retrograde His potential is not clearly
visible. D, An earlier VES is associated with retro-
grade block in the right bundle branch (RB), fol-
lowed by transseptal conduction and retrograde
conduction up the left bundle branch (LB) to the
HB (the retrograde His potential is now visible
well after the local ventricular electrogram). VA
conduction now resumes because of proximal
delay (in the His-Purkinje system [HPS]), allowing
distal recovery in the atrioventricular node (AVN;
the gap phenomenon). E, Further decrement in
the VES coupling interval results in progressive
delay in retrograde HPS conduction (and fur-
ther prolongation of the S,-H, interval), allowing
for anterograde recovery of the RB, so that the
impulse can return down the initially blocked RB,
producing a QRS with a typical left bundle branch
block pattern (bundle branch reentry beat [BBR]).
F, A very early VES is followed by ventricular-atrial
(VA) block secondary to retrograde block in both
the RB and LB; therefore, no His potential is visible.
HRA = high right atrium.
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FIGURE 4-28 Retrograde dual atrioventricular pathways. Fixed-rate ventricular pacing results in retrograde conduction; retrograde His potential is labeled H’. The first
three complexes are conducted over a fast atrioventricular nodal (AVN) pathway; with the fourth complex, the fast AVN pathway conduction is blocked and retrograde
conduction proceeds up the slow pathway (longer VA interval), followed by a fused QRS complex, partially paced and partially conducted to the His bundle antero-
gradely over the fast pathway. The two AVN pathways have different earliest atrial activation sites, indicated by colored arrows and dashed lines. CSy;; = distal coronary
sinus; CSp ¢ = proximal coronary sinus; Hisy, = distal His bundle; His,, o, = proximal His bundle; HRA = high right atrium; RVOT = right ventricular outflow tract.

patients without prior clinical arrhythmias, such responses are of
no clinical significance.

Miscellaneous Electrophysiological
Phenomena

Concealed Conduction

Concealed conduction can be defined as the propagation of an
impulse within the specialized conduction system of the heart that
can be recognized only from its effect on the subsequent impulse,
interval, or cycle.?® This phenomenon can occur in any portion of
the AV conduction system.As long as the cardiac impulse is travel-
ing in the specialized conduction system, the amount of electrical
current generated is too small to be recorded on the surface ECG.
However, if this impulse travels only a limited distance—incom-
plete anterograde or retrograde penetration—within the system, it
can interfere with the formation or propagation of another impulse.
When this interference can be recognized in the tracing because
of an unexpected behavior of the subsequent impulse,unexpected
in the sense that the event cannot be explained on the basis of
readily apparent physiological or pathophysiological processes, it
is known as concealed conduction.25.35.36

The effect on subsequent events is an important part of the
definition of concealed conduction because it differentiates the
concept of concealed conduction from other forms of incomplete
conduction, such as block of conduction at the level of the AVN
or HPS. Ideally, a diagnosis of concealed conduction is supported

by evidence in other areas of the same tracing where, given the
opportunity and proper physiological setting, an impulse that is
occasionally concealed can be conducted. However, this condi-
tion cannot always be satisfied, nor is it absolutely necessary for
the diagnosis of concealed conduction. Following are descriptions
of the most frequent clinical circumstances in which concealed
conduction can be observed.

VENTRICULAR RESPONSE DURING ATRIAL
FIBRILLATION

Repetitive concealed conduction is the mechanism of a slow
ventricular rate during AF and AFL, with varying degrees of pen-
etration into the AVN.253536 During AFE the irregular ventricular
response is caused by the varying depth of penetration of the
numerous wavefronts approaching the AVN. Although the AVN
would be expected to conduct whenever it recovers excitability
after the last conducted atrial impulse, which would then be at
regular intervals, the ventricular response is irregularly irregular
because some fibrillatory impulses penetrate the AVN incom-
pletely and block, thus leaving it refractory in the presence of sub-
sequent atrial impulses.

UNEXPECTED PROLONGATION OR FAILURE
OF CONDUCTION

Prolongation of the PR (and AH) interval or AVN block can
occur secondary to a nonconducted premature depolarization
of any origin (atrium, ventricle, or HB). The premature impulse



incompletely penetrates the AVN (anterogradely or retrogradely),
resets its refractoriness,and can make it fully or partially refractory
in the presence of the next sinus beat, which may then be blocked
or may conduct with longer PR interval (see Fig.4-26).For example,
concealed junctional (HB) impulses can manifest as isolated PR
interval prolongation, pseudo-type 1 AV block, or pseudo-type Il
AV block.ECG clues to concealed junctional extrasystoles causing
such unexpected events include abrupt unexplained prolongation
of the PR interval, the presence of apparent type Il AV block in the
presence of a normal QRS, the presence of types [ and Il AV block
in the same tracing,and the presence of manifest junctional extra-
systoles elsewhere in the tracing.

UNEXPECTED FACILITATION OF CONDUCTION

When a premature impulse penetrates the AV conduction system,
it can result in facilitation of AV conduction and normalization of
a previously present AV block or BBB by one of two mechanisms:
(1) preexciting parts of the conduction system so that its refractory
period ends earlier than expected (i.e.,peeling back the refractory
period of that tissue, thus allowing more time to recover excitabil-
ity),or (2) causing CL-dependent shortening of refractoriness of tis-
sues (i.e.,atria, HPS,and ventricles) by decreasing the CL preceding
the subsequent spontaneous impulse.?5:35:36 Abrupt normalization
of the aberration by a PVC, the finding of which proves retrograde
concealment as the mechanism for perpetuation of aberration, is
based on these principles.

PERPETUATION OF ABERRANT CONDUCTION DURING
SUPRAVENTRICULAR TACHYCARDIAS

The most common mechanism (70%) of perpetuation of aberrant
conduction during tachyarrhythmias is retrograde penetration of
the blocked bundle branch subsequent to transseptal conduction.
For example, a PVC from the LV during an SVT can activate the
LB early and then conduct transseptally and later penetrate the
RB retrogradely. Subsequently, the LB recovers in time for the next
SVT impulse,whereas the RB remains refractory Therefore, the next
SVT impulse travels to the LV over the LB (with an RBBB pattern,
phase 3 aberration). Conduction subsequently propagates from
the LV across the septum to the RV. By this time, the distal RB has
recovered, thereby allowing retrograde penetration of the RB by
the transseptal wavefront and rendering the RB refractory to each
subsequent SVT impulse. This scenario is repeated and RBBB con-
tinues until another, well-timed PVC preexcites the RB (and either
peels back or shortens its refractoriness), so that the next impulse
from above finds the RB fully recovered and conducts without
aberration.

Gap Phenomenon

The term gap in AVN conduction was originally used to define a
zone in the cardiac cycle during which PACs failed to evoke ven-
tricular responses, whereas PACs of greater or lesser prematurity
conducted to the ventricles. The physiological basis of the gap
phenomenon depends on a distal area with a long refractory
period and a proximal site with a shorter refractory period. Dur
ing the gap phenomenon, initial block occurs distally With earlier
impulses, proximal conduction delay is encountered, which allows
the distal site of early block to recover excitability and resume
conduction 3537

The gap phenomenon is not an abnormality, but reflects the
interplay between conduction velocity and refractory periods at
two different levels in the AV conduction system. Demonstration of
the gap phenomenon can be enhanced or eliminated by any inter
vention that alters the relationship between the EP properties of
those structures (e.g., changes in the neurohumoral tone created
by drugs or changes in the heart rate by pacing).

An example of the most common type of gap phenomenon is an
AES (A,) conducting with modest delay through the AVN that finds
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FIGURE 4-29 Anterograde atrioventricular (AV) gap phenomenon. A, An atrial
extrastimulus (AES; A,) conducting with modest delay through the AV node
(AVN) finds the His bundle (HB) still refractory, causing AV block. B, An earlier
AES results in further prolongation of the A,-H, interval and the subsequent
H;-H, interval (shaded area). The longer H,-H, interval now exceeds the refrac-
tory period of the HB, and, by the time the impulse traverses the AVN, the HB
has completed its effective refractory period and conduction resumes; however,
the conducted QRS has a left bundle branch block morphology and a longer
HV interval because the left bundle is still refractory. HRA = high right atrium.

the HB still refractory,;thus causing block.With increasing prematu-
rity of the AES, the AES travels more slowly through the AVN (i.e,,
the A,-H, interval prolongs further), so that the H;-H, interval now
exceeds the refractory period of the HB. By the time the impulse
traverses the AVN, the HB has completed its ERP and conduction
resumes (Fig.4-29).

Other types of the gap phenomenon are described in which the
required conduction delay is in the HB, proximal AVN, or atria.The
gap phenomenon depends on the relationship between the EP
properties of two sites; any pair of structures in the AV conduc-
tion system that has the appropriate physiological relationship can
exhibit the gap phenomenon (e.g., AVN-HB, HB-HPS, atrium-AVN,
atrium-HPS, proximal AVN—distal AVN, proximal HPS—distal HPS),
and gap can occur during anterograde or retrograde stimulation.
Therefore, there are almost endless possibilities for gaps, all based
on the fundamental precept of “proximal delay allows distal recov-
ery” (see Fig.4-27C and D) 3536

Supernormality

Supernormal conduction implies conduction that is better than
anticipated or conduction that occurs when block is expected.
Electrocardiographically, however, supernormal conduction is not
better than normal conduction,only better than expected.Conduc-
tion is better earlier in the cycle than later and occurs when block
is expected. When an alteration in conduction can be explained
in terms of known physiological events, true supernormal conduc-
tion need not be invoked.?

Supernormal conduction is dependent on supernormal excit-
ability, a condition that exists during a brief period of repolar
ization, at the end of phase 3. During the supernormal period,
excitation is possible in response to an otherwise subthreshold
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stimulus; that same stimulus fails to elicit a response earlier or later
than the supernormal period.3%36.38 Two factors are responsible for
supernormality: the availability of fast Na* channels and the prox-
imity of the membrane potential to threshold potential. During the
supernormal phase of excitability,the cell has recovered enough to
respond to a stimulus. However, because the membrane potential
is still reduced, it requires only a little additional depolarization
to bring the fiber to threshold; thus, a smaller stimulus than is nor
mally required elicits an action potential. Supernormality has been
demonstrated in the HPS, Bachmann bundle in the dog,and work-
ing myocardium of the atrium and ventricle, but not in the AVN.

Supernormal excitability is diagnosed when the myocardium
responds to a stimulus that is ineffective when applied earlier or
later in the cycle. Some ECG manifestations of supernormality
include the following:

1. Paradoxical normalization of bundle branch conduction at an
R-R interval shorter than that with BBB. This can occur with a
premature atrial complex conducting with a normal QRS dur-
ing baseline NSR with BBB or with acceleration-dependent
BBB that normalizes at even faster rates.

2. Intermittent AV conduction during periods of high-degree AV
block. Only the P waves falling on or just after the terminal part
of the T wave are conducted, whereas other timed P waves fail
to conduct.

3. A failing pacemaker captures just at the end of the T wave, but
not elsewhere in the cardiac cycle.

Although supernormal conduction is a proven property of the
HPS and has been demonstrated in vitro, it is uncertain whether true
supernormal conduction is a clinically important phenomenon.
Other physiological mechanisms can be invoked to explain almost
all reported examples of supernormal conduction in humans.
Causes of apparent or pseudosupernormal conduction include the
gap phenomenon (the most common mechanism of pseudosu-
pernormal conduction), peeling back of refractoriness, shortening
of refractoriness by changing the preceding CL, Wenckebach phe-
nomena in the bundle branches, bradycardia-dependent (phase
4) block, summation, dual AVN physiology, reentry with ventricular
echo beats,and concealed junctional extrasystoles.3%36.38

Complications
Risks and Complications

The complication rate of EP testing is relatively low (less than that
of coronary arteriography) when only right-heart catheterization
is performed, with almost negligible mortality. The risk of compli-
cations increases significantly in patients with severe or decom-
pensated cardiac disease. Complications of EP testing include
vascular injury (hematoma, pseudoaneurysm, and arteriovenous
fistula), bleeding requiring transfusion, deep venous thrombosis
and pulmonary embolism, systemic thromboembolism, infection
at catheter sites, systemic infection, pneumothorax, hemothorax,
pericarditis, cardiac perforation and tamponade, MI, worsening
heart failure, stroke, complete AV block, and BBB. Although poten-
tially lethal arrhythmias such as rapid VT or VF can occur in the EP
laboratory, they are not necessarily regarded as complications, but
are often expected and anticipated.

The addition of left-heart access or therapeutic maneuvers (e.g.,
ablation) to the procedure increases the incidence of complica-
tions, especially with the increasing use of extensive ablation to
treat AF and ischemic VT. In the 1998 North American Society for
Pacing and Electrophysiology (NASPE) Prospective Catheter Abla-
tion Registry, 3357 patients were treated with RF ablation for a vari-
ety of cardiac arrhythmias. Major complications were reported in
1% to 4%, with procedure-related deaths in approximately 0.2%.
There was no significant difference in the incidence of compli-
cations comparing patients older than 60 with those younger
than 60 years of age or comparing large-volume centers (more
than 100 ablation procedures/year) with lowervolume centers
or between teaching and nonteaching hospitals.2 Complications

following specific ablation procedures are discussed in subse-
quent chapters.

Iatrogenic Problems Encountered during
Electrophysiological Testing

Mechanical irritation from catheters during placement inside
the heart, even when they are not being manipulated, can cause
arrhythmias and conduction disturbances, including induction
of atrial, junctional, and ventricular ectopic beats or tachyarrhyth-
mias, BBB,and AV block. AV block can occur especially during RV
catheterization in patients with preexisting LBBB,and occasionally
secondary to mechanical trauma of the compact AVN.Ventricular
stimulation can also occur from physical movement of the ven-
tricular catheter coincident with atrial contraction,thus producing
patterns of ventricular preexcitation on the surface ECG. Recogni-
tion of all these iatrogenic patterns is important for avoiding misin-
terpretation of EP phenomena and determining the significance of
findings in the laboratory.

AF and VF are to be avoided unless they are the subject of the
study. AF obviously does not permit study of any other form of SVT,
and VF requires prompt defibrillation. If AF must be initiated for
diagnostic purposes (e.g., to assess ventricular response over an
AV BT), it is preferably induced at the end of the diagnostic portion
of the study. Patients with a prior history of AF are more prone to
the occurrence of sustained AF in the EP laboratory Frequently; this
occurs during initial placement of catheters; excessive manipula-
tion of catheters in the atria should therefore be avoided.

Another iatrogenic problem is catheter trauma resulting in aboli-
tion of BT conduction or injury to the focus of a tachycardia or to
the reentrant pathway, which can make the mapping and curative
ablation difficult or impossible.
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Cardiac mapping refers to the process of identifying the temporal
and spatial distributions of myocardial electrical potentials during
a particular heart rhythm. Cardiac mapping is a broad term that
covers several modes of mapping such as body surface, endocar-
dial,and epicardial mapping. Mapping during tachycardia aims at
elucidation of the mechanism or mechanisms of the tachycardia,
description of the propagation of activation from its initiation to
its completion within a region of interest,and identification of the
site of origin or a critical site of conduction to serve as a target for
catheter ablation.

Activation Mapping
Fundamental Concepts

Essential to the effective management of any cardiac arrhythmia is
a thorough understanding of the mechanisms of its initiation and
maintenance. Conventionally, this has been achieved by careful
study of the surface ECG and correlation of the changes therein
with data from intracardiac electrograms recorded by catheters at
various key locations within the cardiac chambers (i.e., activation
mapping). A record of these electrograms documenting multiple
sites simultaneously is studied to determine the mechanisms of an
arrhythmic event.

The main value of intracardiac and surface ECG tracings consists
of the comparative timing of electrical events and the determina-
tion of the location and direction of impulse propagation. Addi-
tionally, electrogram morphology can be of significant importance
during mapping. Interpretation of recorded electrograms is funda-
mental to the clinical investigation of arrhythmias during electro-
physiological (EP) studies. Establishing electrogram criteria, which
permit accurate determination of the moment of myocardial acti-
vation at the recording electrode, is critical for construction of an
area map of the activation sequence. Bipolar recordings are gen-
erally used for activation mapping. Unipolar recordings are used
to supplement the information obtained from bipolar recordings.
The differences in unipolar and bipolar recordings can be used to
assist in mapping by simultaneously recording bipolar and unipo-
lar signals from the mapping catheter.!

UNIPOLAR RECORDINGS

TIMING OF LOCAL ACTIVATION. The major component of the
unipolar electrogram allows determination of the local activa-
tion time, although there are exceptions. The point of maximum
amplitude, the zero crossing, the point of maximum slope (maxi-
mum first derivative), and the minimum second derivative of the
electrogram have been proposed as indicators of underlying myo-
cardial activation (Fig. 5-1). The maximum negative slope (i.e.,
maximum change in potential, dV/dt) of the signal coincides best
with the arrival of the depolarization wavefront directly beneath
the electrode because the maximal negative dV/dt corresponds
to the maximum sodium channel conductance. Using this fidu-
cial point, errors in determining the local activation time as
compared with intracellular recordings have typically been less
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than 1 millisecond. This is true for filtered and unfiltered unipolar
electrograms.!-2

DIRECTION OF LOCAL ACTIVATION. The morphology of the
unfiltered unipolar recording indicates the direction of wavefront
propagation. By convention, the mapping electrode that is in con-
tact with the myocardium is connected to the positive input of
the recording amplifier. In this configuration, positive deflections
(R waves) are generated by propagation toward the recording
electrode, and negative deflections (QS complexes) are gener-
ated by propagation away from the electrode (Figs. 5-2 and 5-3).
If a recording electrode is at the source from which all wavefronts
propagate (at the site of initial activation), depolarization will pro-
duce a wavefront that spreads away from the electrode, thus gener-
ating a monophasic QS complex. It is also important to recognize
that a QS complex can be recorded when the mapping electrode is
not in contact with the myocardium, but is floating in the cavity. In
that situation, the initial negative slope of the recording is typically
slow, suggesting that the electrogram is a far-field signal, generated
by tissue some distance from the recording electrode.! Filtering at
higher corner frequencies (e.g., 30 Hz) alters the morphology of
the signal, so that the morphology of the unipolar electrogram is
no longer an indication of the direction of wavefront propagation,
and the presence or absence of a QS complex cannot be used to
infer proximity to the site of earliest activation (Fig. 5-4).2
ADVANTAGES OF UNIPOLAR RECORDINGS. One important
value of unipolar recordings is that they provide a more precise
measure of local activation. This is true for filtered and unfiltered
unipolar electrograms. In addition, unfiltered unipolar recordings
provide information about the direction of impulse propagation.
Using the unipolar configuration also eliminates a possible anodal
contribution to depolarization and allows pacing and recording at
the same location. This generally facilitates the use of other map-
ping modalities, namely pace mapping.

DISADVANTAGES OF UNIPOLAR RECORDINGS. The major
disadvantage of unipolar recordings is that they have poor signal-
to-noise ratio and contain substantial far-field signal generated
by depolarization of tissue remote from the recording electrode.
Therefore, distant activity can be difficult to separate from local
activity. This is especially true when recording from areas of
prior myocardial infarction (MI), where the fractionated ventricu-
lar potentials are ubiquitous and it is often impossible to select
a rapid negative dV/dt when the entire QS potential is slowly
inscribed—that is, cavity potential.2 Another disadvantage is the
inability to record an undisturbed electrogram during or immedi-
ately after pacing. This is a significant disadvantage when entrain-
ment mapping is to be performed during activation mapping,
because recording of the return tachycardia complex on the pac-
ing electrode immediately after cessation of pacing is required to
interpret entrainment mapping results.!

BIPOLAR RECORDINGS

TIMINGOFLOCALACTIVATION. Algorithms for detecting local
activation time from bipolar electrograms have been more prob-
lematic, partly because of generation of the bipolar electrogram
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FIGURE 5-1 Unipolar electrogram activation times. A lead Il electrocardiogram
and a unipolar electrogram (Egm) from the ventricle of a patient with Wolff-
Parkinson-White syndrome are shown. The vertical dashed line denotes the
onset of the delta wave; the horizontal dotted line is the baseline of the unipolar
recording. Several candidates for the timing of unipolar activation are labeled
with corresponding activation times relative to delta wave onset.
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FIGURE 5-2 Hypothetical recordings from a multipolar electrode catheter. A,
The electrodes are near a point source of activation (red dot in center of con-
centric rings). Note the timing and shape of the resultant electrogram patterns
based on distance from point source, unipolar or bipolar recording, and width
of bipole. B, The tip electrode (1) is at the point source of activation. Note the
differences in timing and shape of the electrograms compared with A.

by two spatially separated recording poles. In a homogeneous
sheet of tissue, the initial peak of a filtered (30 to 300 Hz) bipolar
signal, the absolute maximum electrogram amplitude, coincides
with depolarization beneath the recording electrode, appears to
correlate most consistently with local activation time, and corre-
sponds to the maximal negative dV/dt of the unipolar recording
(see Fig.5-3).2 However, in the case of complex multicomponent
bipolar electrograms, such as those with marked fractionation and
prolonged duration seen in regions with complex conduction
patterns (e.g., in regions of slow conduction in macroreentrant
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FIGURE 5-3 Unipolar and bipolar recordings from a patient with Wolff-
Parkinson-White syndrome. The dashed line denotes the onset of the QRS complex
(delta wave). Right panel, Recordings at the successful ablation site, character-
ized by QS in the unipolar recording. The most rapid component precedes the
delta wave onset by 22 milliseconds, has the same timing as the peak of the
ablation distal electrode recording, and precedes the ablation proximal elec-
trode recording (arrows). Left panel, Recordings from a poorer site, with an rS in
the unipolar recording; most of the bipolar recordings are atrial. Ably, = distal
ablation; Ably,, = proximal ablation; Abl,,; = unipolar ablation; HRA = high right
atrium; RV = right ventricle.
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FIGURE 5-4 Effect of filtering on intracardiac recordings. The signal labeled
“Bipolar 30-500 Hz" is the same signal as the proximal His bundle signal
(Hisgo,) @above it, displayed at lower gain. All signals beneath this are of the same
gain but different filter bandwidths, and they illustrate progressive loss of signal
amplitude as the bandwidth is narrowed. Unipolar signals below are of the same
gain.
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atrial tachycardia [AT] or ventricular tachycardia [VT]), deter-
mination of local activation time becomes problematic, and the
decision about which activation time is most appropriate needs

to be made in the context of the particular rhythm being mapped.

To acquire true local electrical activity, a bipolar electrogram

with an interelectrode distance of less than 1 cm is desirable.

Smaller interelectrode distances record increasingly local events
(as opposed to farfield). Elimination of farfield noise is usually
accomplished by filtering the intracardiac electrograms, typically
at 30 to 500 Hz.12

DIRECTION OF LOCAL ACTIVATION. The morphology and
amplitude of bipolar electrograms are influenced by the orienta-
tion of the bipolar recording axis to the direction of propagation
of the activation wavefront. A wavefront that is propagating in
the direction exactly perpendicular to the axis of the record-
ing dipole produces no difference in potential between the
electrodes and hence no signal.2 However, the direction of
wavefront propagation cannot be reliably inferred from the mor-
phology of the bipolar signal, although a change in morphology
can be a useful finding. For example, when recording from the
lateral aspect of the cavotricuspid isthmus during pacing from
the coronary sinus (CS), a reversal in the bipolar electrogram
polarity from positive to negative at the ablation line indicates
complete isthmus block. Similarly, if bipolar recordings are
obtained with the same catheter orientation parallel to the atrio-
ventricular (AV) annulus during retrograde bypass tract (BT)
conduction, an RS configuration electrogram will be present on
one side of the BT, where the wavefront is propagating from the
distal electrode toward the proximal electrode, and a QR mor-
phology electrogram will be present on the other side, where the
wavefront is propagating from the proximal electrode toward the
distal electrode (Fig. 5-5).

ADVANTAGES OF BIPOLAR RECORDINGS. Bipolar recordings
provide an improved signal-to-noise ratio. In addition, high-
frequency components are more accurately seen, which facili-
tates identification of local depolarization, especially in abnormal
areas of infarction or scar.

DISADVANTAGES OF BIPOLAR RECORDINGS. In contrast to
unipolar signals, the direction of wavefront propagation cannot
be reliably inferred from the morphology of the bipolar signal.
Furthermore, bipolar recordings do not allow simultaneous pac-
ing and recording from the same location. To pace and record
simultaneously in bipolar fashion at endocardial sites as close
together as possible, electrodes 1 and 3 of the mapping catheter
are used for bipolar pacing, and electrodes 2 and 4 are used for
recording. The precision of locating the source of a particular
electrical signal depends on the distance between the recording
electrodes, because the signal of interest can be beneath the dis-
tal or proximal electrode (or both) of the recording pair.!

Mapping Procedure

PREREQUISITES FOR ACTIVATION MAPPING. Several factors
are important for the success of activation mapping, including
inducibility of tachycardia at the time of EP testing, hemodynamic
stability of the tachycardia, and stable tachycardia morphology.
In addition, determinations of an electrical reference point, of the
mechanism of the tachycardia (focal versus macroreentrant), and,
subsequently, of the goal of mapping are essential prerequisites.

SELECTION OF THE ELECTRICAL REFERENCE POINT. Local
activation times must be relative to some external and consistent
fiducial marker, such as the onset of the P wave or QRS complex
on the surface ECG or a reference intracardiac electrode. For VT,
the QRS complex onset should be assessed using all surface ECG
leads to search for the lead with the earliest QRS onset. This lead
should then be used for subsequent activation mapping. Similarly,
the P wave during AT should be assessed using multiple ECG
leads and choosing the one with the earliest P onset. However,
determining the onset of the P wave can be impossible if the pre-
ceding T wave or QRS is superimposed. To facilitate visualization

CSist H
RV —A, "\ s
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FIGURE 5-5 Recordings from a patient with a left lateral bypass tract during
orthodromic atrioventricular reentrant tachycardia showing electrogram inver-
sion at the middle of the coronary sinus (CS) (arrows), where the earliest retrograde
atrial activation (over the bypass tract) occurs (dashed line). CSy; = distal coro-
nary sinus; CSg,o, = proximal coronary sinus; Hisg = distal His bundle; Hisy,iq =
middle His bundle; His, = proximal His bundle; HRA = high right atrium; RV
= right ventricle.

of the P wave, a ventricular extrastimulus (VES) or a train of ven-
tricular pacing can be delivered to anticipate ventricular activa-
tion and repolarization and permit careful distinction of the P
wave onset (Fig. 5-6). After determining P wave onset, a surrogate
marker, such as a right atrial (RA) or CS electrogram indexed to
the P wave onset, where it is clearly seen, can be used rather than
the P wave onset.

DEFINING THE GOAL OF MAPPING. Determination of the
mechanism of the tachycardia (focal versus macroreentrant) is
essential to define the goal of activation mapping. For focal tachy-
cardias, activation mapping entails localizing the site of origin of
the tachycardia focus. This is reflected by the earliest presystolic
activity that precedes the onset of the P wave (during focal AT)
or QRS (during focal VT) by an average of 10 to 40 milliseconds,
because only this short amount of time is required after the focus
discharges to activate enough myocardium and begin generating
a P wave or QRS complex (Fig. 5-7). For mapping macroreentrant
tachycardias, the goal of mapping is identification of the critical
isthmus of the reentrant circuit, as indicated by finding the site
with a continuous activity spanning diastole or with an isolated
mid-diastolic potential (see Fig. 5-7).

EPICARDIAL VERSUS ENDOCARDIAL MAPPING. Activa-
tion mapping is predominantly performed endocardially. Occa-
sionally, epicardial mapping is required because of an inability
to ablate some VTs, ATs, or AV BTs by using the endocardial
approach. Limited epicardial mapping can be performed with
special recording catheters that can be steered in the branches
of the CS. This technique has been used for mapping VTs and
AV BTs, but its scope is limited by the anatomy of the coronary
venous system.

Another epicardial mapping technique utilizes a subxiphoid
percutaneous approach for accessing the epicardial surface. This
technique has become an important adjunctive strategy to ablate
a diverse range of cardiac arrhythmias including cardiomyopathic
VT, BTs, atrial fibrillation, and idiopathic VTs. Transthoracic epicar-
dial mapping and ablation are seeing increasingly wider appli-
cation, especially in patients with scarrelated VT, in whom more
reentrant circuits with vulnerable isthmuses are on the epicardial
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FIGURE 5-6 Use of ventricular extrastimulus (VES) to clarify onset of the P wave during atrial tachycardia (AT). A single VES (S) delivered during AT advances the timing
of ventricular activation to show the P wave (long arrow) by itself without the overlying ST segment and T wave, which made it difficult to determine P wave onset
during ongoing tachycardia. The dashed line denotes onset of the P wave; timing of the reference electrogram (high right atrium [HRA]; short arrow) can thereafter be
used as a surrogate for P wave onset. Ably,; = distal ablation; Ably,., = proximal ablation; Abl,,; = unipolar ablation; RV = right ventricle.
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FIGURE 5-7 Focal versus macroreentrant ventricular tachycardia (VT). Top, ECG and intracardiac electrograms from the mapping (Map) and right ventricle (RV) cath-
eters. Bottom, Depictions of events at sites where mapped electrograms are obtained. Left, VT focus fires and activation spreads to normal myocardium within 30 to
40 milliseconds, generating a QRS complex. Thus, the electrogram at the site of the focus is generally 40 milliseconds or less prior to the QRS onset. Right, In contrast,
in a macroreentrant VT, some myocardium is being activated at each instant in the cardiac cycle. During surface ECG diastole, only a few cells are activating (too few
to cause surface ECG deflections). The area of a protected diastolic corridor, often cordoned off by scar, contains mid-diastolic recordings and is an attractive ablation
site. The 0 isochrone indicates the time at which the QRS complex begins.
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surface. The same fundamental principles of activation mapping
are used for both endocardial mapping and epicardial mapping.37
MAPPING CATHETERS. The simplest form of mapping is
achieved by moving the mapping catheter sequentially to sample
various points of interest on the endocardium to measure local
activation. The precision of locating the source of a particular
electrical signal depends on the distance between the record-
ing electrodes on the mapping catheter. For ablation procedures,
recordings between adjacent electrode pairs are commonly used
(e.g., between electrodes 1 and 2, 2 and 3, and 3 and 4), with 1- to
5-mm interelectrode spacing. In some studies, wider bipolar record-
ings (e.g., between electrodes 1 and 3 and 2 and 4) have been used
to provide an overlapping field of view. For bipolar recordings, the
signal of interest can be beneath the distal or proximal electrode
(orboth) of the recording pair. As noted, this is germane in that abla-
tion energy can be delivered only from the distal (tip) electrode.

MAPPING FOCAL TACHYCARDIAS

The goal of activation mapping of focal tachycardias (automatic,
triggered activity, or microreentrant) is identifying the site of origin,
defined as the site with the earliest presystolic bipolar recording
in which the distal electrode shows the earliest intrinsic deflec-
tion and QS unipolar electrogram configuration (Figs.5-8 and 5-9).
Local activation at the site of origin precedes the onset of the tachy-
cardia complex on the surface ECG by an average of 10 to 40 mil-
liseconds. Earlier electrograms occurring in mid-diastole, as in the
setting of macroreentrant tachycardias, are not expected and do
not constitute a target for mapping.!

Endocardial activation mapping of focal tachycardias can
trace the origin of activation to a specific area, from which it

AbIprox
——200 msec—

FIGURE 5-8 Focal atrial tachycardia. The unipolar electrogram recorded by the
distal ablation electrode (Abl,,) shows a QS configuration, and its timing coin-
cides with the distal ablation (Ably,) recording at the site of successful ablation.
The dashed line marks the onset of the P wave on the surface ECG. Ablyo, =
proximal ablation; CS = distal coronary sinus; CSy, = proximal coronary sinus;
Hisgise = distal His bundle; His,q = middle His bundle; Hisyo, = proximal His
bundle; HRA = high right atrium.

spreads centrifugally. There is generally an electrically silent
period in the tachycardia cycle length (CL) that is reflected on
the surface ECG by an isoelectric line between tachycardia com-
plexes. Intracardiac mapping shows significant portions of the
tachycardia CL without recorded electrical activity, even when
recording from the entire cardiac chamber of tachycardia ori-
gin. However, in the presence of complex intramyocardial con-
duction disturbances, activation during focal tachycardias can
extend over a large proportion of the tachycardia CL, and con-
duction spread can follow circular patterns suggestive of macro-
reentrant activation.24

Technique of Activation Mapping of Focal Tachycardias

Initially, one should seek the general region of the origin of the
tachycardia as indicated by the surface ECG. In the EP laboratory,
additional data can be obtained by placing a limited number of
catheters within the heart in addition to the mapping catheter or
catheters; these catheters are frequently placed at the right ven-
tricular apex, His bundle region, high RA, and CS. During initial
arrhythmia evaluation, recording from this limited number of sites
allows a rough estimation of the site of interest. Mapping simulta-
neously from as many sites as possible greatly enhances the preci-
sion, detail, and speed of identifying regions of interest.!

Subsequently, a single mapping catheter is moved under the
guidance of fluoroscopy over the endocardium of the chamber of
interest to sample bipolar signals. Using standard equipment, map-
ping a tachycardia requires recording and mapping performed at
several sites, based on the ability of the investigator to recognize
the mapping sites of interest from the morphology of the tachycar
dia on the surface ECG and baseline intracardiac recordings.

Local activation time is then determined from the filtered (30 to
300 Hz) bipolar signal recorded from the distal electrode pair on
the mapping catheter; this time is determined and compared with
the timing reference (fiducial point). The distal pole of the map-
ping catheter should be used for mapping the earliest activation
site because it is the pole through which RF energy is delivered.
Activation times are generally measured from the onset of the first
rapid deflection of the bipolar electrogram to the onset of the
tachycardia complex on the surface ECG or surrogate marker (see
Fig.5-6). Using the onset (rather than the peak or nadir) of a local
bipolar electrogram is preferable because it is easier to determine
reproducibly, especially when measuring heavily fractionated, low-
amplitude local electrograms.?
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FIGURE 5-9 Sinus rhythm and a single premature ventricular complex from
a patient with focal ventricular tachycardia. The unipolar ablation site (Abl,)
show a QS configuration, the most rapid slope of which times with the initial
peak in the distal ablation (Ably,) recording (arrows) at the site of successful
ablation. The dashed line marks the onset of the QRS complex on the surface
ECG. Abl,, ., = proximal ablation; HRA = high right atrium; RV = right ventricle.



Once an area of relatively early local activation is found, small
movements of the catheter tip in the general target region are
undertaken until the site is identified with the earliest possible
local activation relative to the tachycardia complex. Recording
from multiple bipolar pairs from a multipolar electrode catheter
is helpful in that if the proximal pair has a more attractive elec-
trogram than the distal, the catheter may be withdrawn slightly to
achieve the same position with the distal electrode.

Once the site with the earliest bipolar signal is identified, the
unipolar signal from the distal ablation electrode should be
used to supplement bipolar mapping.? The unfiltered (0.05 to
300 Hz) unipolar signal morphology should show a monophasic
QS complex with a rapid negative deflection if the site was at

the origin of impulse formation (see Figs. 5-8 and 5-9). However,

the size of the area with a QS complex can be larger than the
tachycardia focus, exceeding 1 cm in diameter. Thus,a QS com-
plex should not be the only mapping finding used to guide abla-
tion. Successful ablation is unusual, however, at sites with an RS
complex on the unipolar recording, because these are generally
distant from the focus (see Fig. 5-2). Concordance of the timing
of the onset of the bipolar electrogram with that of the filtered
or unfiltered unipolar electrogram (with the rapid downslope
of the S wave of the unipolar QS complex coinciding with the
initial peak of the bipolar signal) helps ensure that the tip elec-
trode, which is the ablation electrode, is responsible for the early
component of the bipolar electrogram.The presence of ST eleva-
tion on the unipolar recording and the ability to capture the site
with unipolar pacing are used to indicate good electrode-tissue
contact.

MAPPING MACROREENTRANT TACHYCARDIAS

The main goal of activation mapping of macroreentrant tachycar
dias (e.g., post-MI VT, macroreentrant AT) is identification of the
isthmus critical for the macroreentrant circuit.® The site of origin
of a tachycardia is the source of electrical activity producing the
tachycardia complex.Although this is a discrete site of impulse for-
mation in focal rhythms, during macroreentry it represents the exit
site from the diastolic pathway (i.e., from the critical isthmus of
the reentrant circuit) to the myocardium that gives rise to the ECG
deflection. During macroreentry, an isthmus is defined as a corri-
dor of conductive myocardial tissue bounded by nonconductive
tissue (barriers) through which the depolarization wavefront must
propagate to perpetuate the tachycardia. These barriers can be
scar areas or naturally occurring anatomical or functional (pres-
ent only during tachycardia,but not in sinus rhythm) obstacles.The
earliest presystolic electrogram closest to mid-diastole is the most
commonly used definition for the site of origin of the reentrant cir
cuit. However, recording continuous diastolic activity or bridging of
diastole at adjacent sites, or both, or mapping a discrete diastolic
pathway is more specific.Therefore, the goal of activation mapping
during macroreentry is finding the site or sites with continuous
activity spanning diastole or with an isolated mid-diastolic poten-
tial. Unlike focal tachycardias,a presystolic electrogram preceding
the tachycardia complex by 10 to 40 milliseconds is not adequate

in defining the site of origin of a macroreentrant tachycardia (Figs.

5-10 and 5-11;see also Fig.5-7).24
However, identification of critical isthmuses is often challeng-

ing. The abnormal area of scarring, where the isthmus is located,

is frequently large and contains false isthmuses (bystanders) that
confound mapping.Additionally, multiple potential reentry circuits
can be present, giving rise to multiple different tachycardias in a
single patient. Furthermore, in abnormal regions such as infarct
scars, the tissue beneath the recording electrode can be small rela-
tive to the surrounding myocardium outside the scar; thus, a large
far-field signal can obscure the small local potential. For this rea-
son, despite the limitations of bipolar recordings, these recordings
are preferred in scarrelated VTs because the noise is removed and
high-frequency components are more accurately seen. Unipolar
recordings are usually of little help when mapping arrhythmias

associated with regions of scar, unless the recordings are filtered
to remove farfield signal. Much of the farfield signal in a unipolar
recording consists of lower frequencies than the signal generated
by local depolarization because the high-frequency content of
a signal diminishes more rapidly with distance from the source
than the low-frequency content. Therefore, high-pass filtering of
unipolar signals (at 30 or 100 Hz) is generally used when map-
ping scarrelated arrhythmias to reduce the farfield signal and
improve detection of lower amplitude local signals from abnor
mal regions.!

Although activation mapping alone is usually inadequate for
defining the critical isthmus of a macroreentrant tachycardia, it can
help guide other mapping modalities (e.g., entrainment or pace
mapping, or both) to the approximate region of the isthmus.8

Continuous Activity

Theoretically, if reentry were the mechanism of the tachycardia,
electrical activity should occur throughout the tachycardia cycle.

For example, in macroreentrant AT, the recorded electrical activity
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FIGURE 5-10 Macroreentrant atrial tachycardia. Electrical activity spans the
tachycardia cycle length (shaded); thus, a merely presystolic electrogram is a
poor indicator of optimal ablation site. Ablg, = distal ablation; Ablg,,, = proximal
ablation; CS;, = distal coronary sinus; CSy,, = proximal coronary sinus; HRA =
high right atrium.
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FIGURE 5-11 Macroreentrant post-myocardial infarction ventricular tachy-
cardia. Electrical activity spans diastole and nearly the tachycardia cycle length
(shaded); thus, a simply presystolic electrogram is a poor indicator of the optimal
ablation site. Ablys; = distal ablation; Ablg,., = proximal ablation; HRA = high
right atrium; RV = right ventricle.
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FIGURE 5-12 Diastolic recordings during ventricular tachycardia that have a 2:1 conduction ratio (arrows). Cells causing these recordings are clearly not integrally
involved in the ongoing arrhythmia. They are not atrial, because atrial ventricular dissociation is evident in the high right atrium (HRA) recording. Ablg;, = distal abla-

tion; Abl,,., = proximal ablation; RVA = right ventricular apex.

at different locations in the atrium should span the tachycardia CL
(see Fig.5-10).

For macroreentrant VT, conduction during diastole is extremely
slow and is in a small area so that it is not recorded on the surface
ECG.The QRS complex is caused by propagation of the wavefront
from the exit of the circuit from that isthmus to the surrounding
myocardium. After leaving the exit of the isthmus, the circulating
wavefront propagates through a broad path (loop) along the bor-
der of the scar, back to the entrance of the isthmus (see Fig.5-7).8
Continuous diastolic activity is likely to be recorded only if the
bipolar pair records a small circuit; if a large circuit is recorded
(i.e.,the reentrant circuit is larger than the recording area of the
catheter, the catheter is not covering the entire circuit, or both),
nonholodiastolic activity will be recorded. In such circuits, repo-
sitioning of the catheter to other sites may allow visualization
of what is termed bridging of diastole; electrical activity in these
adjacent sites spans diastole.2*

All areas from which diastolic activity is recorded are not nec-
essarily part of the reentrant circuit. Such sites can reflect late
activation and may not be related to the tachycardia site of origin.
Analysis of the response of these electrograms to spontaneous or
induced changes in tachycardia CL is critical in deciding their
relationship to the tachycardia mechanism.Additionally, electrical
signals that come and go throughout diastole should not be con-
sidered continuous (Fig. 5-12). For continuous activity to be con-
sistent with reentry, it must be demonstrated that such electrical
activity is required for initiation and maintenance of the tachycar
dia, so that termination of the continuous activity, either spontane-
ously or following stimulation, without affecting the tachycardia,
would exclude such continuous activity as requisite for sustaining
the tachycardia. It is also important to verify that an electrogram
that extends throughout diastole is not just a broad electrogram
whose duration equals the tachycardia CL.This can be achieved by
analyzing the local electrogram during pacing at a CL comparable
to tachycardia CL; if pacing produces continuous diastolic activ-
ity in the absence of tachycardia, the continuous electrogram has
no mechanistic significance. Furthermore, the continuous activity
should be recorded from a circumscribed area, and motion arti-
fact should be excluded.*8
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FIGURE 5-13 Mid-diastolic potential during ventricular tachycardia (VT)—
duration of diastole (shaded area), with isolated mid-diastolic potential from the
site at which ablation eliminated VT (arrows). Ablys: = distal ablation; Abl,,, =
proximal ablation; Abl,,; = unipolar ablation; HRA = high right atrium; RVA =
right ventricular apex.
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Mid-Diastolic Activity

An isolated mid-diastolic potential is defined as a low-amplitude,
high-frequency diastolic potential separated from the preceding and
subsequent electrograms by an isoelectric segment (Fig.5-13).Some-
times, these discrete potentials provide information that defines a
diastolic pathway, which is believed to be generated from a narrow
isthmus of conduction critical to the reentrant circuit. Localization
of this pathway is critical for guiding catheterbased ablation.®
Detailed mapping usually reveals more than one site of presys-
tolic activity, and mid-diastolic potentials can be recorded from
a bystander site attached to the isthmus. Therefore, regardless
of where in diastole the presystolic electrogram occurs (early,
middle, or late), its position and appearance on initiation of the
tachycardia, although necessary, does not confirm its relevance
to the tachycardia mechanism. One must always confirm that the
electrogram is required to maintain, and cannot be dissociated
from, the tachycardia.® Thus, during spontaneous changes in the
tachycardia CL or those produced by programmed stimulation, the
electrogram, regardless of its position in diastole, should show a
fixed relationship with the subsequent tachycardia complex (and
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. . . . Sinus rhythm pacemap
Electrogram Entrainment with Entrained (S-QRS) | Post-pacing

Site timing in VT concealed fusion | stimulus-QRS | VTCL interval QRS vs VT | Stimulus-QRS
Common pathway Diastolic Present ~Egm—-QRS <0.7 ~TCL Same t ~Egm—QRS t
Inner loop Systolic Present <Egm—-QRS >0.7 ~TCL Same t ~Egm—-QRS t
Quter loop Systolic Absent <Egm—-QRS >0.7 ~TCL Different <Egm—-QRS
Entrance site Early diastolic Present* ~Egm—QRS <0.7 ~TCL Different <Egm—-QRS
Exit site Late diastolic Present >Egm—QRS >0.7 >TCL Same ~Egm—QRS
Bystander 1 Mid-diastolic* Present >Egm—QRS >0.7 >TCL Same >Egm—QRS
Bystander 2 Late diastolic* Present >Egm—QRS >0.7 >TCL Same >Egm—QRS
Bystander 3 Early diastolic* Present* >Egm—-QRS >0.7 >TCL Same t >Egm—-QRS
* Variable 1 Depends on whether captured orthodromically or antidromically

FIGURE 5-14 Representation of a ventricular tachycardia (VT) circuit, showing a common diastolic pathway, entrance and exit sites, inner and outer loops, and
bystander dead-end paths in three locations. The accompanying table describes the behavior of each of these locations during VT, as well as pacing during VT and

sinus rhythm. Egm = electrogram; S = stimulus; TCL = tachycardia cycle length.

not the preceding one).Very early diastolic potentials, in the first
half of diastole, can represent an area of slow conduction at the
entrance of a protected isthmus. These potentials remain fixed to
the prior tachycardia complex (exit site from the isthmus), and a
delay between this complex and the subsequent tachycardia com-
plex would reflect delay in entering or propagating through the
protected diastolic pathway:*

If, after very detailed mapping, the earliest recorded site is not
at least 50 milliseconds presystolic, this suggests that the map is
inadequate (most common),the mechanism of tachycardia is not
macroreentry,or the diastolic corridor is deeper than the subendo-
cardium (in the midmyocardium or subepicardium).

Limitations

Standard transcatheter endocardial mapping, as performed in the
EP laboratory; is limited by the number,size,and type of electrodes
that can be placed within the heart. Therefore, these methods do
not cover a vast area of the endocardial surface. Time-consuming,
point-by-point maneuvering of the catheter is required to trace the
origin of an arrhythmic event and its activation sequence in the
neighboring areas.

The success of roving point mapping depends on the sequential
beat-by-beat stability of the activation sequence being mapped and
the ability of the patient to tolerate sustained arrhythmia.Therefore,
it can be difficult to perform activation mapping in poorly induc-
ible tachycardias, in hemodynamically unstable tachycardias, and
in tachycardias with unstable morphology Sometimes, poorly toler-
ated rapid tachycardias can be slowed by antiarrhythmic agents
to allow for mapping. Alternatively, mapping can be facilitated by
starting and stopping the tachycardia after data acquisition at each
site. Additionally, newer techniques (e.g., basket catheter and non-
contact mapping) can facilitate activation mapping in these cases
by simultaneous multipoint mapping.

Although activation mapping is adequate for defining the site
of origin of focal tachycardias, it is deficient by itself in defining
the critical isthmus of macroreentrant tachycardias,and adjunctive
mapping modalities (e.g., entrainment mapping, pace mapping)
are required. Moreover, the laborious process of precise mapping
with conventional techniques can expose the electrophysiolo-
gist, staff, and patient to undesirable levels of radiation from the
extended fluoroscopy time.

Using conventional activation mapping techniques, it is difficult
to conceive the three-dimensional orientation of cardiac structures
because a limited number of recording electrodes guided by fluo-
roscopy is used. Although catheters using multiple electrodes to
acquire data points are available, the exact location of an acquired
unit of EP data is difficult to ascertain because of inaccurate delin-
eation of the location of anatomical structures.The inability to asso-
ciate the intracardiac electrogram with a specific endocardial site
accurately also limits the reliability with which the roving catheter
tip can be placed at a site that was previously mapped.This results
in limitations when the creation of long linear ablation lesions is
required to modify the substrate,as well as when multiple isthmuses
or channels are present. The inability to identify, for example, the
site of a previous ablation increases the risk of repeated ablation
of areas already dealt with and the likelihood that new sites can
be missed.

Entrainment Mapping

Fundamental Concepts

To help understand the concept of entrainment, a hypothetical
reentrant circuit is shown in Figure 5-14.This reentrant circuit has
several components—a common pathway, an exit site, an outer
loop,an inner loop, an entry site,and bystander sites.The reentrant
wavefront propagates through the common pathway (protected
critical isthmus) during electrical diastole. Because this zone is
usually composed of a small amount of myocardium and is bor
dered by anatomical or functional barriers preventing spread of
the electrical signal except in the orthodromic direction, propa-
gation of the wavefront in the protected isthmus is electrocardio-
graphically silent. The exit site is the site at which the reentrant
wavefront exits the protected isthmus to start activation of the rest
of the myocardium, including the outer loop.Activation of the exit
site corresponds to the onset of the tachycardia complex on the
surface ECG. The outer loop is the path through which the reen-
trant wavefront propagates while at the same time activating the
rest of the myocardium. Activation of the outer loop corresponds
to electrical systole (P wave during AT and QRS during VT) on the
surface ECG. An inner loop can serve as an integral part of the
reentrant circuit or function as a bystander pathway. If conduction
through the inner loop is slower than conduction from the exit to
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entrance sites (through the outer loop), the inner loop will serve
as a bystander, and the outer loop will be the dominant. If con-
duction through the inner loop is faster than conduction through
the outer loop, it will form an integral component of the reentrant
circuit. The entry site is where the reentrant wavefront enters the
critical isthmus. Bystander sites are sites that are activated by the
reentrant wavefront but are not an essential part of the reentrant
circuit. These sites can be remote, adjacent, or attached to the cir
cuit. Elimination of these sites does not terminate reentry*$
Understanding the concepts associated with resetting is critical
to understanding entrainment. When a premature stimulus is deliv-
ered to sites remote from the reentrant circuit, it can interact with
the circuit in different ways. When the stimulus is late-coupled, it
can reach the circuit after it has just been activated by the reen-
trant wavefront. Consequently; although the extrastimulus may have
resulted in activation of part of the myocardium, it fails to affect the
reentrant circuit, and the reentrant wavefront continues to propa-
gate in the critical isthmus and through the exit site to produce the
next tachycardia complex on time. To reset reentrant tachycardia,
the paced wavefront must reach the reentrant circuit (entry site, crit-
ical isthmus, or both), encounter excitable tissue within the circuit

(i.e.,enter the excitable gap of the reentrant circuit), collide in the
antidromic (retrograde) direction with the previous tachycardia
complex, and propagate in the orthodromic (anterograde) direc-
tion through the same tachycardia reentrant path (critical isthmus)
to exit at an earlier than expected time and perpetuate the tachycar
dia (Fig. 5-15).1f the extrastimulus encounters fully excitable tissue,
as commonly occurs in reentrant tachycardias with large excitable
gaps, the tachycardia is advanced by the extent that the paced
wavefront arrives at the entrance site prematurely. If the tissue is par-
tially excitable,as can occur in reentrant tachycardias with small or
partially excitable gaps,or even in circuits with large excitable gaps
when the extrastimulus is very premature, the paced wavefront will
encounter some conduction delay in the orthodromic direction
within the circuit. Consequently, the degree of advancement of the
next tachycardia complex depends on both the degree of prematu-
rity of the extrastimulus and the degree of slowing of its conduction
within the circuit. Therefore, the reset tachycardia complex may be
early,on time, or later than expected.*8

Termination of the tachycardia occurs when the extrastimulus
collides with the preceding tachycardia impulse antidromically and
blocks in the reentrant circuit orthodromically. This occurs when
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FIGURE 5-15 Entrainment of ventricular
tachycardia (VT). A, Pure VT is shown in yel-
low (right bundle branch block, right axis),
pure right ventricle (RV) pacing in red (left
bundle branch block, left axis). A mid-diastolic

potential during VT (arrow) is recorded by the

RV pacing, CL 400 msec

mapping catheter. B, Pacing the RV at 460
milliseconds (30 milliseconds faster than VT),
each paced complex is a stable blend of pac-
ing and VT (gold). This illustrates fixed fusion.
After cessation of pacing, VT resumes. C, Pacing
the RV faster (430 milliseconds), all complexes
are again identical to each other but different
than with pacing at 460 milliseconds; they look
slightly more like pure RV pacing (deeper gold
shading). D, Pacing the RV faster still (400 mil-

liseconds), QRS complexes again are identical
to each other (fixed fusion) but look progres-

RV pacing, CL 390 msec

sively more like fully paced (progressive fusion).
E, Finally, with pacing rapidly enough, an anti-
dromic wavefront captures the diastolic poten-
tial, QRS complexes become fully paced, and
when pacing ceases, sinus rhythm resumes.
This figure demonstrates all established
entrainment criteria (fixed fusion at a given
paced cycle length [CL], progressive fusion
over a range of paced CLs, and antidromic cap-
ture of critical circuit elements leading to termi-
nation of the tachycardia).



the premature impulse enters the reentrant circuit early enough
in the relative refractory period, because it fails to propagate in the
anterograde direction, given that it encounters absolutely refrac-
tory tissue (see Fig.5-15).In the retrograde direction, it encounters
increasingly recovered tissue and is able to propagate until it meets
the circulating wavefront and terminates the arrhythmia.®

Entrainment is the continuous resetting of a reentrant circuit by
a train of capturing stimuli. However, following the first stimulus
of the pacing train that penetrates and resets the reentrant circuit,
the subsequent stimuli interact with the reset circuit, which has
an abbreviated excitable gap. The first entrained complex results
in retrograde collision between the stimulated and tachycardia
wavefronts, whereas in all subsequent beats, the collision occurs
between the currently stimulated wavefront and that stimulated
previously. Depending on the degree that the excitable gap is pre-
excited by that first resetting stimulus, subsequent stimuli fall on
fully or partially excitable tissue. Entrainment is said to be pres-
ent when two consecutive extrastimuli conduct orthodromically
through the circuit with the same conduction time while colliding
antidromically with the preceding paced wavefront.4

During entrainment, each pacing impulse creates two activation
wavefronts, one in the orthodromic direction and the other in the
antidromic direction. The wavefront in the antidromic direction
collides with the existing tachycardia wavefront. The wavefront
that enters the reentrant circuit in the orthodromic direction (i.e.,
the same direction as the spontaneous tachycardia wavefront)
conducts through the critical isthmus, resets the tachycardia, and
emerges through the exit site to activate the myocardium and
collide with the antidromically paced wavefront from the next
paced stimulus.This sequence continues until cessation of pacing
or development of block somewhere within the reentrant circuit.
Because all pacing impulses enter the tachycardia circuit dur
ing the excitable gap, each paced wavefront advances and resets
the tachycardia. Thus, when pacing is terminated, the last paced
impulse continues to activate the entire tachycardia reentrant cir-
cuit orthodromically at the pacing CL and also activates the entire
myocardium orthodromically on exiting the reentrant circuit.
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Entrainment of reentrant tachycardias by external stimuli was
originally defined in the clinical setting as an increase in the rate of
a tachycardia to a faster pacing rate, with resumption of the intrin-
sic rate of the tachycardia on either abrupt cessation of pacing or
slowing of pacing beyond the intrinsic rate of the tachycardia,and
it was taken to indicate an underlying reentrant mechanism. The
ability to entrain a tachycardia also establishes that the reentrant
circuit contains an excitable gap.48

Entrainment does not require that the pacing site be located
in the reentrant circuit. The closer the pacing site is to the cir
cuit, however, the less premature a single stimulus needs to be to
reach the circuit and, with pacing trains, the fewer stimuli will be
required before a stimulated wavefront reaches the reentrant cir
cuit without being extinguished by collision with a wave emerging
from the circuit. Overdrive pacing at relatively long CLs (i.e., 10 to
30 milliseconds shorter than the tachycardia CL) can almost
always entrain reentrant tachycardias. However,the number of pac-
ing stimuli required to entrain the reentrant circuit depends on the
tachycardia CL, the duration of the excitable gap of the tachycar-
dia, refractoriness at the pacing site,and the conduction time from
the stimulation site to the reentrant circuit.’

During constant-rate pacing,entrainment of a reentrant tachycar-
dia results in the activation of all myocardial tissue responsible for
maintaining the tachycardia at the pacing CL, with the resumption
of the intrinsic tachycardia morphology and rate after cessation
of pacing. Unfortunately; it is almost impossible to document the
acceleration of all tissue responsible for maintaining the reentrant
circuit to the pacing CL. Therefore, several surface ECG and intra-
cardiac electrogram criteria have been proposed for establishing
the presence of entrainment (see Fig.5-15): (1) fixed fusion of the
paced complexes at a constant pacing rate; (2) progressive fusion
or different degrees of fusion at different pacing rates (i.e.,the sur
face ECG and intracardiac morphology progressively look more
like the purely paced configuration and less like the pure tachycar
dia beat in the course of pacing at progressively shorter pacing CLs;
Fig.5-16);and (3) resumption of the same tachycardia morphology
following cessation of pacing, with the first post-pacing complex

Entrainment

> RV pacing only
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FIGURE 5-16 QRS fusion during entrainment of ventricular tachycardia (VT). Progressive ECG fusion is shown over a range of paced cycle lengths (CLs). Pure tachy-
cardia complexes are shown on the left; fully paced complexes are shown on the right. As the paced CL shortens, complexes gradually appear more like those that

are fully paced. RV = right ventricle.
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displaying no fusion but occurring at a return cycle equal to the
pacing CL.3

FUSION DURING ENTRAINMENT

A stimulated impulse is said to be fused when its morphology is a
hybrid between that of a fully paced complex and a tachycardia
complex.Fusion can be observed on the surface ECG, intracardiac
recordings, or both. For fusion to be observed on the surface ECG,
the tachycardia and stimulated wavefronts must collide within the
reentrant circuit after the tachycardia wavefront has exited from
the isthmus.This requires the paced wavefront to have access to an
entrance site of the reentrant circuit that is anatomically distinct
from the exit site. If the antidromically stimulated wavefront pene-
trates the reentrant circuit and collides with the tachycardia wave-
front (or the previously stimulated orthodromic wavefront) before
the point at which the tachycardia wavefront would be exiting to
the mass of the myocardium, then no fusion will be evident on the
surface ECG, and the surface ECG will appear entirely paced.4

The ability to demonstrate surface ECG fusion requires that a sig-
nificant mass of myocardium be depolarized by the extrastimulus
and the tachycardia. The degree of fusion represents the relative
amounts of myocardium depolarized by the two separate wave-
fronts.The relative degree of myocardium antidromically activated
by the paced wavefront depends on the site of pacing relative to
the reentrant circuit, the pacing CL,and the degree of conduction
delay within the reentrant circuit. With a single extrastimulus, the
farther the stimulation site is from the reentrant circuit, the less
likely ECG fusion will be to occur, because the extrastimulus must
be delivered at a shorter coupling interval,well before the tachycar
dia wavefront exits the circuit, to reach the circuit with adequate
prematurity. Therefore, by the time the tachycardia wavefront exits
the circuit, most of the myocardium has already been activated
by the paced wavefront. Consequently, the stimulated impulse will
have a purely paced morphology with no ECG fusion.Nevertheless,
continuous pacing at a slow CL at a site remote from the exit site
affords the best opportunity to demonstrate fusion,whereas pacing
closer to the presumed exit site shows less fusion. Presystolic elec-
trograms in the reentrant circuit that are activated orthodromically
can be used to demonstrate the presence of intracardiac (local)
fusion when the ECG is insufficiently sensitive. This is particularly
helpful with ATs because the P waves are small and often obscured
by the QRS complex, ST segments,and T waves.

Once stability in collision sites of the antidromic and ortho-
dromic wavefronts occurs,constant surface ECG fusion is achieved.
Fixed fusion in the surface ECG is said to be present during entrain-
ment if one of the following criteria is met: (1) the surface ECG
complex is of constant morphology, representing a hybrid of the
complex morphology of the tachycardia and that observed dur-
ing pacing during normal sinus rhythm (NSR; see Figs. 5-15 and
5-16), or (2) the onset of the surface ECG complex precedes the
pacing stimulus artifact of each paced beat by a fixed interval (see
Figs. 12-9 and 13-5).1t is worth noting that to be certain a hybrid or
blended ECG complex is present, one must know the configura-
tions of both pure tachycardia and pure pacing (Fig.5-17; see also
Figs.5-15 and 5-16).

Focal tachycardias (automatic, triggered activity, or microreen-
trant) cannot manifest fixed fusion during overdrive pacing. How-
ever, overdrive pacing of tachycardia of any mechanism can result
in a certain degree of fusion, especially when the pacing CL is only
slightly shorter than the tachycardia CL. Such fusion, however, is
unstable during the same pacing drive at a constant CL, because
pacing stimuli fall on a progressively earlier portion of the tachy-
cardia cycle and produce progressively less fusion and more fully
paced morphology. Such phenomena should be distinguished from
entrainment, and sometimes this distinction requires pacing for long
intervals to demonstrate variable degrees of fusion. Moreover, over
drive pacing frequently results in suppression (automatic) or accel-
eration (triggered activity) of focal tachycardias, rather than resump-
tion of the original tachycardia with an unchanged tachycardia CL.4

Varying degrees of fusion at different pacing rates are caused
by a progressive increase in the amount of myocardium activated
by the antidromic wavefront at progressively shorter pacing CLs
(see Figs.5-15 and 5-16). At slower pacing CLs, a larger amount of
the myocardium is activated by the orthodromic wavefront exiting
from the reentrant circuit prior to its intracardiac collision, with
the subsequent antidromic wavefront incoming from the pacing
site. With a faster pacing rate, more myocardium is antidromically
activated because the orthodromic wavefront must continue to
traverse the zone of slow conduction within the reentrant circuit,
thus creating progressive fusion with changing pacing CLs. In the
extreme situation, the antidromic wavefront can capture the exit
site of the reentrant circuit and produce a fully paced complex.
Once this occurs, pacing at shorter pacing CLs does not cause
further progressive fusion, although entrainment is still present. As
noted, progressive fusion at decreasing pacing CLs during entrain-
ment of tachycardia excludes the possibility of automaticity or trig-
gered activity as the mechanism of the tachycardia.In those cases,
overdrive pacing would yield solely the morphology of the pac-
ing stimulus for a nonprotected focus or would yield varying (not
progressive) degrees of fusion for a protected focus with entrance
block. Of note, a microreentrant circuit with entrance block could
also yield variable fusion during overdrive pacing;thus, this finding
would not exclude reentry as the underlying mechanism.*38

On cessation of pacing, the last paced wavefront traverses the
protected isthmus and exits the circuit to produce a normal (non-
fused) tachycardia complex at the pacing CL, because there is no
paced antidromic wavefront with which to fuse. The wavefront
continues around the reentrant circuit to maintain the tachycardia.
Constant fusion of the surface ECG can occur, however, without
the first nonpaced beat occurring at the pacing CL. When surface
ECG fusion occurs, the initial portion of the ECG complex usually
reflects activation of the myocardium by the paced wavefront,
whereas the terminal portion represents the orthodromically acti-
vated wavefront exiting from the tachycardia circuit. The point at
which this wavefront exits the circuit can be late in the surface ECG
complex. The degree to which the first ECG post-pacing interval
(PPI) exceeds the pacing CL is primarily a reflection of the time
from the onset of the paced surface ECG complex to the exit of the
orthodromic wavefront from the reentrant circuit. This represents
the period of time during which the myocardium is depolarized
by the stimulated wavefront before the activation of any portion
of the myocardium by the tachycardia wavefront. Thus, constant
fusion occurring in the absence of the first ECG PPI being equal to
the pacing CL can be a valid manifestation of entrainment. In this
situation, appropriate placement of intracardiac electrodes dem-
onstrates orthodromic entrainment of some intracardiac recording
sites occurring at the pacing CL, even though the last entrained
ECG complex occurred at an interval longer than the pacing CL.
Alternatively, decremental conduction within the reentrant circuit
can explain a first PPl that exceeds the pacing CL.4
ENTRAINMENT WITH MANIFEST FUSION. Entrainment with
manifest fusion demonstrates surface ECG evidence of constant
fusion at a constant pacing rate and progressive fusion with incre-
mental-rate pacing (see Fig. 5-16).8 When entrainment is manifest,
the last captured wave is entrained at the pacing CL but does not
demonstrate fusion.?

ENTRAINMENT WITH INAPPARENT, LOCAL, OR INTRA-
CARDIAC FUSION. Entrainment with inapparent fusion (also
referred to as local or intracardiac fusion) is said to be present
when a fully paced morphology with no ECG fusion results, even
when the tachycardia impulse exits the reentrant circuit (ortho-
dromic activation of the presystolic electrogram present). Fusion
is limited to a small area and does not produce surface ECG fusion,
and only intracardiac (local) fusion is recognized (Fig. 5-18; see
also Fig. 13-5).8 Local fusion can occur only when the presystolic
electrogram is activated orthodromically. Collision with the last
paced impulse must occur distal to the presystolic electrogram,
either at the exit from the circuit or outside the circuit. In such
cases, the return cycle measured at this local electrogram equals
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FIGURE 5-17 Overdrive pacing during focal atrial tachycardia (AT). Top, The last three complexes of pacing (S) from the high right atrium (RA) are shown, following
which AT resumes. The red overlay represents recordings of pure high RA pacing that perfectly match the electrogram sequence of high RA pacing during AT; thus,
fusion is absent. Bottom, Similar findings with pacing from distal coronary sinus (CS;,). The red overlay of pure CS pacing perfectly matches the electrogram sequence
of CS pacing during AT; thus, there is no fusion. CSy,., = proximal coronary sinus; Hisq,; = distal His bundle; His, ., = proximal His bundle; TA, = distal tricuspid annulus;
TAgrox = proximal tricuspid annulus.
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FIGURE 5-18 Inapparent fusion. The last three complexes paced from the right ventricular apex during ventricular tachycardia (VT) are shown; VT resumes on ces-
sation of pacing. Fusion is not evident on the surface ECG because these complexes are identical to fully paced QRS complexes at the far right, yet fusion is present
on the distal ablation (Ably;,) recording (mid-diastolic potential at arrow seen during pacing as well). CL = cycle length; PCL = pacing cycle length; His;; = distal His
bundle; Hisp,o, = proximal His bundle; LV, = distal left ventricle; LV, = proximal left ventricle; LV, = unipolar left ventricle; RVA = right ventricular apex; RVOT =

right ventricular outflow tract.

the pacing CL. Therefore, a stimulus delivered after the onset of
the tachycardia complex on the surface ECG during entrainment
always demonstrates local fusion. This is to be distinguished from
entrainment with antidromic capture. As noted, when antidromic
(retrograde) capture of the local presystolic electrogram occurs,
the return cycle, even when measured at the site of the presystolic
electrogram, exceeds the pacing CL.89

ENTRAINMENT WITH ANTIDROMIC CAPTURE. Entrainment
with antidromic capture should be distinguished from entrain-
ment with local fusion. When pacing is performed at a CL signifi-
cantly shorter than the tachycardia CL, the paced impulse can
penetrate the circuit antidromically and retrogradely capture the
presystolic electrogram so that no exit from the tachycardia cir-
cuit is possible. When pacing is stopped, the impulse that con-
ducts antidromically also conducts orthodromically to reset the
reentrant circuit with orthodromic activation of the presystolic
electrogram. When antidromic (retrograde) capture of the local
presystolic electrogram occurs, the return cycle, even when
measured at the site of the presystolic electrogram, exceeds the
pacing CL by the difference in time from when the electrogram is
activated retrogradely (i.e., preexcited antidromically) and when
it would have been activated orthodromically.*8
ENTRAINMENT WITH CONCEALED FUSION. Entrainment
with concealed fusion (sometimes also referred to as concealed
entrainment or exact entrainment) is defined as entrainment with
orthodromic capture and a surface ECG complex (or intracardiac
activation sequence, or both) identical to that of the tachycardia
(see Figs. 12-9 and 13-5). Entrainment with concealed fusion sug-
gests that the pacing site is within a protected isthmus inside or
outside, but attached to, the reentrant circuit (see Fig. 5-14). In this
situation, transient entrainment is achieved when the orthodromi-
cally directed stimulated wavefront resets the tachycardia, but the
antidromically directed stimulated wavefront collides with the

tachycardia wavefront in or near the reentry circuit and fails to exit
the slow conduction zone. Only tissue near the pacing site within
the critical isthmus is antidromically activated; hence, there is no
evidence of fusion. Compared with the intrinsic tachycardia, this
antidromic capture may result in earlier intracardiac recordings
from sites located adjacent to the pacing region. The morphologi-
cal appearance of the ECG, however, is the same during entrain-
ment as during the tachycardia. Entrainment with concealed
fusion can occur by pacing from bystander pathways, such as a
blind alley, alternate pathway, or inner loop, that are not critical
to the maintenance of reentry. In this case, activation propagates
from the main circuit loop but is constrained by block lines having
the shape of a cul-de-sac; ablation there does not terminate reentry
(unless it is fortuitously close to a critical portion of the circuit).48.9

POST-PACING INTERVAL

The PPI is the time interval from the last pacing stimulus that
entrained the tachycardia to the next nonpaced recorded electro-
gram at the pacing site (Fig. 5-19). During entrainment from sites
within the reentrant circuit, the orthodromic wavefront from the
last stimulus propagates through the reentry circuit and returns to
the pacing site, following the same path as the circulating reentry
wavefronts. The conduction time required is the revolution time
through the circuit. Thus, the PPI (measured from the pacing site
recording) should be equal (within 30 milliseconds) to the tachy-
cardia CL (given that conduction velocities and the reentrant path
did not change during pacing; see Fig. 5-14). At sites remote from
the circuit, stimulated wavefronts propagate to the circuit, then
through the circuit, and finally back to the pacing site. Thus, the
PPI should equal the tachycardia CL plus the time required for the
stimulus to propagate from the pacing site to the tachycardia cir
cuit and back. The greater the difference is between the PPI and



FIGURE 5-19 Bystander site during atypical left

atrial (LA) flutter. The last three complexes of pac-
ing from the posterior LA are shown in a patient

with LA macroreentry. Although the timing of the
electrogram at the pacing site is in early mid-

diastole and the paced activation sequence is similar =V ~v $ ﬁ/,\’ Jn\’ M’]\\’
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attractive ablation site, the results of entrainment v v e

indicate otherwise, with a large difference between " ™ s v

the stimulus—coronary sinus (CS) electrogram inter-
val (162 milliseconds) and the ablation recording—
CS electrogram interval (45 milliseconds), as well as

length (TCL, 320 milliseconds). Ably; = distal abla- cS

tion; CSyjs; = distal coronary sinus; CS,,, = proximal dist
coronary sinus; PCL = pacing cycle length; TAgis; = Abl ey
distal tricuspid annulus; T, = proximal tricuspid S

annulus.

the tachycardia CL (PPI — tachycardia CL), the longer the conduc-
tion time will be between the pacing site and reentry circuit, and
the greater the physical distance will be between the pacing site
and the circuit (see Figs. 12-9 and 13-5).9

Several factors have to be considered when evaluating the PPI.
The PPI should be measured to the nearfield potential that indi-
cates depolarization of tissue at the pacing site. In regions of scar,
electrode catheters often record multiple potentials separated in
time, some of which are farfield potentials that result from depo-
larization of adjacent myocardium. The nearfield potential is
obscured by capture during pacing, whereas farfield potentials
can be undisturbed during pacing. Furthermore, when pacing arti-
facts obscure recordings from the pacing site and prevent assess-
ment of the PPI, the electrograms from the proximal electrodes
of the mapping catheter may be utilized, provided such electro-
grams are also present in the distal electrode recordings.When the
electrograms from the pacing site are not discernible because of
stimulus artifact, relating the timing of the nearfield potential to a
consistent intracardiac electrogram or surface ECG wave can be
used to determine the PPL.

CONDUCTION TIME FROM THE PACING SITE
TO THE CIRCUIT EXIT SITE

During entrainment of reentrant tachycardia, the interval between
the pacing stimulus and the onset of the tachycardia complex on
the surface ECG (QRS or P wave) reflects the conduction time
from the pacing site to the exit of the reentrant circuit (stimulus-
exit interval), regardless of whether the pacing site is inside or out-
side the reentrant circuit, because activation starts at the pacing
site and propagates in sequence to the circuit exit site.On the other
hand, during tachycardia, the interval between the local electro-
gram at a given site and circuit exit (electrogram-exit interval) can
reflect the true conduction time between those two sites if they
are activated in sequence (as occurs when that particular site is
located within the reentrant pathway), or it may be shorter than
the true conduction time if those two sites are activated in paral-
lel (which occurs when that particular site is located outside the
reentrant circuit) (see Figs.5-14 and 5-19).8

Therefore, at any given pacing site, an electrogram-exit interval
that is equal (20 milliseconds) to the stimulus-exit interval
indicates that the pacing site lies within the reentry circuit
and excludes the possibility that the site is a dead-end pathway
attached to the circuit (i.e., not a bystander). On the other hand,
pacing sites outside the reentrant circuit have an electrogram-exit
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interval significantly (more than 20 milliseconds) shorter than the
stimulus-exit interval.

However, the electrogram-exit interval may not be exactly equal
to the stimulus-exit interval at sites within the reentrant circuit.
Several factors can explain this. One potential factor is decremen-
tal conduction properties of the zone of slow conduction that
produce lengthening of the stimulus-exit interval during pacing;
however, this appears to occur rarely Therefore, the stimulus-exit
interval should be measured during pacing at the slower CL that
reliably entrains the tachycardia. Moreover, stimulus latency in an
area of diseased tissue can account for a delay in the stimulus-exit
interval compared with the electrogram-QRS interval. Additionally,
failure of the recording electrodes to detect low-amplitude depo-
larizations at the pacing site can account for a mismatch of the
stimulus-exit and electrogram-exit intervals.®

Mapping Procedure

Before attempting to use entrainment methods for mapping, it is
necessary to demonstrate that the tachycardia can be entrained,
by providing strong evidence that it is caused by reentry rather
than by triggered activity or automaticity. Potential ablation sites
are sought by pacing at sites thought to be related to the reentrant
circuit, based on other mapping modalities, such as activation
mapping and pace mapping.The areas of slow conduction can be
identified by endocardial mapping revealing fractionated electro-
grams, mid-diastolic electrograms, or long delays between the pac-
ing stimulus and the captured surface ECG complex (see Fig.5-14).
These sites are then targeted by entrainment mapping. However,
proof of entrainment is best obtained by pacing from sites remote
from the circuit, which most readily demonstrate fusion.?

Entrainment mapping can be reliably carried out only if one
can record and stimulate from the same area (e.g., for 2-5-2-mm
spacing catheters, record from the second and fourth poles and
stimulate from the first and third poles).Pacing is usually started at
a CL just shorter (10 to 20 milliseconds) than the tachycardia CL.
Pacing should be continued for a long enough duration to allow
for entrainment; short pacing trains are usually not helpful. Pacing
is then repeated at progressively shorter pacing CLs.8

After cessation of each pacing drive,the presence of entrainment
should be verified by demonstrating the presence of fixed fusion
of the paced complexes at a given pacing CL, progressive fusion at
faster pacing CLs, and resumption of the same tachycardia mor
phology following cessation of pacing with a nonfused complex at
a return cycle equal to the pacing CL.The mere acceleration of the
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tachycardia to the pacing rate and then resumption of the original
tachycardia after cessation of pacing do not establish the presence
of entrainment. Evaluation of the PPI or other criteria is meaning-
less when the presence of true entrainment has not been estab-
lished.Moreover, it is important to verify the absence of termination
and reinitiation of the tachycardia during the same pacing drive.#

Once the presence of entrainment is verified,several criteria can
be used to indicate the relation of the pacing site to the reentrant
circuit. The first entrainment criterion to be sought is concealed
fusion. Entrainment with concealed fusion indicates that the pac-
ing site is in a protected isthmus located within or attached to the
reentrant circuit. Whether this protected isthmus is crucial to the
reentrant circuit or is just a bystander site needs to be verified by
other criteria, mainly comparing the PPI with the tachycardia CL
and comparing the stimulus-exit interval with the electrogram-exit
interval. Features of entrainment when pacing from different sites
are listed in Table 5-1 (see also Figs.5-14,5-18,and 5-19).9:10

A graphical representation of entrainment mapping can be con-
structed by plotting the values of the difference between the PPl and
the tachycardia CL [PPl-tachycardia CL] on an electroanatomical
mapping system (CARTO, Biosense Webster, Inc., Diamond Bar, Calif;;
or NavX,St.Jude Medical,Inc.,St.Paul,Minn.) to generate colorcoded
three-dimensional entrainment maps (see Chap.6 for discussion).11:12

Clinical Implications

Entrainment mapping is the gold standard for ablation of reentrant
circuits generating hemodynamically well-tolerated tachycardias.
Achievement of entrainment of tachycardia establishes a reentrant
mechanism of that tachycardia and excludes triggered activity and
abnormal automaticity as potential mechanisms. Entrainment may
also be used to estimate how far the reentrant circuit is from the
pacing site qualitatively. For example, entrainment of an AT from
multiple sites in the RA with a PPI significantly longer than the
tachycardia CL can help identify a left atrial origin of the AT before
attempting LA access (see Fig. 13-5).In addition, pacing at multiple
sites and measuring the difference between the PPl and tachycar
dia CL provide an indication of how far or near the pacing site is
from the circuit (Fig.5-20).489

Entrainment mapping has been useful to identify the critical
isthmus in patients with macroreentrant VT or AT.Focal ablation of
all sites defined as within the reentrant circuit may not result in a
cure of reentrant tachycardia. Cure requires ablation of an isthmus
bordered by barriers on either side, which is critical to the reen-
trant circuit. Entrainment mapping helps identify this critical part
of the reentrant circuit. Sites demonstrating entrainment with con-
cealed fusion are initially sought. Once these sites are identified,
their relationship to the reentrant circuit is verified using the PPl or
stimulus-exit interval (see earlier). Sites demonstrating concealed
fusion, a PPI equal to the tachycardia CL (30 milliseconds), and
a stimulus-exit interval equal to the electrogram-exit interval

Entrainment Mapping of Reentrant

TABLE 5-1

Tachycardias
Pacing from Sites Outside the Reentrant Circuit

Manifest fusion on surface ECG or intracardiac recordings, or both
+ PPI-tachycardia CL >30 msec
+ Stimulus-exit interval > electrogram-exit interval

Pacing from Sites Inside the Reentrant Circuit

- Manifest fusion on surface ECG or intracardiac recordings, or both
+ PPI-tachycardia CL <30 msec
+ Stimulus-exit interval = electrogram-exit interval (20 msec)

Pacing from a Protected Isthmus Inside the Reentrant Circuit

- Concealed fusion
+ PPl-tachycardia CL <30 msec
- Stimulus-exit interval = electrogram-exit interval (+20 msec)

CL = cycle length; PPl = post-pacing interval.

(20 milliseconds) have a very high positive predictive value for
successful ablation.49:10

Limitations

One of the limitations of entrainment mapping is the requirement
of the presence of sustained, hemodynamically well-tolerated
tachycardia of stable morphology and CL. Furthermore, attempts
at entrainment can result in termination, acceleration, or transfor-
mation of the index tachycardia into a different one, thus mak-
ing further mapping challenging. Bipolar pacing at relatively high
stimulus strengths used during entrainment can result in capture
of an area larger than the local area. Additionally, errors can be
introduced by the decremental conduction properties of the zone
of slow conduction that may cause a rate-dependent lengthening
of the PPL.This is more likely to occur at rapid pacing rates.*#
Pacing and recording from the same area are required for entrain-
ment mapping.This requirement is usually satisfied by pacing from
electrodes 1 and 3 and recording from electrodes 2 and 4 of the
mapping catheter. However, this technique has several limitations:

1. There are differences, albeit slight, of the area from which the
second and fourth electrodes record as compared with the first
and third. When the local electrogram is not recorded from the
same pair of electrodes used for pacing, errors can be intro-
duced when comparing the PPI with the tachycardia CL.

2. The bipolar pacing technique has the potential for anodal con-
tribution to local capture.

3. The total area captured by the pacing stimulus can exceed the
local area, especially when high currents (more than 10 mA)
are required for stimulation.

4. The pacing artifact can obscure the early part of the captured
local electrogram. In such a case, a comparable component of
the electrogram can be used to measure the PPl

5. Farfield electrical signals generated by depolarization of adja-
cent tissue can cause false-positive entrainment criteria at some
sites.8

Pace Mapping

Fundamental Concepts

Pace mapping is a technique designed to help locate tachycardia
sources by pacing at different endocardial sites to reproduce the
ECG morphology of the tachycardia.Pace mapping is based on the
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FIGURE 5-20 The post-pacing interval (PP)-tachycardia cycle length (TCL)
interval as an indicator of distance from the pacing site to the reentrant circuit
(located in the dome of the left atrium [LA], near 10). In this representation of
both atria viewed from the front, colors indicate isochrones of the difference
between PPIand TCL in milliseconds at various pacing sites (indicated by numbers).
IVC = inferior vena cava; LSPV = left superior pulmonary vein; MA = mitral annulus;
os = ostium; RA = right atrium; RSPV = right superior pulmonary vein; SVC =
superior vena cava.



principle that pacing from the site of origin of a focal tachycardia
at a pacing CL similar to the tachycardia CL results in the same
activation sequence as that during the tachycardia.*

When myocardial activation originates from a point-like source,
such as during focal tachycardia or during pacing from an elec-
trode catheter, ECG configuration of the resultant tachycardia or
paced complex (QRS or P wave) is determined by the sequence

VT Pace mapping

RVA —_y W

S S
Ablprox ‘/\/\/“"/\n/_’—l-—(\ r—\
— 300 msec —

FIGURE 5-21 Pace mapping of ventricular tachycardia (VT). At left, 12 ECG
leads and intracardiac recordings during idiopathic right ventricular outflow
tract VT are shown (cycle length [CL], 280 milliseconds). At right, pace mapping
from the site of earliest ventricular activation at CL 350 milliseconds produces
an identical 12-lead ECG configuration (the VT complex superimposed on the
first paced complex). Ably, = distal ablation; Ably,., = proximal ablation; RVA =
right ventricular apex.

VT A

of myocardial activation, which is largely determined by the initial
site of myocardial depolarization, assuming no conduction abnor-
malities from that site. Analysis of specific surface ECG configura-
tions in multiple leads allows estimation of the pacing site location
to within several square centimeters, and comparing the paced
complex configuration with that of tachycardia can be used to
locate the arrhythmia focus (Fig.5-21).13.14

On the other hand, reentry circuits in healed infarct scars (e.g.,
post-MIVT) often extend over several square centimeters and can
have various configurations. In many circuits, the excitation wave
propagates through surviving myocytes in the scarred region,depo-
larization of which is not detectable in the standard surface ECG.
The QRS complex is then inscribed after the reentry wavefront acti-
vates a sufficient amount of muscle outside the dense scar area. At
sites at which the reentrant wavefront exits the scar,pace mapping
is expected to produce a QRS configuration similar to that of VT.
Pace mapping at sites more proximally located in the isthmus of
the reentrant circuit should also produce a similar QRS complex,
but with a longer stimulus-to-QRS (5-QRS) interval.

INTERPRETATION OF PACE MAPPING

Pace maps with identical or nearly identical matches of tachycar
dia morphology in all 12 surface ECG leads can be indicative of
the site of origin of the tachycardia (Fig. 5-22). Differences in the
morphology between pacing and spontaneous tachycardia in a
single lead can be critical. For VT, pacing at a site 5 mm from the
index pacing site results in minor differences in QRS configura-
tion (e.g.,notching,new small component,change in amplitude of
individual component, or overall change in QRS shape) in at least
one lead in most patients.In contrast,if only major changes in QRS
morphology are considered, pacing sites separated by as much as
15 mm can produce similar QRS morphologies.

Although qualitative comparison of the 12-lead ECG morphol-
ogy between a pace map and clinical tachycardia is frequently
performed, there are few objective criteria for quantifying the simi-
larity between 2 12-lead ECG waveform morphologies. Such com-
parisons are frequently completely subjective or semiquantitative,

B C D E

|

aVR

aVL

>

i
<

1N N A A A -
T~ T~

—

aVFMKK Kﬂ

NV ANY Y/ 2y

VSNV

AN U

V6

AVA ~ - " 0

Abl st

Ablyrox

—300 msec —|

FIGURE 5-22 Pace mapping of ventricular tachycardia (VT). Pace mapping at various sites in the right ventricular outflow tract produces QRS configurations (A to
D) with less or more similarity to the VT QRS (left panel); E shows an exact match. Ablyg, = distal ablation; Ablg,,, = proximal ablation; RVA = right ventricular apex.
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such as a 10/12 lead match.Unsuccessful ablation can result,in part,
from subjective differences in the opinion of a pace map match
to the clinical tachycardia. Furthermore, criteria for comparing
the similarity in 12-lead ECG waveforms from one laboratory with
those of another or for describing such comparisons in the litera-
ture are lacking. Two waveform comparison metrics,the correlation
coefficient (CORR) and the mean absolute deviation (MAD), have
been evaluated to quantify the similarity of 12-lead ECG waveforms
during VT and pace mapping objectively It has been suggested that
an automated objective interpretation can have some advantage to
qualitative interpretation.Although CORR is more commonly used,
MAD is more sensitive to differences in waveform amplitude. The
most common human error is not appreciating subtle amplitude
or precordial lead transition differences between the ECG patterns.
It is important to note that such subtle differences in multiple leads
can be reflected in a single quantitative number.

The MAD score grades 12-lead ECG waveform similarity as a sin-
gle number ranging from 0% (identical) to 100% (completely differ
ent).A MAD score of up to 12% was 93% sensitive and 75% specific
for a successful ablation site (see Fig.23-11).1t is not surprising that
the MAD score is more sensitive than specific; characteristics other
than a 12-lead ECG match are necessary for successful ablation,
including cathetertissue contact, catheter orientation, and tissue
heating. MAD scores higher than 12%, and certainly higher than
15% (100% negative predictive value), suggest sufficient dissimi-
larity between the pace map and clinical tachycardia to dissuade
ablation at that site. MAD scores of up to 12% should be considered
an excellent match,and ablation at these sites is warranted if cath-
eter contact and stability are adequate.

S-QRS INTERVAL DURING PACE MAPPING

Ventricular pacing in normal myocardium is associated with an
S-QRS interval shorter than 20 milliseconds. On the other hand, an
S-QRS interval longer than 40 milliseconds is consistent with slow
conduction from the pacing site and is typically associated with
abnormal fractionated electrograms recorded from that site. Thus,
pace mapping can provide a measure of slow conduction, as indi-
cated by the S-QRS interval.For post-MI VTs, at sites at which the reen-
trant wavefront exits the scar, pace mapping is expected to produce
a QRS configuration similar to that of the VT. Pace mapping at sites
more proximally located in the isthmus should also produce a simi-
lar QRS complex, but with a longer S-QRS interval. The S-QRS interval
lengthens progressively as the pacing site is moved along the isthmus,
a finding consistent with pacing progressively farther from the exit.
Therefore, parts of VT reentry circuit isthmuses can be traced during
NSR by combining both the QRS morphology and the S-QRS delay
from pace mapping in anatomical maps.This works well when pac-
ing is performed during tachycardia, at which time wavefront propa-
gation is constrained in one direction through a corridor bounded by
barriers that can be anatomically or functionally determined. How-
ever, pace mapping at the same sites during sinus rhythm can yield
different results because the barriers may not exist then, the prefer
ential direction of propagation may not be the same as during tachy-
cardia, or both. This is especially true for pacing at circuit entrance
sites (Fig.5-23).1t is likely that pacing sites with long S-QRS delays are
in an isthmus adjacent to regions of conduction block. However, this
isthmus can be part of the reentrant circuit or a bystander.

Mapping Procedure

Initially, the exact morphology of the tachycardia complex should
be determined and used as a template for pace mapping. For VT,
QRS morphology during the tachycardia should be inspected in
all 12 surface ECG leads. For AT, determining the morphology of
the P wave during the tachycardia can be challenging, and proper
interpretation of discrete changes in P wave shape is limited by
its low voltage and distortion or masking by the preceding ST
segment and T wave. Therefore, the P wave during AT should be
assessed using multiple ECG leads, in addition to the intracardiac

electrogram activation sequence. Delivery of a vesicular extra-
stimulus (or a train of ventricular pacing) to advance ventricular
activation and repolarization can allow careful distinction of the
P wave onset and morphology. Using multiple intraatrial catheters
(e.g.,Halo and CS catheters) can provide more intracardiac atrial
electrograms that are useful for comparing the paced and tachy-
cardia atrial activation sequence.?

Pace mapping during tachycardia (at a pacing CL 20 to 40 mil-
liseconds shorter than the tachycardia CL) is preferable whenever
possible, because it facilitates rapid comparison of tachycardia
and paced complexes at the end of the pacing train in a simultane-
ously displayed 12-lead ECG. If sustained tachycardia cannot be
induced, mapping is performed during spontaneous nonsustained
runs or ectopic beats. In this setting, the pacing CL and coupling
intervals of the extrastimuli should match those of spontaneous
ectopy. For atrial pace mapping, it is unclear whether the conduc-
tion pattern of an atrial stimulus depends on the pacing CL; in fact,
some have suggested that it is not mandatory to pace exactly at the
same tachycardia CL to reproduce a similar atrial sequence.

Pace mapping is preferably performed with unipolar stimuli
(10 mA, 2 milliseconds) from the distal electrode of the mapping
catheter (cathode) and an electrode in the inferior vena cava
(anode), or with closely spaced bipolar pacing at twice diastolic
threshold to eliminate farfield stimulation effects.

The resulting 12-lead ECG morphology is compared with that of
the tachycardia. ECG recordings should be reviewed at the same
gain and filter settings and at a papersweep speed of 100 mm/sec.
It is often helpful to display all 12 ECG leads side by side in review
windows on screen, as well as a printout of regular 12-lead ECGs
for side-by-side comparison on paper. The greater is the degree of
concordance between the morphology during pacing and tachy-
cardia, the closer the catheter will be to the site of origin of the
tachycardia. Concordance occurring in 12 of 12 leads on the sur-
face ECG is indicative of the site of origin of the tachycardia.

For mapping macroreentrant VT circuits, evaluation of the S-QRS
interval, the interval from the pacing stimulus to the onset of the
earliest QRS on the 12-lead ECG,; is of value.The reentry circuit exit,
which is more likely to be at the border of the infarct and close to the
normal myocardium, often has a short S-QRS interval during pace
mapping during NSR even though it is a desirable target for ablation.
A delay between the pacing stimulus and QRS onset is consistent
with slow conduction away from the pacing site; this can indicate
a greater likelihood that the pacing site is in a reentry circuit. This
method can be useful for initially screening sites during NSR.

Clinical Implications

Pace mapping is typically used to confirm the results of activation
mapping. It can be of great help,especially when the tachycardia is
difficult to induce.The highest benefit of pace mapping has been
found in focal tachycardias, especially in idiopathic VT.13

For macroreentrant VT, pace mapping remains at best a corrobo-
rative method of localizing the isthmus critical to the reentrant cir
cuit.It can be used to focus initial mapping efforts to regions likely
to contain the reentrant circuit exit or abnormal conduction, but
it may not be sufficiently specific or sensitive to be the sole guide
for ablation. Pace mapping can also be used in conjunction with
substrate mapping when other mapping techniques are not fea-
sible, so that it can provide information on where ablation can be
directed.Pace mapping has advantages over activation mapping in
that induction of VT is not required; thus, it allows identification of
the site of origin when the induced VT is poorly tolerated or when
VT is not inducible by EP techniques but the QRS morphology
from a prior 12-lead ECG during VT is available.*

Limitations

An optimal spatial pace mapping resolution requires a short maxi-
mum distance between two points generating a similar ECG con-
figuration. Usually, the spatial resolution of unipolar stimulation is
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FIGURE 5-23 Pacing to verify ablation sites in reentrant ventricular tachycardia (VT). A, Five ECG leads of VT are shown with a figure-of-8 circuit with propagation of
the reentrant wavefront (arrows); the protected diastolic corridor is also shown (short straight arrow). B, Pacing is performed during VT from a site near the entrance
to the diastolic corridor (asterisk); the impulse must traverse a significant slow conduction zone before exiting to generate a QRS complex, resulting in a long S-QRS as
shown. C, Pacing is performed at the same site as in B, but during sinus rhythm; the impulse exits in the opposite direction from B because it takes less time to propa-
gate in this direction (short S-QRS). The resulting QRS complex is completely different, despite pacing at the same site. D, Pacing is performed during sinus rhythm
from a site closer to the exit of the diastolic corridor. The QRS is the same as VT because the path taken is the same as in VT, and the S-QRS is short. NSR = normal sinus

rhythm; RV = right ventricle.

5 mm or less. Spatial resolution deteriorates with wide electrodes,
bipolar stimulation, and pacing at pathological areas. Spatial reso-
lution worsens with bipolar stimulation by inducing electrical cap-
ture at both electrodes with variable contribution of the proximal
electrode (generally anode) to depolarization. Such changes in
paced ECG morphology that are potentially induced by bipolar
pacing can be minimized by low pacing outputs and a small inter
electrode distance (5 mm or less).

It is important to understand that morphology of single paced
complexes can vary, depending on the coupling interval, and the
paced complex morphology during overdrive pacing is affected
by the pacing CL.Therefore, the coupling interval or CL of the tem-
plate arrhythmia should be matched during pace mapping, espe-
cially during mapping of VTs. Similarly,spontaneous couplets from
the same focus can have slight variations in QRS morphology that
must be considered when seeking a pace match.

Pace mapping during post-MI VT has several other limitations.
Some areas of conduction block are not anatomically determined
but can be functional. Therefore, pacing within the diastolic cor
ridor of the VT circuit during NSR can generate a completely differ-
ent QRS complex from that of the VT (see Fig. 5-23). Consequently,
during pace mapping, a QRS configuration different from VT does

not reliably indicate that the pacing site is distant from the reentry
circuit. On the other hand, pacing during NSR from sites attached
to the reentrant circuit but not part of the circuit can occasionally
produce a QRS morphology identical to that of the VT.The reason
is that the stimulated wavefront can be physiologically forced to
follow the same route of activation as the VT as long as pacing is
carried out between the entrance and exit of the protected isth-
mus. At best, a pace map that matches the VT would identify only
the exit site to the normal myocardium, and this site can be distant
from the critical sites of the circuit required for ablation.
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Conventional radiofrequency (RF) ablation has revolutionized
the treatment of many supraventricular tachycardias (SVTs) as
well as ventricular tachycardias (VTs). Success in stable arrhyth-
mias with predictable anatomical locations or characteristics
identifying endocardial electrograms,such as idiopathic VT, atrio-
ventricular nodal reentrant tachycardia (AVNRT), atrioventricu-
lar reentrant tachycardia (AVRT), or typical atrial flutter (AFL),
has approached 90% to 99%. However, as interest has turned to a
broad array of more complex arrhythmias, including some atrial
tachycardias (ATs), many forms of intraatrial reentry, most VTs,
and atrial fibrillation (AF),ablation of such arrhythmias continues
to pose a major challenge. This stems in part from the limitations
of fluoroscopy and conventional catheter-based mapping tech-
niques to localize arrhythmogenic substrates that are removed
from fluoroscopic landmarks and the lack of characteristic elec-
trographic patterns.

Newer mapping systems have transformed the clinical elec-
trophysiology (EP) laboratory, have enabled physicians to
overcome some of the limitations of conventional mapping,
and have offered new insights into arrhythmia mechanisms.
These newer systems are aimed at improving the resolution,
three-dimensional (3-D) spatial localization, and rapidity of
acquisition of cardiac activation maps.These systems use novel
approaches to determine the 3-D location of the mapping
catheter accurately, and local electrograms are acquired using
conventional, well-established methods. Recorded data of the
catheter location and associated intracardiac electrogram at
that location are used to reconstruct in real time a representa-
tion of the 3-D geometry of the chamber, color-coded with rel-
evant EP information.

The application of these various techniques for mapping of
specific arrhythmias is described elsewhere in this text, as are
the details of the diagnosis, mapping, and treatment of specific
arrhythmias.
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Basket Catheter Mapping

Fundamental Concepts

The basket catheter mapping system consists of a basket catheter
(Constellation, EPT,Inkster,Mich.),a conventional ablation catheter,
the Astronomer (Boston Scientific, Natick, Mass.), and a mapping
system.

The basket catheter consists of an open-lumen catheter shaft
with a collapsible, basket-shaped, distal end. Currently, baskets are
composed of 64 platinum-iridium ring electrodes mounted on eight
equidistant, flexible, self-expanding nitinol splines (metallic arms;
see Fig.4-4). Each spline contains eight 1.5-mm electrodes equally
spaced at 4 or 5 mm apart, depending on the size of the basket
catheter used.Each spline is identified by a letter (from A to H) and
each electrode by a number (distal 1 to proximal 8). The basket
catheter is constructed of a superelastic material to allow passive
deployment of the array catheter and optimize endocardial contact.
The size of the basket catheter used depends on the dimensions of
the chamber to be mapped, and it requires antecedent evaluation
(usually by echocardiogram) to ensure proper size selection.

The Astronomer is used for navigation with the ablation-
mapping catheter inside the basket catheter. This system consists
of a switching-locating device and a laptop computer with pro-
prietary software. The device and the laptop communicate on a
standard RS-232 interface.The device delivers AC current (32 kHz,
320 mA) between the ablation catheter tip electrode and a refer
ence electrode (skin patch), and the resulting electrical poten-
tials are sensed at each basket catheter electrode. On the basis of
the sensed voltages at each of the basket catheter electrodes, the
Astronomer device determines whether the roving electrode is in
close proximity to a basket catheter electrode and lights the cor
responding electrodes on a representation of the basket catheter
displayed on the laptop.
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Ha
ner FIGURE 6-1 Basket catheter mapping during focal
He atrial tachycardia (AT). A, Simultaneous recordings of
the surface ECG leads | and aVF and 56 bipolar elec-
A trograms from the basket catheter in a patient with
focal AT. The first beat is a sinus beat. The next three
1/2 beats are tachycardia beats. His bundle (H) poten-
/3 tial is recorded in electrode pairs F2/3 and F3/4. The
F earliest spot of activation during sinus rhythm (SR)
E b C a4 -100 and AT is shown (asterisks). Spline A was located in
4/5 -95 the anterolateral right atrium (RA), splines B and C
- 3(5) in the lateral region, splines D and E in the posterior
5/6 - 80 region, and splines G and H across the tricuspid valve.
6/7 :;g The activation times are marked with red bars. B,
7/8 —65 Upper panel, Animated map of the SR beats. Lower
- g(s) panel, Animated map of the AT beats. Planar and
ABCDEFGH _50 threg—dimensional opﬁions are shown. During §R,
—-45 the impulse emerged in the high lateral area (spline
1/2 - gg B1-2) and propagated rapidly down the lateral wall.
F D 2/3 -30 The complete activation of the RA took 85 millisec-
E - %g onds. During focal AT, the earliest activity emerged
3/4 -15 in the midposterior wall (spline E4-5). The activation
4/5 -10 sequence of the RA was entirely different from that of
5/6 - 8 SR.The complete activation of the RA took 95 millisec-
onds. CL = cycle length. (From Zrenner B, Ndrepepa G,
6/7 Schneider M, et al: Computer-assisted animation of atrial
B 7/8 tachyarrhythmias recorded with a 64-electrode basket

The mapping system consists of an acquisition module con-
nected to a computer, which is capable of simultaneously
processing bipolar electrograms from the basket catheter, 16
bipolar-unipolar electrogram signals,a 12-lead ECG,and a pressure
signal. Color-coded activation maps are reconstructed on-line.The
colorcoded animation images simplify the analysis of multielec-
trode recordings and help establish the relation between activa-
tion patterns and anatomical structures (Fig.6-1).The electrograms
and activation maps are displayed on a computer monitor,and the
acquired signals can be stored on optical disk for off-line analysis.
Activation marks are generated automatically with a peak or slope
(dV/dt) algorithm, and activation times are then edited manually
as needed.

Mapping Procedure

The size of the cardiac chamber of interest is initially evaluated,
usually with echocardiography, to help select the appropriate size
of the basket catheter. The collapsed basket catheter is advanced

catheter. ] Am Coll Cardiol 34:2051,1999.)

under fluoroscopic guidance through a long sheath into the
chamber of interest; the catheter is then expanded (Fig. 6-2). Elec-
trical-anatomical relations are determined by fluoroscopically
identifiable markers (spline A has one marker and spline B has
two markers located near the shaft of the basket catheter) and by
the electrical signals recorded from certain electrodes (e.g., ven-
tricular,atrial, or His bundle electrograms),which can help identify
the location of those particular splines.

From the 64 electrodes, 64 unipolar signals and 32 to 56 bipolar
signals can be recorded (by combining electrodes 1-2, 34, 5-6, 7-8,
or 1-2,2-3 until 7-8 electrodes are on each spline).Color-coded acti-
vation maps can be reconstructed (see Fig. 6-1). The concepts of
activation mapping discussed earlier are then used to determine
the site of origin of the tachycardia.

The Astronomer navigation system permits precise and repro-
ducible guidance of the ablation catheter tip electrode to targets
identified by the basket catheter. Without the use of this navigation
system, it is often difficult to identify the alphabetical order of the
splines by fluoroscopic guidance.



FIGURE 6-2 Fluoroscopic appearance of the basket catheter in the right atrium
(right anterior oblique view). Note the radiopaque electrodes on the splines of
the basket catheter. CS = coronary sinus.

The electrograms recorded from the basket catheter can be
used to monitor changes in the activation sequence in real time
and thereby indicate the effects of ablation as lesions are created.
The capacity of pacing from most basket electrodes allows the
evaluation of activation patterns, pace mapping, and entrainment

mapping.

Clinical Implications

The multielectrode endocardial mapping system allows simultane-
ous recording of electrical activation from multiple sites and fast
reconstruction of endocardial activation maps. This can limit the
time endured in tachycardia compared with single point mapping
techniques without the insertion of multiple electrodes. It also
facilitates endocardial mapping of hemodynamically unstable or
nonsustained tachycardias.Importantly, the recording of only a sin-
gle beat can be sufficient to enable analysis of the arrhythmogenic
substrate.

Endocardial mapping with a multielectrode basket catheter has
been shown to be feasible and safe for various arrhythmias,includ-
ing AT, AFL,VT,and pulmonary vein (PV) isolation. However,in view
of more advanced mapping systems, and because of significant
limitations of the current basket catheters, its use has been limited.

Limitations

Because of its poor spatial resolution, the basket catheter in its cur-
rent iteration has demonstrated only limited clinical usefulness
for guiding ablation of reentrant atrial or ventricular arrhythmias.
The relatively large interelectrode spacing in available catheters
prevents high-resolution reconstruction of the tachycardia and is
generally not sufficient for a catheterbased ablation procedure,
given the small size and precise localization associated with RF
lesions.In addition, the quality of recordings is critically dependent
on proper selection of the basket size. Resolution is limited to the
proportion of electrodes in contact with the endocardium and
by unequal deployment and spacing of the splines. Unfortunately,
the electrode array does not expand to provide adequate contact
with the entire cardiac chamber;therefore, good electrode contact
at all sites on the endocardium is difficult to ensure because of

irregularities in the cardiac chamber surface, so that areas cru-
cial to arrhythmia circuit or focus may not be recorded. Moreover,
regions such as the right atrial (RA) and left atrial (LA) append-
ages and cavotricuspid isthmus are incompletely covered by the
basket catheter. As a result, arrhythmia substrates involving these
structures are not recorded by the basket catheter.

Voltage, duration, and late potential maps are not provided by
this mapping approach.Additionally,basket catheter mapping does
not permit immediate correlation of activation times to precise
anatomical sites, and a second mapping-ablation catheter is still
required to be manipulated to the site identified for more precise
mapping and localization of the target for ablation,as well as for RF
energy delivery. Basket catheters also have limited torque capabili-
ties and limited maneuverability which hamper correct placement,
and they can abrade the endocardium.

Carbonizations occasionally observed after ablation on the
splines of the basket catheter can potentially cause embolism. Car-
bonizations, which appear as dark material attached to the basket
catheter electrodes or splines, are thought to be caused by the con-
centration of RF energy on the thin splines that results in very high
local temperatures that induce denaturization of proteins. Carbon-
ization can be greatly diminished with the use of an irrigated tip
catheter,as opposed to conventional ablation catheters.

HIGH-DENSITY MAPPING CATHETER

One study evaluated a mapping approach for AT that uses a novel
high-density multielectrode mapping catheter (PentaRay, Biosense
Webster,Inc., Diamond Bar, Calif.).! This 7 Fr steerable catheter (180
degrees of unidirectional flexion) has 20 electrodes distributed
over 5 soft, radiating spines (1-mm electrodes separated by 4-4-4
or 2-6-2 mm interelectrode spacing), thus allowing splaying of the
catheter to cover a surface diameter of 3.5 cm. The spines have
been given alphabetical nomenclature (A to E),and spines A and
B are recognized by radiopaque markers (Fig.6-3).!

Localization of the atrial focus can be performed during tachy-
cardia or atrial ectopy.! Guided by the ECG appearance, the cath-
eter is sequentially applied to the endocardial surface in various
atrial regions to allow rapid activation mapping. By identifying the
earliest site of activation around the circumference of the high-
density catheter,vector mapping is performed, moving the catheter
and applying it to the endocardium in the direction of earliest
activation (outer bipoles) to identify the tachycardia origin and
bracket activation (i.e., demonstrating later activation in all sur
rounding regions).

The high-density mapping catheter can offer several potential
advantages.! In contrast to the basket catheter, which provides a
global density of mapping but limited localized resolution, the
high-density mapping catheter allows splaying of the spines against
the endocardial surface to achieve high-density contact mapping
and better localized resolution.!

EnSite Noncontact Mapping System

Fundamental Concepts

The noncontact mapping system (EnSite 3000, St. Jude Medical,
Inc., St. Paul, Minn.) consists of a cathetermounted multielectrode
array (MEA), which serves as the probe,a custom-designed ampli-
fier system, a computer workstation used to display 3-D maps of
cardiac electrical activity, and a conventional ablation catheter23
The MEA catheter consists of a 7.5-mL ellipsoid balloon
mounted on a 9 Fr catheter around which is woven a braid of 64
insulated 0.003-mm-diameter wires (Fig.6-4).Each wire has a 0.025-
mm break in insulation that serves as a noncontact unipolar elec-
trode.? The system acquires more than 3000 noncontact unipolar
electrograms from all points in the chamber simultaneously. The
unipolar signals are recorded using a ring electrode located on
the shaft of the array catheter as a reference. The raw farfield EP
data acquired by the array catheter are fed into a multichannel
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FIGURE 6-3 The high-density mapping catheter. A, Picture and a fluoroscopic
image of the high-density mapping catheter. Below each figure is a schematic
representation indicating the orientation of the catheter spines. Note that the
marker band on spine A is between electrodes 1 and 2, and on spine B it is
between electrodes 2 and 3. B, Vector mapping using the high-density map-
ping catheter to identify the earliest site of activation of focal atrial tachycar-
dia. Shown is the catheter in four distinct locations within the left atrium (LA).
Mapping is commenced along the inferior LA, where the earliest activation is
54 milliseconds ahead of the coronary sinus (CS). The catheter is moved in the
direction of the spine demonstrating the earliest activation (spine D). In the
midposterior LA, activation precedes the coronary sinus (CS) by 62 milliseconds.
Again, the catheter is moved in the earliest direction (spine D) to a more cranial
location on the LA roof. At this site, activation precedes the CS by 75 millisec-
onds. At this site, spine B, which is slightly anterior, is the earliest. Moving the
catheter in the direction of spine B to the anterosuperior LA demonstrates the
site with the earliest endocardial activation (90 milliseconds ahead of the CS,
which was 40 milliseconds ahead of the P wave). (From Sanders P Hocini M, Jais P
et al: Characterization of focal atrial tachycardia using high-density mapping, J Am
Coll Cardiol. 46:2088, 2005.)

recorder and amplifier system that also has 16 channels for con-
ventional contact catheters, 12 channels for the surface ECG, and
pressure channels. Using data from the 64-electrode array catheter
suspended in the heart chamber,the computer uses sophisticated
algorithms to compute an inverse solution to determine the activa-
tion sequence on the endocardial surface.

The EnSite 3000 mapping system is based on the premise that
endocardial activation creates a chamber voltage field that obeys
the Laplace’s equation. Therefore, when one 3-D surface of known
geometry is placed within another of known geometry; if the elec-
trical potential on one surface is known, the potential on the other
can be calculated.? Because the geometry of the balloon cath-
eter is known, and the geometry of the cardiac chamber can be
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FIGURE 6-4 The multielectrode array for noncontact endocardial mapping.

reconstructed during the procedure (see later), endocardial sur
face potential can then be determined once the potentials over
the balloon catheter are recorded. Using this concept, the raw far
field EP data acquired by the array catheter, which are generally
lower in amplitude and frequency than the source potential of
the endocardium itself and therefore have limited usefulness, are
mathematically enhanced and resolved.The solution to the inverse
Laplace’s equation using the boundary element method predicts
how a remotely detected signal by the MEA would have appeared
at its source, the endocardial surface, so that electrograms are
reconstructed at endocardial sites in the absence of physical elec-
trode contact at those locations (virtual electrograms). Once the
potential field has been established, more than 3000 activation
points can be displayed as computed electrograms or as isopo-
tential maps.The activation time at each endocardial site is deter
mined by taking the time instant with maximum negative time
derivative (—dV/dt) on the electrogram.

The system can locate any conventional mapping-ablation cath-
eter in space with respect to the array catheter (and thus with
respect to the cardiac chamber being mapped).? A low-current
(5.68 kHz) locator signal is passed between the contact catheter
electrode being located and reference electrodes on the non-
contact MEA. This creates a potential gradient across the array
electrodes, which is then used to position the source. This loca-
tor system is also used to construct the 3-D computer model of
the endocardium (virtual endocardium) that is required for the
reconstruction of endocardial electrograms and isopotential maps.
This model is acquired by moving a conventional contact catheter
around the endocardial surface of the cardiac chamber; the sys-
tem collects the location information, thus building up a series of
coordinates for the endocardium and generating a patient-specific,
anatomically contoured model of its geometry During geometry
creation,only the most distant points visited by the roving catheter
are recorded to ignore those detected when the catheter is not in
contact with the endocardial wall.

Using mathematical techniques to process potentials recorded
from the array, the system is able to reconstruct more than 3000
unipolar electrograms simultaneously and superimpose them
onto the virtual endocardium, thus producing isopotential maps
with a color range representing voltage amplitudes. Additionally,
the locator signal can be used to display and track the position of
any catheter on the endocardial model (virtual endocardium) and
allows marking of anatomical locations identified using fluoros-
copy and electrographic characteristics. During catheter ablation
procedures, the locator system is used in real time to navigate the
ablation catheter to sites of interest identified from the isopotential
color maps, catalog the position of RF energy applications on the
virtual endocardium, and facilitate revisitation of sites of interest
by the ablation catheter.



FIGURE 6-5 Fluoroscopic views of noncon-
tact mapping catheter (EnSite, St. Jude Medical,
Inc., St. Paul, Minn.) situated in the left ventricle
(LV). CS = coronary sinus; ICD = implantable
cardioverter-defibrillator; LAO = left anterior
oblique; RAO = right anterior oblique; RVA =
right ventricular apex.

In addition, the most recent version of the EnSite software pro-
vides the capability of point-to-point contact mapping, to allow the
creation of activation and voltage maps by acquiring serial con-
tact electrograms and displaying them on the virtual endocardium
(see later).This is useful for adding detail,familiarity,and validation
of the information obtained by the noncontact method.?

Mapping Procedure

The EnSite 3000 system requires placing a 9 Fr MEA and a
mapping-ablation catheter.? To create a map, the balloon catheter
is advanced over a 0.035-inch guidewire under fluoroscopic guid-
ance into the cardiac chamber of interest. For RA arrhythmias, the
guidewire is advanced into the SVC and the balloon is deployed
in the upper third of the RA for tachycardia originating in the SVC,
in the middle third for ectopic AT,and in the lower third for typical
AFL. For LA arrhythmias, the guidewire is advanced into the left
superior PV, and the balloon is deployed in the middle of the LA.
For right ventricular (RV) arrhythmias, the guidewire is advanced
into the pulmonary artery, and the balloon is deployed close to
the RV outflow tract (RVOT) or in the middle of the RV. The bal-
loon can be filled with contrast dye, thus permitting it to be visu-
alized fluoroscopically (Fig. 6-5).The balloon is positioned in the
center of the cardiac chamber of interest and does not come in
contact with the walls of the chamber being mapped. In addition,
the position of the array in the chamber must be secured to avoid
significant movement that would invalidate the electrical and ana-
tomical information. The array must be positioned as closely as
possible (and in direct line of sight through the blood pool) to the
endocardial surface being mapped, because the accuracy of the
map is sensitive to the distance between the center of the balloon
and the endocardium being mapped.245

During the use of this mapping modality, systemic anticoagula-
tion is critical to avoid thromboembolic complications. Intrave-
nous heparin is usually given to maintain the activated clotting
time longer than 250 seconds for right-sided and longer than 300
seconds for left-sided mapping.

A conventional (roving) deflectable mapping catheter is also
positioned in the chamber being mapped and used to collect
geometry information. The mapping catheter is initially moved to
known anatomical locations, which are tagged. A detailed geom-
etry of the chamber is then reconstructed by moving the mapping
catheter and tracing the contour of the endocardium (using the
locator technology).To create detailed geometry;attempts must be
made to make contact with as much endocardium as possible.This
requires maneuvering on all sides of the array, which can be chal-
lenging and can require decreasing the profile of the balloon by
withdrawing a few milliliters of fluid.This results in the rapid forma-
tion of a relatively accurate 3-D geometric model of the cardiac

chamber. Creation of chamber geometry can be performed during
sinus rhythm or tachycardia.2*

Once the chamber geometry has been delineated, tachycardia
is induced and mapping is started. The data acquisition process is
performed automatically by the system, and all data for the entire
chamber are acquired simultaneously. Following this, the segment
must be analyzed by the operator to find the early activation dur
ing the tachycardia (Fig. 6-6).

The noncontact mapping system is capable of simultaneously
reconstructing more than 3360 unipolar electrograms over the
virtual endocardium. From these electrograms, isopotential or
isochronal maps can be reconstructed (see Fig. 6-6). Because of
the high density of data, color-coded isopotential maps are used
to depict graphically regions that are depolarized, and wavefront
propagation is displayed as a user-controlled 3-D “movie” (Videos
8 and 9).The color range represents voltage or timing of onset.The
highest chamber voltage is at the site of origin of the electrical
impulse.Although the electrode closest to the origin of the impulse
is influenced the most, all the electrodes on the array catheter are
influenced, the degree of influence diminishing with the distance
between the electrode and each endocardial point.

In addition, the system can simultaneously display as many as
32 electrograms as waveforms (see Fig. 6-6). Unipolar or bipolar
electrograms (virtual electrograms) can be selected at any given
interval of the tachycardia cycle by using the mouse from any part
of the created geometry and displayed as waveforms as if from
point, array, or plaque electrodes. The reconstructed electrograms
are subject to the same electrical principles as contact catheter
electrograms, because they contain farfield electrical informa-
tion from the surrounding endocardium, as well as the underlying
myocardium signal vector, and distance from measurement may
affect the contribution to the electrogram.These selected unipolar
waveforms are used to augment information obtained from the 3-D
map by demonstrating the slope of depolarization, the presence of
double potentials or fractionation, and differentiation of farfield
signals from more relevant endocardial activation.*

In the unipolar electrogram, signals associated with high con-
duction velocity (e.g., the His-Purkinje system) possess a greater
slope (—dV/dt), and thus are characterized by high-frequency
spectral components (more than 32 Hz). Electrograms recorded
in normally conducting atrial or ventricular myocardium possess
spectral components in the midrange from 4 Hz to 16 Hz, whereas
electrograms in regions of slow conduction are composed of lower
frequency spectral components from 1 Hz to 4 Hz. Thus, the high-
pass filter must be adjusted between 1 Hz and 32 Hz, helping to
modulate the extent to which low-frequency signals are visible on
the 3-D display. Identification of true local activation and its differ-
entiation from the farfield signals are essential to successful utiliza-
tion of noncontact mapping.The true local activation always shows

115

N
asi

a

i\ SHILITVAOW NOILLVOIAVN ANV DONIddVIN AdONVAAY



116

1ECQI @Y
2[E0@ aVF (59)
8EC@VI B8)
4BOBY: Ablailion d (55)
5 BOBR: Ableilon p (65)
6 Virwel @)
7Virwe (@6)
®Virel @e)

O Vil (@e)

10 Vil ()

advancement of isopotential lines, but far-field signals would show
retraction of isopotential lines on the 3-D display when the whole
electrograms are traced.

Substrate mapping based on scar or diseased tissue has been
introduced to the noncontact mapping technology. High-density
voltage mapping of the atrial substrate is performed using the peak
negative voltage of the reconstructed unipolar electrograms. Areas
with slow conduction are identified along the reentrant circuit of
the atypical AFL. An atrial substrate characterized by an abnor
mally low peak negative voltage can potentially predict areas
with slow conduction during macroreentrant tachycardias, which
would provide a substrate for reentry.

Clinical Implications

The MEA has been successfully deployed in all four cardiac cham-
bers by using a transvenous, transseptal, or retrograde transaortic
approach to map atrial and ventricular tachyarrhythmias.

The biggest advantage of noncontact endocardial mapping is its
ability to recreate the endocardial activation sequence from simul-
taneously acquired multiple data points over a few (theoretically
one) tachycardia beats, without requiring sequential point-to-point
acquisitions,thus obviating the need for prolonged tachycardia epi-
sodes that the patient might tolerate poorly. This technique can be
used to map nonsustained arrhythmias,premature atrial complexes
(PACs), premature ventricular complexes (PVCs), and irregular
rhythms such as AF or polymorphic VT,and rhythms that are not
hemodynamically stable, such as very rapid VT (see Fig. 6-6). The
system generates isopotential maps of the endocardial surface at

FIGURE 6-6 Noncontact mapping
of idiopathic right ventricular outflow
tract (RVOT) tachycardia. A, Right ante-
rior oblique and right lateral views of
color-coded isopotential map of RVOT
activation during a single premature ven-
tricular complex (PVC). B, Surface elec-
trocardiographic (white) and intracardiac
contact (blue) and virtual noncontact
(yellow, Vi, through V,.,) electrograms
are shown during the PVC. Inset, Virtual
electrograms at the site of earliest activa-
tion (note the QS pattern).

successive cross sections of time,and when these are animated, the
spread of the depolarization wave can be visualized. These maps
are particularly useful for identifying rapid breakthrough points
and slowly conducting macroreentrant pathways, such as the criti-
cal slow pathways in ischemic VT or reentrant AT in patients with
surgically corrected congenital heart disease. In macroreentrant
tachycardias such as typical AFL or VT, the reentry circuit can be
fully identifiable, along with other aspects,such as the slowing, nar-
rowing, and splitting of activation wavefronts in the isthmus. The
system can also map multiple cardiac cycles in real time,a method
that discloses changes in the activation sequence from one beat to
the next. Because mapping data are acquired without direct con-
tact of conventional electrode catheters with the endocardium,
the use of noncontact mapping can help avoid the mechanical
induction of ectopic activity that is frequently seen during conven-
tional mapping. An additional advantage of this system is that any
catheter from any manufacturer can be used in conjunction with
this mapping platform. Other useful features include radiation-free
catheter navigation, revisitation of points of interest,and cataloging
ablation points on the 3-D model 2

In complex substrate-related arrhythmias, the use of activation
mapping alone may not be sufficient for rhythm analysis or identi-
fying ablation targets.Substrate mapping based on scar or diseased
tissue is of value in these cases. Although substrate mapping used
to be relatively limited with the noncontact mapping technology
(very low-amplitude signals may not be detected, particularly if the
distance between the center of the balloon catheter and endocar
dial surface exceeds 40 mm), dynamic substrate mapping, which
has been introduced, allows the creation of voltage maps from a



single cardiac cycle (in contrast to the contact mapping system,
in which the mapping catheter is moved point to point over the
endocardial surface). Dynamic substrate mapping also provides
the capability of identifying low-voltage areas, as well as fixed
and functional block, on the virtual endocardium through non-
contact methods, provided that points more than 40 mm from the
electrode array are excluded from analysis. Combining substrate
mapping with the ability of the noncontact system to assess activa-
tion over a broad area from a single beat may facilitate ablation
of hemodynamically unstable or nonsustained macroreentrant
tachycardias.*6.7

Limitations

Because the geometry of the cardiac chamber is contoured at the
beginning of the study during sinus rhythm, changes of the cham-
ber size and contraction pattern during tachycardia or administra-
tion of medications (e.g., isoproterenol) can adversely affect the
accuracy of the location of the endocardial electrograms. More-
over, because isopotential maps are predominantly used, ventricu-
lar repolarization must be distinguished from atrial depolarization
and diastolic activity Early diastole can be challenging to map dur-
ing VT8

The overall accuracy of the reconstructed electrograms
decreases with the distance of the area mapped from the array
catheter, thus creating problems in mapping large cardiac cham-
bers.Virtual electrogram quality deteriorates at a distance of more
than 4 cm from the array catheter and at polar regions. Therefore,
the array must be positioned as closely as possible to the endocar
dial area of interest,and at times it can be necessary to reposition
the array catheter to acquire adequate isopotential maps.

Only data segments up to a maximum of 10 seconds in length
can be stored retroactively by the EnSite system once the record
button has been pushed.Thus,continuous recording and storage of
all segments of an arrhythmia are not possible at the time of evalua-
tion of the arrhythmia maps.Therefore,some isolated PACs or PVCs
that can be of interest during evaluation and mapping could be
missed.In addition,the acquired geometry with the current version
of software is somewhat distorted, requiring multiple set points to
establish the origin and shape of complicated structures such as
the LA appendage or PVs clearly. Otherwise, these structures can
be lost in the interpolation among several neighboring points. In
addition, synchronized mapping of multiple chambers requires
multiple systems. Importantly, maps are highly sensitive to changes
in filtering frequencies used in postprocessing analysis.

Sometimes it is difficult to manipulate the ablation catheter
around the outside of the balloon, especially during mapping in
the LA.Special attention and care also are necessary during place-
ment of the large balloon electrode in a relatively small cardiac
chamber. Another disadvantage is that the balloon catheter can-
not be moved after completion of geometry creation because it
will change the activation localization and result in distortion of
isopotential maps.®

Although the risk of complications is low, aggressive anticoagu-
lation measures because of balloon deployment in the cardiac
chamber expose patients to potential bleeding complications.

CARTO Electroanatomical Mapping
System

Fundamental Concepts

The CARTO mapping system (Biosense Webster, Inc.) consists of an
ultralow magnetic field emitter,a magnetic field generator locator
pad (placed beneath the operating table), an external reference
patch (fixed on the patient’s back), a deflectable 7 Fr quadripo-
lar mapping-ablation catheter with a 4- or 8mm tip and proximal
2-mm ring electrodes,location sensors inside the mapping-ablation
catheter tip (the three location sensors are located orthogonally to
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FIGURE 6-7 CARTO (Biosense Webster, Inc,, Diamond Bar, Calif.) electroana-
tomical map setup. The three hemispheres represent fields from three different
electromagnets situated beneath the patient. The catheter tip contains an ele-
ment that is sensed by these fields, and this triangulating information is used to
monitor the location and orientation of the catheter tip in the heart.

each other and lie just proximal to the tip electrode,totally embed-
ded within the catheter), a reference catheter (placed intracardi-
ally),a data processing unit,and a graphic display unit to generate
the electroanatomical model of the chamber being mapped.

CARTO is a nonfluoroscopic mapping system that uses a spe-
cial catheter to generate 3-D electroanatomical maps of the heart
chambers.This system uses magnetic technology to determine the
location and orientation of the mapping-ablation catheter accu-
rately while simultaneously recording local electrograms from the
catheter tip. By sampling electrical and spatial information from
different endocardial sites, the 3-D geometry of the mapped cham-
ber is reconstructed in real time and analyzed to assess the mecha-
nism of arrhythmia and the appropriate site for ablation.?

Electroanatomical mapping is based on the premise that a
metal coil generates an electrical current when it is placed in
a magnetic field. The magnitude of the current depends on the
strength of the magnetic field and the orientation of the coil in it.
The CARTO mapping system uses a triangulation algorithm simi-
lar to that used by a global positioning system (GPS).The mag-
netic field emitter, mounted under the operating table, consists of
three coils that generate a low-intensity magnetic field, approxi-
mately 0.05 to 0.2 gauss, which is a very small fraction of the mag-
netic field intensity inside a magnetic resonance imaging (MRI)
machine (Fig.6-7).

The sensor embedded proximal to the tip of a specialized map-
ping catheter detects the intensity of the magnetic field generated
by each coil and allows for determination of its distance from each
coil. These distances determine the area of theoretical spheres
around each coil,and the intersection of these three spheres deter
mines the location of the tip of the catheter. The accuracy of deter-
mination of the location is highest in the center of the magnetic
field; therefore, it is important to position the location pad under
the patient’s chest. In addition to the x,y,and z coordinates of the
catheter tip, the CARTO system can determine three orientation
determinants—roll, yaw, and pitch—for the electrode at the cath-
eter tip.The position and orientation of the catheter tip can be seen
on the screen and monitored in real time as the catheter moves
within the electroanatomical model of the chamber mapped.The
catheter icon has four color bars (green, red, yellow, and blue),
enabling the operator to view the catheter as it turns clockwise
or counterclockwise. In addition, because the catheter always
deflects in the same direction, each catheter will always deflect
toward a single color. Hence, to deflect the catheter to a specific
wall, the operator should first turn the catheter so that this color
faces the desired wall.2

The unipolar and bipolar electrograms recorded by the map-
ping catheter at each endocardial site are archived within that
positional context. Using this approach, local tissue activation at
each successive recording site produces activation maps within
the framework of the acquired surrogate geometry.
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When mapping the heart, the system can deal with four types of
motion artifacts: cardiac motion (the heart is in constant motion;
thus the location of the mapping catheter changes throughout the
cardiac cycle), respiratory motion (intrathoracic change in the
position of the heart during the respiratory cycle), patient motion,
and system motion.Several steps are taken by the CARTO mapping
system to compensate for these possible motion artifacts and to
ensure that the initial map coordinates are appropriate, including
using a reference electrogram and an anatomical reference.

ELECTRICAL REFERENCE

The electrical reference is the fiducial marker on which the entire
mapping procedure is based. The timing of the fiducial point is
used to determine the activation timing in the mapping catheter
in relation to the acquired points and to ensure collection of data
during the same part of the cardiac cycle. It is therefore vital to
the performance of the system.All the local activation timing infor
mation recorded by the mapping catheter at different anatomical
locations during mapping (displayed on the completed 3-D map)
is relative to this fiducial point, with the acquisition gated so that
each point is acquired during the same part of the cardiac electri-
cal signal (Video 10).1t is important that the rhythm being mapped
is monomorphic and the fiducial point is reproducible at each
sampled site. The fiducial point is defined by the user by assigning
a reference channel and an annotation criterion.The system has a
great deal of flexibility in terms of choosing the reference electro-
gram and gating locations. Any surface ECG lead or intracardiac
electrogram in bipolar or unipolar mode can serve as a reference
electrogram. For the purpose of stability when intracardiac electro-
grams are selected, coronary sinus (CS) electrograms are usually
chosen for mapping supraventricular rhythms,and an RV electrode
or a surface ECG lead is commonly chosen as the electrical refer-
ence during mapping ventricular rhythms. Care must be taken to
ensure that automatic sensing of the reference is reproducible and
is not subject to oversensing in the case of annular electrograms
(e.g.,oversensing of a ventricular electrogram on the CS reference
electrode during mapping an atrial rhythm). Any component of
the reference electrogram may be chosen for a timing reference,
including maximum (peak positive) deflection, minimum (peak
negative) deflection, maximum upslope (dV/dt), or maximum
downslope.®10

ANATOMICAL REFERENCE

Once the mapping catheter is placed inside the heart, its location
in relation to the fixed magnetic field sensors placed under the
patient can be determined. However, several of the factors men-
tioned earlier, including a change in the patient’s position during
the procedure, can result in loss of orientation of the structures.
To overcome the effect of motion artifacts, a reference catheter
with a sensor similar to that of the mapping catheter is used. This
reference catheter is fixed in its location inside the heart or on
the body surface. The anatomical reference (location sensor) is
typically placed in an adhesive reference patch secured on the
patient’s back.The fluoroscopic (anteroposterior view) location of
the anatomical reference should be close to the cardiac chamber
being mapped. Movement of the anatomical reference indicates
movement of the patient’s chest, which must be corrected to pre-
vent distortion of the electroanatomical map.

The CARTO mapping system continuously calculates the posi-
tion of the mapping catheter in relation to the anatomical refer
ence, thus solving the problem of any possible motion artifacts. An
intracardiac reference catheter has the advantage of moving with
the patient’s body and with the heart during the phases of respi-
ration. However, the intracardiac reference catheter can change
its position during the course of the procedure, especially during
manipulation of the other catheters. It is therefore better to use
an externally positioned reference patch strapped to the back of
the patient’s chest in the interscapular area. The movement of the

ablation catheter is then tracked relative to the position of this ref-
erence. Should the location reference magnet or patch become
displaced during the procedure, the original location is recorded
by CARTO to allow proper repositioning.

WINDOW OF INTEREST

Defining an electrical window of interest is a crucial aspect in
ensuring the accuracy of the initial map coordinates.The window
of interest is defined as the time interval relative to the fiducial
point during which the local activation time is determined (Fig.
6-8). Within this window, activation is considered early or late rel-
ative to the reference. The total length of the window of interest
should not exceed the tachycardia cycle length (CL; usually 90% of
the tachycardia CL;Videos 11 and 12).The boundaries are set rela-
tive to the reference electrogram. Thus, the window is defined by
two intervals, one extending before the reference electrogram and
the other after it. For macroreentrant circuits, the sensing window
should approximate the tachycardia CL,and designating activation
times in a circuit as early or late is arbitrary In theory,a change in
the window or reference would not change a macroreentrant cir
cuit but only result in a phase shift of the map.If the activation win-
dow spans two adjacent beats of an arrhythmia, the resulting map
can be ambiguous, lack coherency,and give rise to a spurious pat-
tern of adjacent regions of early and late activation (see Fig.6-8).9:10

LOCAL ACTIVATION TIME

Another important concept in CARTO mapping is determination of
the local activation time. Once the reference electrogram,anatomi-
cal reference, and window of interest have been chosen, the map-
ping catheter is moved from point to point along the endocardial
surface of the cardiac chamber being mapped (Fig. 6-9; see Video
10).These points can be acquired in a unipolar or bipolar configu-
ration.These electrograms are analyzed using the principles of acti-
vation mapping discussed in Chapter 5.The local activation time at
each sampled site is calculated as the time interval between the
fiducial point on the reference electrogram and the correspond-
ing local activation determined from the unipolar or bipolar local
electrogram recorded from that site.2

CARTOMERGE

The CARTOMerge Module (Biosense Webster,Inc.) allows for images
from a preacquired computed tomography (CT) angiogram or MRI
scan to be integrated on the electroanatomical image of the cardiac
chamber created with the CARTO system (Fig.6-10).1! CARTOMerge
helps to guide real-time catheter ablation by using the detailed car
diac chamber anatomy acquired from the CT/MRI (see later discus-
sion). These images have also been used in AF catheter ablation
procedures to identify correctly the anatomy and location of the
PVs, as well as other structures such as the esophagus (Video 13).

CARTOSOUND

The CARTOSound Image Integration Module (Biosense Webster,
Inc.) incorporates the electroanatomical map to a map derived
from intracardiac echocardiography (ICE) and allows for 3-D
reconstruction of the cardiac chambers using real-time ICE. Echo-
cardiographic imaging is performed using a 10 Fr phased-array
transducer catheter incorporating a navigation sensor (SoundStar,
Biosense Webster, Inc.) that records individual 90-degree sector
image planes of the cardiac chamber of interest, including their
location and orientation, to the CARTO workspace. A 3-D volume-
rendered image is created by obtaining ECG-gated ICE images of
the endocardial surface of the cardiac chamber of interest (Fig.
6-11). Following optimizing each image by adjusting frequency (5
to 10 MHz) and contrast, the chamber endocardial surfaces are
identified (based on differences in the echo intensity of blood
and tissue), and their contours are traced automatically, and
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FIGURE 6-8 CARTO (Biosense Webster, Inc,
Diamond Bar, Calif) window of interest and
influence on activation map. Top, Activation
maps of macroreentrant typical atrial flutter
(cycle length [CL], 268 milliseconds, with “clock-
wise” rotation around the tricuspid annulus).
Bottom, So-called window of interest for the
atrial flutter. Figures on left half show results of
having the window too wide (spanning more
than one tachycardia cycle); the computer picks
an inappropriately “early” activation time (—365
milliseconds, more than the flutter CL), thus
yielding a map (above) that makes little sense.
When the same site has correct activation time
(=122 milliseconds) assigned by narrowing the

window (lower right), the color activation map . .
clearly reveals peritricuspid reentry. Incorrect window Correct window
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FIGURE 6-9 Screen shot of the CARTO (Bio-
sense Webster, Inc.,, Diamond Bar, Calif) elec-
troanatomical mapping system. A and B, Left
anterior oblique and right anterior oblique
views of the activation maps of a left atrial
tachycardia (AT). C, List of saved mapping
points selected by the operator. D, Selection of
surface ECG leads (V1), reference electrogram
(R1-R2), and local activation (M1-M2) recorded
at the tip of the ablation catheter within the
window of interest. E, Local electrogram ampli-
tude and local activation time relative to the
reference electrogram. Other panels on screen
are various controls and indicators for the
CARTO system.
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overwritten by hand as necessary, using the CARTOSound software.
The software then resolves each contour into a series of discrete
spatial points, with an interpoint spacing of up to 3 millimeters
(closer spacing on curved contours or at angulations).The CARTO
software interpolates these points to create models of the cham-
ber endocardial surface in the CARTO workspace. CARTOSound
allows for detailed real-time visualization of the cardiac chamber
and of its adjacent structures and elimination of chamber defor
mity, which often happens with contact mapping (Video 14).The
CARTOSound volume map of the cardiac chamber may be used as
a stand-alone tool to guide navigation and ablation or as a facilita-
tor of CT/MRI image integration (see later).1213

CARTO3

The CARTO 3 system is the third-generation platform from Biosense
Webster that offers three unique features: Advanced Catheter Loca-
tion Technology, Fast Anatomical Mapping (FAM), and a stream-

lined workflow feature set referred to as Connection of Choice.

Advanced Catheter Location technology is a hybrid technology

FIGURE 6-10 Integration of CT and electroana-
tomical mapping data. Right anterior oblique
(RAO) and left anterior oblique (LAO) views of
the electroanatomical contour acquired with
catheter manipulation in the left atrium (LA)
during atrial fibrillation ablation are shown over-
laid on a CT image of the LA acquired several
days earlier. Small red circles are tagged sites
at which radiofrequency energy was applied
to isolate the pulmonary vein (PV) antra. MA =
mitral annulus.

1.32¢cm

MA

FIGURE 6-11 The CARTOSound Image
Integration Module (Biosense Webster, Inc,
Diamond Bar, Calif). A, Intracardiac echocar-
diographic (ICE) image showing the left atrium
(LA) and left inferior pulmonary vein (LIPV)
obtained using a 10 Fr phased-array trans-
ducer catheter. The endocardial surfaces of the
LA and LIPV are traced. B, Three-dimensional
geometry of the LA is reconstructed by inter-
polation of points on the traced endocardial
surface from muiltiple ICE images. C, CARTO 3
anatomical reconstruction of the LA (posterior
view). Note that the circular and ablation cath-
eters are visualized in the LIPV. D, Integration of
the CARTOSound volume and the electroana-
tomical maps of the LA.

that combines magnetic location technology and current-based
visualization data to provide accurate visualization of multiple
catheter tips and curves on the electroanatomical map.It can visu-
alize up to five catheters (with and without the magnetic sensors)
simultaneously with clear distinction of all electrodes. Three coils
generate a magnetic field, and a location sensor in the catheter
measures the strength of the field and the distance from each coil.
The location of the sensor in the catheter is determined by the
intersection of the three fields. In addition to this magnetic field,
CARTO 3 uses an electrical field created by two sets of patches.
The magnetic technology calibrates the current-based technology
and thereby minimizes distortions at the periphery of the electrical
field. The system generates a small current that is sent from the elec-
trodes of the catheters to six patches on the patient’s thorax. Each
electrode emits current at a unique frequency The strength of the
current emitted by each electrode is measured at each patch and
creates a current ratio that is unique to each electrode’s location.
Mapping is performed in two steps. Initially, the magnetic map-
ping permits precise localization of the catheter with the sensor.
This is associated with the current ratio of the electrode closest to
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FIGURE 6-12 Electroanatomical CARTO 3
and CARTO XP (Biosense Webster, Inc., Dia-
mond Bar, Calif) activation maps of the right
atrium in the left anterior oblique view con-
structed during typical atrial flutter. A, CARTO
3 activation map during tachycardia. The
depolarization wavefront travels counter-
clockwise around the tricuspid annulus (TA),
as indicated by a continuous progression of
colors (from red to purple) with close proxim-
ity of earliest and latest local activation (red
meeting purple). Purple dots denote abla-
tion lesions delivered across the cavotricus-
pid isthmus. B, CARTO XP during clockwise
typical tachycardia is shown. Note the differ-
ence between the two systems in geometry
reconstruction of the cardiac chamber and
vascular structures. CS = coronary sinus; IVC =
inferior vena cava; SVC = superior vena cava.

the sensor. As the catheter with the sensor moves around a cham-
ber, multiple locations are created and stored by the system.The
system integrates the current-based points with their respective
magnetic locations, resulting in a calibrated current-based field
that permits accurate visualization of catheters and their locations.
Each electrode emits a unique frequency that provides clear dis-
tinction of the electrodes, especially when they are close to each
other. Fast Anatomical Mapping is a feature that permits rapid cre-
ation of anatomical maps by movement of a sensor-based catheter
throughout the cardiac chamber. Unlike point-by-point electroana-
tomical mapping,volume data can be collected with Fast Anatomi-
cal Mapping (Fig. 6-12;Video 15). Catheters other than the ablation
catheter,such as the multipolar Lasso, can further enhance the col-
lection of points and increase the mapping speed. The CARTO 3
system provides highly accurate geometry of a cardiac chamber,
which can be visualized in multiple views. Connection of Choice
is enabled by a CARTO hardware configuration featuring a central
connection point for all catheters and equipment while preserving
the signal quality of intracardiac electrograms. Catheter connec-
tions have been redesigned for “plug-and-play” functionality and
automatic catheter recognition.

Mapping Procedure

Following selection of the reference electrogram, positioning of the
anatomical reference,and determination of the window of interest,
the mapping catheter is positioned in the cardiac chamber of inter
est under fluoroscopic guidance. The CARTO system requires the
use of a special Biosense Webster catheter with a location sensor
embedded in its distal end.The 7 Fr quadripolar catheters come
with a deflectable tip in one or two directions in a single plane and
various deflectable curve sizes;some of these catheters have asym-
metrical bidirectional deflectable curves.The distal tip is capable
of RF energy delivery. Catheters with 4- or 8-mm-tip conventional
RF ablation electrodes are available,as well as 3.5-mm irrigated tip
ablation catheters.

The mapping catheter is initially positioned (using fluoroscopy)
at known anatomical points that serve as landmarks for the elec-
troanatomical map. For example,to map the RA, points such as the
superior vena cava (SVC), inferior vena cava (IVC), His bundle, tri-
cuspid annulus,and CS ostium (CS os) are marked.The catheter is
then advanced slowly around the chamber walls to sample multi-
ple points along the endocardium, thus sequentially acquiring the
location of its tip together with the local electrogram.?

Cs

Points are selected only when the catheter is in stable contact
with the wall. The system continuously monitors the quality of
cathetertissue contact and local activation time stability to ensure
validity and reproducibility of each local measurement.The stabil-
ity of the catheter and contact is evaluated at every site by exam-
ining the following: (1) local activation time stability, defined as
a difference between the local activation calculated from two
consecutive beats of less than 2 milliseconds; (2) location stability;
defined as a distance between two consecutive gated locations of
less than 2 mm; (3) morphological superpositioning of the intra-
cardiac electrogram recorded on two consecutive beats; and (4)
CL stability, defined as the difference between the CL of the last
beat and the median CL during the procedure. Respiratory excur
sions that can cause significant shifts in apparent catheter loca-
tion can be addressed by visually selecting points during the same
phase of the respiratory cycle.

Each selected point is tagged on the 3-D map.The local activation
time at each site is determined from the intracardiac bipolar elec-
trogram and is measured in relation to the fixed reference electro-
gram (see Video 10).Lines of block (manifest as double potentials)
are tagged for easy identification because they can serve as bound-
aries for subsequent design of ablation strategies. Electrically silent
areas (defined as having an endocardial potential amplitude less
than 0.05 mV,which is the baseline noise in the CARTO system and
the absence of capture at 20 mA) and surgically related scars are
tagged as “scar” and therefore appear in gray on the 3-D maps and
are not assigned an activation time (see Figs. 14-1 and 14-2).The
map can also be used to catalog sites at which pacing maneuvers
are performed during assessment of the tachycardia.

Sampling the location of the catheter together with the local
electrogram is performed from a plurality of endocardial sites.The
points sampled are connected by lines to form several adjoining
triangles in a global model of the chamber. Next, gated electro-
grams are used to create an activation map,which is superimposed
on the anatomical model. The acquired local activation times are
then colorcoded and superimposed on the anatomical map with
red indicating early-activated sites, blue and purple late-activated
areas, and yellow and green intermediate activation times (see
Figs. 11-17,11-19,and 12-10). Between these points, colors are inter-
polated, and the adjoining triangles are colored with these inter
polated values. However, if the points are spaced widely apart, no
interpolation is done.The degree to which the system interpolates
activation times is programmable (as the triangle fill threshold)
and can be modified if necessary. As each new site is acquired,
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the reconstruction is updated in real time to create a 3-D chamber
geometry color progressively encoded with activation time.2

Sampling an adequate number of homogeneously distributed
points is necessary. If a map is incomplete, bystander sites can be
mistakenly identified as part of a reentrant circuit. Regions that
are poorly sampled have activation interpolated between widely
separated points.This can give the appearance of conduction, but
critical features such as lines of block can be missed. In addition,
low-resolution mapping can obscure other interesting phenom-
ena, such as the second loop of a dualloop tachycardia. Some
arrhythmias,such as complex reentrant circuits, require more than
80 to 100 points to obtain adequate resolution. Other tachycardias
can be mapped with fewer points, including focal tachycardias
and some less complex reentrant arrhythmias, such as isthmus-
dependent AFL.%.10

It is also important to identify areas of scar or central obstacles to
conduction; failure to do so can confuse an electroanatomical map
because interpolation of activation through areas of conduction
block can give the appearance of wavefront propagation through,
rather than around, those obstacles. This occurrence precludes
identification of a critical isthmus in reentrant arrhythmias to target
for ablation.A line of conduction block can be inferred if there are
adjacent regions with wavefront propagation in opposite directions
separated by a line of double potentials or dense isochrones.?

The electroanatomical model, which can be seen in a single
view or in multiple views simultaneously and freely rotated in any
direction, forms a reliable road map for navigation of the ablation
catheter. Any portion of the chamber can be seen in relation to the
catheter tip in real time, and points of interest can easily be revis-
ited even without fluoroscopy. The electroanatomical maps can
be presented in two or three dimensions as activation, isochronal,
propagation, or voltage maps.

ACTIVATION MAP

The activation maps display the local activation time color-coded
overlaid on the reconstructed 3-D geometry (see Fig. 6-8; also see
Figs. 11-17, 11-19, and 12-10). Activation mapping is performed to
define the activation sequence. A reasonable number of points
homogeneously distributed in the chamber of interest must be
recorded. The selected points of local activation time are color
coded—red for the earliest electrical activation areas and orange,
yellow, green, blue, and purple for progressively delayed activation

AT, CL 340 msec

RA, 169 pts RA, 178 pts

areas (see Videos 10 and 11).The electroanatomical maps of focal
tachycardias demonstrate radial spreading of activation, from the
earliest local activation site (red) in all directions, and, in these
cases, activation time is markedly shorter than tachycardia CL (see
Figs.11-17 and 11-19).0n the other hand,a continuous progression
of colors (from red to purple) around the mapped chamber, with
close proximity of earliest and latest local activation, suggests the
presence of a macroreentrant tachycardia (see Figs. 12-10,14-1,and
14-2).1t is important to recognize that if an insufficient number of
points is obtained in this early meets late zone, it may be falsely
concluded through the interpolation of activation times that the
wavefront propagates in the wrong direction (Fig. 6-13).29.10

ISOCHRONAL MAP

The system can generate isochrones of electrical activity as color
coded static maps.The isochronal map depicts all the points with
an activation time within a specific range (e.g., 10 milliseconds)
with the same color. Depending on conduction velocity, each
color layer is of variable width; isochrones are narrow in areas
of slow conduction and broad in areas of fast conduction. Dis-
playing information as an isochronal map helps demonstrate the
direction of wavefront propagation, which is perpendicular to the
isochronal lines. Furthermore, isochronal crowding indicating
a conduction velocity of 0.033 cm/msec (slower than 0.05 cm/
msec) is considered a zone of slow conduction, whereas a colli-
sion of two wavefronts traveling in different directions separated

temporally by 50 milliseconds is defined as a region of local block.

Spontaneous zones of block or slow conduction (less than 0.033
cm/msec) may have a major role in the stabilization of certain
arrhythmias.?

PROPAGATION MAP

The CARTO system also can generate colorcoded animated
dynamic maps of activation wavefront (propagation maps).This is
a two-colored map, in which the whole chamber is blue and elec-
trical activation waves are seen in red, spreading throughout the

chamber as a continuous animated loop (see Figs.11-19 and 12-10).

Propagation of electrical activation is visualized superimposed on
the 3-D anatomical reconstruction of the cardiac chamber in rela-
tion to the anatomical landmarks and barriers (see Videos 11 and
12). Analysis of the propagation map can allow estimation of the

AT, CL 340 msec

FIGURE 6-13 Right atrial electroanatomi-
cal (CARTO, Biosense Webster, Inc., Diamond
Bar, Calif) activation map in a patient with
prior atrial tachycardia following atrial septal
defect repair years before. The view is from
the aspect of the right rib margin (upward
toward the lateral right atrium). A, The acti-
vation pattern suggests a focal process with
centrifugal spread of activation from the cen-
tral red area (169 data points taken). B, With
additional detailed mapping below the red
area, a return path for a reentrant circuit is
evident (178 data points). Entrainment data
had already diagnosed macroreentry, but the
relatively detailed activation map had missed
the small area that became clear on more
detailed mapping. CL = cycle length.



conduction velocity along the reentrant circuit and identification
of areas of slow conduction.

VOLTAGE MAP

The voltage map displays the peak-to-peak amplitude of the electro-
gram sampled at each site. This value is color-coded and superim-
posed on the anatomical model, with red as the lowest amplitude
and orange, yellow, green, blue,and purple indicating progressively
higher amplitudes (Fig. 6-14). The gain on the 3-D color display
allows the user to concentrate on a narrow or wide range of poten-
tials. By diminishing the color scale,as may be required to see a fas-
cicular potential or diastolic depolarization during reentry, larger
amplitude signals are eliminated.To visualize the broad spectrum

6.11mV
Aorta Anterolateral
wall
0.09mV
R
1.40cm
Apex

FIGURE 6-14 Electroanatomical (CARTO, Biosense Webster, Inc., Diamond Bar,
Calif) voltage map of the left ventricle in a patient with ventricular tachycardia
after anteroapical myocardial infarction. An adjusted voltage scale is shown at
right; all sites with voltage lower than 0.5 mV are red on the map, and those
with voltage higher than 0.6 mV are purple, with interpolation of color for inter-
mediate amplitudes. The gray area denotes no detectable signal (scar). A large
anteroapical infarction is clearly evident. Red circles denote ablation sites.

FIGURE 6-15 Right atrial (RA) and left atrial
(LA) electroanatomical color-coded entrain-
ment map in a patient with atrial tachycar-
dia following pulmonary vein (PV) isolation
for treatment of atrial fibrillation. The colors
represent the difference between the post-
pacing interval at each site following entrain-
ment pacing and the tachycardia cycle
length: the less the difference, the closer to
the circuit. In this case, the zone of reentry RA
goes around the left inferior PV (LIPV). LAO

= left anterior oblique; LSPV = left superior

pulmonary vein; PA = posteroanterior; RIPV

= right inferior pulmonary vein; RSPV = right

superior pulmonary vein.

RSPV

of potentials present during a tachycardia cycle, the scale would
be opened up to include an array of colors representing a spec-
trum of voltages. Local electrogram voltage mapping during sinus,
paced, or any other rhythm can help define anatomically correct
regions of no voltage (presumed scars or electrical scars),low volt-
age,and normal voltage.The true range of normal is often difficult
to define,however,especially with bipolar recordings,and different
criteria have been used. Myocardial scars are seen as low voltage,
and their delineation can help in understanding the location of
the arrhythmia.

ENTRAINMENT MAP

A graphical representation of entrainment mapping can be con-
structed by plotting values of the differences between the post-
pacing intervals (PPIs) and the tachycardia CLs (PPI-tachycardia
CL) on the electroanatomical mapping system to generate color-
coded 3-D entrainment maps (Fig. 6-15). This approach can poten-
tially help accurately determine and visualize the 3-D location of the
entire reentrant circuit,even though the area of slow conduction of
the tachycardia is not specified. Because neither of the electroana-
tomical mapping systems (CARTO, NavX) contains an algorithm for
colorcoding of entrainment information, the modus for activation
mapping is altered manually. At each 3-D location of the catheter
tip stored on the electroanatomical mapping system, entrainment
stimulation is performed,and the difference between PPl and tachy-
cardia CL (PPI-tachycardia CL) is calculated and plugged into the
electroanatomical mapping system (as if it would be an “activation
time”). For that, the local electrogram stored at the 3-D location is
completely disregarded.The annotation marker is manually moved
into a position where the numeric timing information equals the
entrainment information (PPI-tachycardia CL).That timing informa-
tion then is displayed in a color-coded fashion as if it were activation
time,but instead it represents information on the length of the entrain-
ment return cycle.With the color range, red represents points closest
to the reentrant circuit (i.e., sites with smaller PPI-tachycardia CL
differences,approaching 0,signifying their inclusion in the reentrant
circuit) and purple represents points far away from the circuit (i.e.,
sites with the largest PPI-tachycardia CL differences).!415
Colorcoded 3-D entrainment mapping allows determination of
the full active reentrant circuit (versus passively activated regions of
the chamber) and the obstacle around which the tachycardia is cir
culating, and it provides very useful information on the location of
potential ablation sites (see Fig.6-15).However,not all these sites will
terminate reentry (just as, although the circuit in orthodromic SVT
includes the ventricle, ablation at one or two sites in that ventricle
will not eliminate reentry); the final choice is determined by loca-
tion of anatomical barriers and width of putative isthmuses, so that
strategic ablation lines, mainly connecting to anatomical barriers,
can be applied to transect the circuit and treat the arrhythmia.!415
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Clinical Implications

The capability of the CARTO system to associate relevant EP infor
mation with the appropriate spatial location in the heart and the
ability to study activation patterns with high spatial resolution (less
than 1 mm) during tachycardia in relation to normal anatomical
structures and areas of scar significantly facilitate the mapping and
ablation procedure. This mapping system facilitates defining the
mechanisms underlying the arrhythmia, making a rapid distinction
between a focal origin and macroreentrant tachycardia, precisely
describing macroreentrant circuits and the sequence of activa-
tion during the tachycardia, understanding the reentrant circuit in
relation to native barriers and surgical scars, identifying all slow-
conducting pathways, rapidly visualizing the activation wavefront
(propagation maps), and identifying appropriate sites for entrain-
ment and pace mapping.

The CARTO system provides a highly accurate geometric render
ing of a cardiac chamber with a straightforward geometric display
having the capability to determine the 3-D location and orientation
of the ablation catheter accurately. The position of the mapping tip
at any point in time is readily apparent from a tip icon, provided
that the tip is at or beyond the rendered chamber geometry. The
catheter can anatomically and accurately revisit a critically impor
tant recording site (e.g.,sites with double potentials or those with
good pace maps) identified previously during the study, even if
the tachycardia is no longer present or inducible and map-guided
catheter navigation is no longer possible.This accurate reposition-
ing provides significant advantages over conventional techniques
and is of great value in ablation procedures. Ablation lesions can
be tagged, thus facilitating creation of lines of block with consider-
able accuracy by serial RF lesion placement and allowing verifica-
tion of the continuity of the ablation line (see Fig. 6-10).This is of
particular value after incomplete ablations caused by catheter dis-
location or early coagulum formation, especially if these ablations
had caused interruption of the target tachycardia. Extra RF appli-
cations can be delivered closely around an apparently successful
ablation site to ensure elimination of the arrhythmogenic area.?

Voltage maps can help define the arrhythmogenic substrate
when the arrhythmia arises in the setting of cardiac structural
abnormalities; this is of particular value during mapping of hemo-
dynamically unstable or nonsustained arrhythmias. Additionally,
fluoroscopy time can be reduced via electromagnetic catheter
navigation, and the catheter can be accurately guided to posi-
tions removed from fluoroscopic markers. Although fluoroscopy
is always needed for initial orientation, an experienced operator
can usually generate an extensive endocardial activation map with
substantially reduced radiation exposure for himself or herself and
for the patient and laboratory staff.2

The CARTOMerge Module has proved very valuable in guiding
realtime catheter ablation using the detailed cardiac chamber
anatomy acquired from the CT/MRI (see later discussion).16

The CARTOSound Image Integration Module has been success-
fully utilized to facilitate AF catheter ablation by incorporating a
realtime ICE volume map of the LA and PVs with the electroana-
tomical map, either as a stand-alone tool to guide navigation and
ablation or as a facilitator of CT/MRI image integration.Additionally,
studies have shown the feasibility of using CARTOSound to define
scar boundaries in the left ventricle (LV,identified on ICE imaging
by both by wall thickness and motion) to facilitate substrate map-
ping and ablation of ischemic VT.12.13

Limitations

The sequential data acquisition required for map creation remains
very time-consuming because the process of creation of an electro-
anatomical map requires tagging many points, depending on the
spatial details needed to analyze a given arrhythmia. Because the
acquired data are not coherent in time, multiple beats are required,
and stable, sustained, or frequently repetitive arrhythmia is usually
needed for creation of the activation map. Given that these points

do not provide real-time, constantly updated information, more
time can be needed for making new maps to see a current endo-
cardial activation sequence,detect a change in arrhythmia, or fully
visualize multiple tachycardias. In addition, rapidly changing or
transient arrhythmias are not easily recorded and may be mapped
only if significant substrate abnormalities are present. For macro-
reentrant tachycardias, variation of the tachycardia CL by more
than 10% can prevent complete understanding of a circuit, and it
decreases the confidence in the CARTO map. Single PVCs or PACs
or nonsustained events may be mapped, although at the expense
of an appreciable amount of time.

One difficulty with current methods is that incorrect assignment
of activation for a few electrograms can invalidate the entire activa-
tion map, and manual adjustment is often required to achieve the
optimal representation. Additionally, data interpolation between
mapped points is used to improve the quality of the display; how-
ever,areas of unmapped myocardium are then assigned simple esti-
mates of timing and voltage information that may not be accurate.

If highly fractionated and wide potentials are present, it can be
difficult to assign an activation time. In some macroreentrant cir
cuits, much of the tachycardia CL is occupied by fractionated low-
amplitude potentials.The subjective selection of an individual local
potential within a multicomponent electrogram can drastically alter
a propagation map.lIf these potentials are dismissed or assigned rela-
tively late activation times,a macroreentrant tachycardia may mimic
a focal arrhythmia,and it will appear as if substantially less than 90%
of the tachycardia CL is mapped.Additionally, with current methods,
only a single value of timing or voltage can be assigned to those
low-amplitude fractionated electrograms, and this is suboptimal in
representing their potential importance to the reentrant circuit. To
address this issue, one study described a novel form of electroana-
tomical mapping called “ripple mapping,” whereby voltage, timing,
and location are simultaneously displayed with continuous display
of electrograms that were previously sampled and postprocessed.
This novel technique for representation of endocardial activation
can potentially help to simplify activation mapping by minimizing
operator dependence, to eliminate interpolation of data between
mapped points, and to eliminate assignment bias by developing
software to register continuous or fractionated electrograms, thereby
removing a single,isolated local value as representing an entire coor-
dinate.The extent to which this technology will be incorporated into
“real-time” application requires prospective evaluation.!”

A change in rhythm during the mapping procedure can alter car-
diac geometry to the extent that anatomical points acquired dur
ing one rhythm cannot be relied on after a change in rhythm.This
is relevant during mapping of isolated ectopic beats or nonsus-
tained arrhythmias, because locations assigned to early activation
sites during the arrhythmia can potentially be removed from the
same locations when they are assigned during normal rhythm (e.g.,
at the time of RF delivery after tachycardia termination).Therefore,
after termination of the arrhythmia, revisiting the site of early acti-
vation tagged during PVCs or tachycardia may be unfeasible or
even misleading as a target for ablation.

Additionally, significant movement of the patient or the intra-
cardiac reference catheter would necessitate remapping. Older
versions of CARTO did not record or display the location of diag-
nostic/reference catheters; consequentlyit was not easy to relocate
a displaced intracardiac reference catheter. This issue has been
addressed in the third generation of CARTO (CARTO 3), which
allows visualization of up to five EP catheters simultaneously.

Another limitation of the CARTO system is the requirement of a
special Biosense Webster catheter with a location sensor embed-
ded proximal to its tip.No other catheter types may be used with this
system. Furthermore, the magnetic signal necessary for the CARTO
system can potentially create interference with other EP labora-
tory recording systems. Implantable cardioverter-defibrillators and
pacemakers are safe with the system, but the magnetic field can
prevent device communication with its programmer,and the mag-
netic field may need to be disabled temporarily to allow device
programming.



FIGURE 6-16 The NavX system (St. Jude Medical, Austin, Tex.). A, Left anterior
oblique view of four standard diagnostic catheters (positioned in the high right
atrium [HRA], His bundle [HIS], right ventricular [RV] apex, and coronary sinus
[CS)) and a standard ablation catheter (Abl) as visualized by the NavX system
during mapping of a focal atrial tachycardia. Note the shadows placed over the
four diagnostic catheters to record their original position and recognize dis-
placement during the procedure. B, Virtual anatomical geometry of the RA is
acquired by moving the catheter in all directions throughout the chamber of
interest. Any electrode catheter (not just the mapping catheter) can be used to
create the three-dimensional (3-D) geometry. C, Color-coded activation map
superimposed on the RA 3-D geometry localizing the origin of the atrial tachy-
cardia to the triangle of Koch between the His bundle, coronary sinus ostium
(CSO), and tricuspid valve (TV).

EnSite NavX Navigation System

Fundamental Concepts

The EnSite NavX system (St.Jude Medical, Austin, Tex.) consists of
a set of 3 pairs of skin patches, a system reference patch, 10 ECG
electrodes, a display workstation, and a patient interface unit. The
reference patch is placed on the patient’s abdomen and serves as
the electrical reference for the system.The EnSite NavX combines
catheter location and tracking features of the Localisa system
(Medtronic, Minneapolis, Minn.) with the ability to create an ana-
tomical model of the cardiac chamber using only a single conven-
tional EP catheter and skin patches.®

This mapping modality is based on currents across the thorax,
developed as originally applied in the Localisa system. In con-
trast to the NavX system, LocaLisa does not allow generation of
3-D geometry of the heart cavity because catheters and desired
anatomical landmarks are displayed in a cartesian frame of ref-
erence.? This technology has undergone substantial additional
development in the NavX iteration.

For 3-D navigation, 6 electrodes (skin patches) are placed on the
skin of the patient to create electrical fields along 3 orthogonal
axes (x,y,and z).The patches are placed on both sides of the patient
(x-axis), the chest and back of the patient (y-axis),and the back of
the neck and inner left thigh (z-axis).Analogous to the Frank lead
system, the 3 orthogonal electrode pairs are used to send 3 inde-
pendent, alternating, low-power currents of 350 mA at a frequency
of 5.7 kHz through the patient’s chest in 3 orthogonal (x,y,and z)
directions, with slightly different frequencies of approximately 30
kHz used for each direction, to form a 3-D transthoracic electri-
cal field with the heart at the center.The absolute range of voltage
along each axis varies from each other,depending on the volume
and type of tissue subtended between each surface-electrode pair.
The voltage gradient is divided by the known applied current to
determine the impedance field that has equal unit magnitudes in
all 3 axes. Each level of impedance along each axis corresponds
to a specific anatomical location within the thorax. As standard
catheter electrodes are maneuvered within the chambers, each
catheter electrode senses the corresponding levels of impedance,
derived from the measured voltage. The mixture of the 30-kHz sig-
nals, recorded from each catheter electrode, is digitally separated
to measure the amplitude of each of the 3 frequency components.
The 3 electrical field strengths are calculated automatically by
use of the difference in amplitudes measured from neighboring
electrode pairs with a known interelectrode distance for 3 or more
different spatial orientations of that dipole.Timed with the current
delivery,NavX calculates the x-y-z impedance coordinates at each
catheter electrode by dividing each of the 3 amplitudes (V) by the
corresponding electrical field strength (V/cm) and expresses them
in millimeters to locate the catheters graphically in real time to
enable nonfluoroscopic navigation. The NavX system allows real-
time visualization of the position and motion of up to 64 electrodes
on both ablation and standard catheters positioned elsewhere in
the heart (Fig.6-16).
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The NavX system also allows for rapid creation of detailed mod-
els of cardiac anatomy (see Fig. 6-16). Sequential positioning of a
catheter at multiple sites along the endocardial surface of a spe-
cific chamber establishes that chamber’s geometry The system
automatically acquires points from a nominated electrode at
a rate of 96 points/sec. Chamber geometry is created by several
thousand points. The algorithm defines the surface by using the
most distant points in any given angle from the geometry center,
which can be chosen by the operator or defined by the system.In
addition, the operator is able to specify fixed points that represent
contact points during geometry acquisition; the algorithm that cal-
culates the surface cannot eliminate these points. In addition to
mapping at specific points, there is additional interpolation, provid-
ing a smooth surface onto which activation voltages and times can
be registered.To control for variations related to the cardiac cycle,
acquisition can be gated to any electrogram.

Similar to the CARTO system, the voltage or the activation map
can be superimposed on the 3-D geometry (see Fig. 6-16). Princi-
ples of activation and voltage mapping using the NavX system are
similar to those discussed previously for the CARTO system.

Additionally, the NavX Fusion has the capability to integrate
images from a preacquired CT/MRI scan on the electroanatomical
image the cardiac chamber created with the NavX system to facili-
tate anatomically based ablation procedures (see later discussion).

Mapping Procedure

NavX-guided procedures are performed using the same catheter
setup as conventional approaches. Any electrode can be used to
gather data, create static isochronal and voltage maps, and per
form ablation procedures. Standard EP catheters of choice are
introduced into the heart; up to 12 catheters and 64 electrodes can
be viewed simultaneously. The system can locate the position of
the catheters from the moment that they are inserted in the vein.
Therefore, all catheters can be navigated to the heart under guid-
ance of the EnSite NavX system, and the use of fluoroscopy can
be minimized for preliminary catheter positioning. However, inter-
rupted fluoroscopy has to be used repeatedly when an obstacle to
catheter advancement is encountered.Once in the heart,one intra-
cardiac catheter is used as reference for geometry reconstruction.
A shadow (to record original position) is placed over this catheter
to recognize displacement during the procedure, in which case
the catheter can be returned easily to its original location under
the guidance of NavX. A shadow can also be displayed on each
of the other catheters to record the catheter’s spatial position
(see Fig.6-16).

Subsequently, 3-D intracardiac geometry is obtained. Respi-
ratory compensation is collected just before mapping to filter
low-frequency cardiac shift associated with the breathing cycle.
Characteristic anatomical landmarks in the chamber of interest
are initially acquired and marked. The system is then allowed to
create the geometry automatically. A virtual anatomical geometry
is acquired by moving the catheter in all directions throughout the
chamber of interest, keeping contact with the endocardial wall.18
If a CT reconstruction of the mapped cardiac chamber is avail-
able, the image can be visualized on a split screen and used to
guide finer anatomical definition with the ablation catheter. On
completion, maps can be edited to eliminate “false space” (i.e.,
geometry with sparse geometry points) and erroneous structure
definition. Subsequently, a scaling algorithm (Field Scaling) is
applied to the completed detailed geometry to compensate for
variations in impedance between the heart chambers and venous
structures (which can otherwise result in a distortion of the x-y-z
coordinates when a “roving” catheter is maneuvered among the
differing regions of impedance).Field scaling is based on the mea-
sured interelectrode spacing for all locations within the geome-
try. Adjustments to the local strength of the navigation fields are
made so that the computed catheter electrode positions match
the known interelectrode spacing of the catheters used to create
the geometry 1

Additional tagging of sites of interest and ablation points
can be done during the procedure. Point-to-point activation
mapping is carried out to create static isochronal, voltage, and
activation maps (Videos 16 and 17;see Fig.6-16). Standard cath-
eters are used to sample voltage and activation timing at vari-
ous locations during a sustained rhythm. The system collects
and visually organizes activation timing and voltage data and
permanently saves 10 beats with every collected point for later
review. An unlimited number of maps can be created per pro-
cedure. The system works with most manufacturers’ ablation
catheters, RF generators, or cryogenerators. Ablation lesions can
be tagged, thus facilitating creation of lines of block with con-
siderable accuracy by serial RF lesion placement and allowing
verification of the continuity of the ablation line.!8

Clinical Implications

NavX is a novel mapping and navigation system with the ability to
visualize and navigate a complete set of intracardiac catheters in
any cardiac chamber for diagnostic and therapeutic applications.®
It enables the electrophysiologist to display in real time up to 64
electrodes simultaneously on 12 catheters with almost every com-
mercially available catheter, including pacemaker leads. Earlier
versions of NavX permitted the creation of 3-D cardiac geometry
by using all these catheters,without visualization of electrical activ-
ity Thus, they are particularly suitable for ablation of arrhythmias
with well-known substrates that can be treated by an anatomical
approach, such as AFL and linear LA ablation for AE® A software
upgrade allowing point-to-point activation mapping for the NavX
system has also been introduced.This is a substantial improvement,
permitting the same type of activation mapping and display as are
possible with other systems, with the similar advantage of specified
voltage mapping as well. This point-to-point mapping, however, is
suited only for sustained arrhythmias or frequently recurrent PACs,
PVCs, or nonsustained arrhythmias. Unlike with the CARTO system,
however, activation times can be acquired simultaneously by the
EnSite NavX system from multiple poles on all catheters utilized
during the study (and not just the mapping-ablation catheter).This
acquisition can be augmented by the addition of noncontact map-
ping to the procedure.®

NavX technology has an important advantage in reducing
operator and patient radiation exposure. The ability to position
catheters for ablation without the use of fluoroscopy is important
because NavX allows the display of catheters from the puncture
site to the final destination in the heart. Indeed, this nonfluoro-
scopic navigation system allows real-time assessment of wall con-
tact and catheter stability,as well as assessment of the anatomical
position and the relation between the ablation catheter and other
intracardiac catheters. Because of these capabilities, catheter dis-
placement and insufficient wall contact are readily recognized
without the use of fluoroscopy,thus resulting in reduction of radia-
tion exposure, procedure duration, and the trend to reduced RF
energy delivery.

The ablation procedure is also facilitated by NavX.818 As noted,
the system works with most manufacturers’ ablation catheters, RF
generators, or cryogenerators. The ablation lesions can be tagged,
thus facilitating creation of lines of block with considerable accu-
racy by serial RF lesion placement and allowing verification of the
continuity of the ablation line and anatomical visualization of the
remaining gaps,where additional RF applications can be delivered.
It also helps avoid repeated ablations at the same location. The
catheter can anatomically and accurately revisit a critically impor
tant recording site identified previously during the study.

As in the CARTO system, the voltage or the activation map can
be superimposed on the 3-D geometry. Complex fractionated elec-
trograms can be targeted in persistent AF by using the software to
depict the mean electrogram CL map.The NavX system also has the
capability to import and integrate 3-D CT or MRI images to facilitate
anatomically based ablation procedures. NavX Fusion provides a
significant advancement in image integration with the EnSite NavX



system and has the ability to mold the created geometry dynami-
cally into the CT/MRI image (see later discussion).

Limitations

The point-to-point activation mapping required while using the
NavX system is suited only for sustained arrhythmias or frequently
recurrent ectopy or nonsustained arrhythmias. Additionally; in the
NavX system, the algorithm defines the surface by using the most
distant points in any given angle from the geometric center,and the
catheter can protrude out against the wall of the cardiac chamber
when acquiring points; thus, chamber geometry of the NavX sys-
tem is oversized.

Furthermore, with individual interpolation schemes, significant
anatomical distortions in complex structures can occur, because
there may be interpolations in the region of curvature that do not
depict the accurate geometry, especially at areas of exvaginations
(e.g.,the PVs,LA or RA appendages).One strategy to minimize this
is to incorporate a family of fixed points into the geometry to pre-
serve critical junctions between those structures.A second strategy
is to create volumes of these structures in separate maps and then
combine them to the main chamber.

The position of the intracardiac catheter used as reference for
geometry reconstruction needs to be stable throughout the pro-
cedure to maintain the accurate position of the electroanatomi-
cal map. Any significant shift in its position can frequently lead to
remapping. Although a shadow (to record original position) can
be placed over the reference catheter to recognize displacement
during the procedure, in which case the catheter can be returned
to its original location, this may not always be feasible or accurate.

Stereotaxis Magnetic Navigation System

Fundamental Concepts

Catheter navigation by magnetic force was initially introduced in
the early 1990s for diagnostic studies in neonates. However, the
development of conventional steerable electrodes with integrated
pull wires to deflect the catheter tip was pursued, and this consti-
tutes the current technique for catheter ablation.The conventional
technique is limited by the fixed maximal catheter deflection and
relies mostly on the skill of the operator to ensure stable catheter
positioning. A novel magnetic navigation system (MNS; 0.15 T, Tel-
star, Stereotaxis, St. Louis, Mo.) was introduced to clinical practice.
It was proven to be a safe and feasible tool for catheter ablation,
although it did not allow remote catheter ablation. The second-
generation MNS (Niobe, Stereotaxis) now allows, for the first time,
complete, remote RF catheter ablation.20

The Niobe MNS consists of two permanent neodymium-iron-boron
magnets; their positions, relative to each other, are computer con-
trolled inside a fixed housing and positioned on either side of the
single-plane fluoroscopy table.2 While positioned in the “navigate”
position,the magnets create a 360-degree omnidirectional rotation of
the device by a uniform magnetic field (0.08 tesla) within an approxi-
mately spherical navigation volume 20 cm in diameter (NaviSphere),
sufficient to encompass the heart when the patient is properly posi-
tioned. The combination of rotation, translation, and tilt movements
of the magnets adjusts the magnetic field to any desired orientation
within the NaviSphere.20:21

The mapping and ablation catheters are extremely flexible dis-
tally, especially the distal shaft of the catheter, and have tiny mag-
nets (single or multiple,in various configurations) inserted in their
distal portion. The latest catheters have three tiny magnets dis-
tributed along the distal shaft and tip of the catheter to increase
responsiveness of the catheter to the magnetic field generated (Fig.
6-17).The catheter magnets align themselves with the direction of
the externally controlled magnetic field to enable the catheter tip
to be steered effectively By changing the orientation of the outer
magnets relative to each other,the orientation of the magnetic field
changes, thereby leading to deflection of the catheter.20

Circular PV catheter

His RM catheter

Coronary sinus

FIGURE 6-17 Stereotaxis catheters (Stereotaxis, St. Louis, Mo.). Anteroposterior
fluoroscopic view of the Stereotaxis remote magnetic (RM) catheter in the left
atrium. Multipolar circular mapping, coronary sinus, and His bundle catheters
are also shown. The RM catheter has a large distal mapping and ablation elec-
trode; this and three other opaque regions more proximally on the catheter
shaft contain magnetic elements that conform to changes in direction of an
externally applied magnetic field. PV = pulmonary vein.

The system is integrated with a modified C-arm digital x-ray sys-
tem, mainly a single-plane unit because of the limitations imposed
by the magnets, although a biplane system can be installed for use
when the magnets are stowed and not in use. Because of the mag-
nets, the rotation of the imaging system is limited to approximately
30 degrees right anterior oblique (RAO) and left anterior oblique
(LAO) in Niobe I and almost 45 degrees with Niobe II.In the Niobe
[ iteration, the magnets can be swung only in (active navigation)
or stowed, whereas in the Niobe Il the magnets have a different
housing and can also be tilted to allow for more angulation of the
single-plane C-arm imaging system.20

It is important to emphasize that the external magnetic field
does not pull or push the tiny magnets and the catheters or guide-
wires in which they are contained. The position of the magnetic
catheter within the heart is controlled by manual advancement
or retraction of the catheter through the vascular sheath. A com-
putercontrolled catheter advancer system (Cardiodrive unit, Ste-
reotaxis) is used to allow truly remote catheter navigation without
the need for manual manipulation.The operator is positioned in a
separate control room, at a distance from the x-ray beam and the
patient’s body. The graphic workstation (Navigant II, Stereotaxis),
in conjunction with the Cardiodrive unit, allows precise orienta-
tion of the catheter by 1-degree increments and by 1-mm steps in
advancement or retraction. The system is controlled by a joystick
or mouse and allows remote control of the ablation catheter from
inside the control room. Additionally, the x-ray image data can be
transferred from the x-ray system to the user interface of the MNS
system to provide an anatomical reference.

Directional catheter navigation is accomplished by drawing a
desired magnetic field vector on orthogonal fluoroscopic views
with a digitization tablet (Fig. 6-18).A control computer then cal-
culates the appropriate currents to each of the superconducting
electromagnets. The resultant composite magnetic field interacts
with a permanent magnet in the tip of the magnetic ablation cath-
eter and deflects the catheter to align parallel to the magnetic field.
Magnetic field orientations corresponding to specific map points
can be stored on the MNS and reapplied to return repeatedly and
accurately to previously visited locations on the map. Navigation
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FIGURE 6-18 Stereotaxis monitor—screen shot of the remote magnetic guid-
ance system (Stereotaxis, St. Louis, Mo.). Top two central panels, Representation
of idealized left atrium shells with a green arrow (“vector”) that can be pointed
in any direction with a computer mouse, commanding the magnetic steering
mechanism to deflect the catheter tip in that direction. Bottom two central
panels, Shell generated by electroanatomical mapping, integrated with the
images on the Stereotaxis unit. These overlie the patient’s initial right anterior
oblique and left anterior oblique fluoroscopic images. Tubular structures are the
pulmonary veins and coronary sinus (pink). Other panels on the screen are vari-
ous controls and indicators for the Stereotaxis manipulation.

to a particular target often requires two or three manipulations of
the magnetic field to refine the catheter position. Each magnetic
field manipulation requires less than 20 seconds to activate. By
changing the orientation of the outer magnets, the orientation of
the magnetic field changes,thereby leading to the deflection of the
catheter in parallel.20

The MNS has become integrated with CARTO RMT (Biosense
Webster,Inc.) electroanatomical mapping system.The CARTO RMT
system is similar to the standard CARTO system but is able to local-
ize the ablation catheter without interference from the magnetic
field. CARTO RMT is able to send real-time catheter tip location and
orientation data to the MNS. It also sends target locations, groups
of points,and anatomical surface information from the electroana-
tomical map to the MNS.

Mapping Procedure

All the components of the MNS, as well as the x-ray, ablator, and
stimulator, can be operated from the control room.Therefore, after
initial placement of sheaths and catheters, the entire ablation

procedure can be performed remotely from the control room.

The Navigant system is the computerized graphical user interface
system. It includes the software used for image integration and for
control of the magnetic fields that orient the catheter within the
heart and allow the operator to direct the movement of the tip of
the catheter to access the region of interest (see Fig.6-18).20

After synchronizing with respiratory and cardiac cycles,such as
inspiration and the end-diastolic period, a pair of best-matched
RAO-LAO images is transferred and kept in the Navigant screen
as background references for orientation and navigation (see
Fig. 6-18).Thus, the real-time catheter location information can be
displayed on the Navigant reference x-ray images, thus enabling
continuous real-time monitoring of the catheter tip position, even
without acquiring a fresh x-ray image.20

The operator can access an area of interest by using vector
based or target-based navigation. In vectorbased navigation, the
operator tells the system, by drawing a vector in virtual 3-D space

on the computer,what orientation of the magnetic field is required.

In target-based navigation, a target is placed on a specified point
using the stored orthogonal fluoroscopic views; the user marks the
support or base of the catheter (the distal portion of the sheath)
on the pair of x-ray images. This provides Navigant with the data

needed to compute field orientations corresponding to particular
targets. Each time a vector is selected or a target is marked, the
computer sends information to the magnets, which changes their
relative orientation,and with it the orientation of the uniform mag-
netic field in the chest,so that catheter orientation is then changed
within a few seconds (see Fig. 6-18). A target can also be defined
by selecting a preset magnetic field vector based on a selected
study protocol from the list on the Navigant.The software contains
several preset vectors selected by the manufacturer, after careful
appraisal of multiple CT images and reconstructions, for position-
ing the catheter at various anatomical landmarks. When a preset
vector is applied, it can steer the catheter near the approximate
region indicated. In addition, the software can be used to map vari-
ous chambers of the heart automatically20

The magnetic catheter is advanced to target positions in the
cardiac chamber of interest and guided by using the x-ray system,
user interface monitors, and catheter advancer (Cardiodrive) sys-
tem, which allows precise orientation of the catheter in extremely
small increments (1-degree increments, by 1-mm steps) within the
heart and vessels in advancement or retraction, thus making map-
ping more accurate. All vectors and targets selected can be saved,
as can relative positions of the catheter advancer system, to allow
specific areas in the heart or side branches of vessels to be revis-
ited reproducibly.

CARTO RMT has also been integrated with the MNS and has
been specifically redesigned to work in the magnetic environment
of Stereotaxis. CARTO RMT includes all the latest updates such as
CARTOMerge, in which a 3-D reconstruction of a CT or MRI image
can be integrated into the electroanatomical map.With the CARTO
integration, communication between the two systems allows for
real-time catheter orientation and positioning data to be sent from
CARTO to the Stereotaxis system and for the catheter tip to be dis-
played on the saved images stored on the Navigant system. This
permits tracking of the ablation catheter without having to update
the radiographic image as often. Magnetic vectors can also be
applied from the CARTO screen. A feature called “design line” can
be used to send a line of points, either for mapping a specific area
or potentially as a line of ablation points. “Click and go” is a tool
allowing for an area of the map to be clicked on to set a target and
have the system guide the catheter to this point. Because Stereo-
taxis and CARTO have feedback integration,the CARTO system can
feed back to the Stereotaxis system if the exact point is not reached,
thus allowing for further automatic compensation by the software
until the desired point is reached. The combined system has the
capability of automatically mapping chambers (anatomy and acti-
vation times) by using predetermined scripts.The accuracy of such
automaps is highly dependent on the anatomy; as well as where in
the heart the operator designates the starting point for mapping.
At present, standard 4- and 8-mm-tip and irrigated 3.5-mm-tip RF
catheters are available.

Clinical Implications

Precise target localization and catheter stability are prerequisites
for successful RF applications and to minimize risks of potential
complications.Stiff, manually deflectable catheters,with a unidirec-
tional or bidirectional deflection radius, which deflect in a single
plane, have several inherent limitations because stable electrode-
tissue contact can be difficult to achieve, particularly in regions of
complex cardiac anatomy. In contrast, the promise of the current
MNS lies in the precision of catheter movement and the ability to
steer the flexible distal portion of the catheter in any direction in
3-D space.20

The MNS is increasingly used for ablation of AVNRT, atrioven-
tricular bypass tracts (BTs), AFL, idiopathic outflow tract VT,
scarrelated VT, and especially AF. Intracardiac electrograms and
stimulation thresholds are not significantly different from those
recorded with a standard, manually deflected ablation catheter,
and the safety of standard EP procedures has not been compro-
mised by use of the MNS 21-26



Although the current MNS does not offer a distinct advantage
over conventional catheters for navigation to targets that are easily
reached, it has potential advantages for complex catheter maneu-
vers and navigation to sites that are exceptionally difficult to reach
with a standard catheter. In addition, catheter mobility and endo-
cardial stability can be superior by virtue of the compliance of
the distal catheter and lack of constraints on the magnetic vector
used to steer the catheter. Cardiac and respiratory motion can be
buffered by the catheter compliance,thereby contributing to endo-
cardial contact stability.

After the diagnostic catheters are positioned, the EP study and
ablation process can be performed completely from inside the
control room. This offers several potential advantages, including
reducing fluoroscopic exposure time for the operator,reducing the
strain from standing next to the bed for long periods while wearing
a lead apron,and facilitating simultaneous catheter navigation and
electrogram analysis.

A unique feature of the current MNS is that the magnetic vector
coordinates used to navigate the magnetic catheter to a particular
site can be stored and reused later in the study to return to a site
of interest. The integration of a stable magnetic catheter with the
CARTO electroanatomical mapping system is useful to reconstruct
an accurate electroanatomical map by acquiring many more
points than are possible manually for successful ablation, even of
challenging areas.?0

The maximum tissue force that can be applied by the flexible
catheter used in the MNS is less than the average and significantly
less than the maximum that can be applied using a standard cath-
eter. Because of the flexibility of the catheters, cardiac perforation
is extremely unlikely.

For certain procedures, notably AF ablation, MNS can decrease
fluoroscopy time significantly. Although the use of MNS may
increase total procedure duration, procedure times decrease with
increasing operator experience. 2326

Limitations

A potential limitation of the MNS is the interference induced by the
magnetic field in the surface ECG.The origin of the induced poten-
tials is thought to be attributable to blood flow within the magnetic
field. Blood is an electrolyte solution that can induce the potential
because of motion within the magnetic field. The magnetic field
strength used for catheter manipulation is approximately one
order of magnitude less than that associated with MRI.The interac-
tion of the magnetic field with the surface ECG is therefore less in
magnitude compared with MRI and is restricted to the ST segment,
and the temporal distribution of the interfering signal component
probably would not compromise cardiac rhythm analysis or analy-
sis of the P wave or QRS morphology. However, interpretation of
changes in the ST segment would be predictably compromised
by this interference. Whether this distortion will affect arrhythmia
analysis is currently being investigated.

Claustrophobia and morbid obesity are contraindications for
using the MNS because of the restricted space within the system.
The next generation of the MNS features an open design that is
more comfortable for obese patients and those with claustropho-
bia. Patients with pacemakers or defibrillators are also excluded
because of electromagnetic interference. Further study is required
to determine whether the magnetic field strength is compat-
ible with these devices. Additionally, the MNS requires monitoring
instruments that are compatible with magnetic fields.

The angulation of the fluoroscopic system is limited to 30 to 45
degrees for both LAO and RAO projections when the magnets are
in the “navigate” position. Although this may not be important in
simple ablations,addressing more complex substrates can be more
challenging.20

The MNS is an evolving technology. Further technical develop-
ment through the availability of additional catheter designs (e.g.,
number of recording electrodes) is necessary to address more
complex arrhythmias in the future.

The use of the MNS for ablation of AF, atypical AFL, and typical
AFL was associated with long procedure times as compared with
conventional catheter navigation. The preparation of the devices
(registration and positioning of the magnets for MNS; flushing
sheaths and gain transseptal access for MNS) is still time-consum-
ing. Furthermore, the use of the MNS for catheter ablation of typi-
cal AFL resulted in a lower overall success rate (achievement of
cavotricuspid isthmus block and freedom from AFL recurrence
during follow-up). A lower success rate of PV electrical isolation
was also observed when a standard 4-mm-tip ablation catheter was
used. Some reports also expressed concern about a higher inci-
dence of char formation during MNS-guided ablation of AF and
AFL.212425 Trrigated magnetic catheters have become available
and may reduce the risk of char formation, and they may also
increase lesion efficacy during MNS-guided ablation.?2

Sensei Robotic Navigation System

Fundamental Concepts

The Sensei robotic navigation system (Hansen Medical, Mountain
View, Calif.) is an electromechanical system that realizes catheter
navigation by two concentric steerable sheaths (Artisan, Hansen
Medical) incorporating an ablation catheter. The outer sheath (14
Fr) and the inner sheath (10.5 Fr) are both manipulated via a pull-
wire mechanism by a sheath-carrying robotic arm that is fixed at
the foot of the patient’s table.The robot arm obeys the commands
of the central workstation (master console) positioned in the
control room. Catheter navigation is realized using a 3-D joystick
(Instinctive Motion Control, Hansen Medical) and allows a broad
range of motion in virtually any direction.At the master console, flu-
oroscopic images, ICE images, and other 3-D representations (elec-
troanatomical maps) are displayed, providing immediate feedback
to the operator. Seamless instinctive integration and interpreted
motion logic allow the physician to direct catheter movement in
3-D regardless of image orientation or perspective. To provide a
representation of tactile feedback, the system continuously moni-
tors the contact force that is exerted by the catheter tip by using a
specially designed algorithm (IntelliSense, Hansen Medical). If the
contact force exceeds a preset limit, an optical alarm is displayed,
and catheter advancement is rendered virtually impossible.In gen-
eral, all catheters and all electroanatomical mapping systems may
be used.Apart from the different navigational approach, the techni-
cal aspects of the ablation are identical to the manual ones.?1:27-29

Mapping Procedure

Both the inner and the outer sheaths should be flushed with hepa-
rinized normal saline before insertion and continuously through-
out the procedure to prevent clot formation and air embolism.The
steerable guide sheath is manually inserted via a 14 Fr sheath in
the right femoral vein and advanced manually into the inferior RA
under fluoroscopy guidance.To minimize the risk of vascular com-
plications, it is advisable to obtain venous access under ultrasound
guidance,initially insert an 8 Fr sheath and upsize to 11 Fr and then
14 Fr,and then insert a long, 30-cm 14 Fr sheath that usually ends at
the level of the liver. Through this, the steerable sheath is inserted
with the ablation catheter leading by at least 10 cm into the RA.
At this level, the ablation catheter is withdrawn into the steerable
sheath with only the distal electrodes protruding. Failure to leave
the ablation catheter out beyond the end of the Artisan sheath and
to observe the catheter system advance up to the RA increases the
risk of vascular injury2

Then, the position of the sheath is registered into the robotic cath-
eter remote control system. The registration process involves the
use of two orthogonal fluoroscopic views of the heart (anteropos-
terior and lateral) to allow saving the position of the guide sheath
in 3-D space. Following registration, the remote control system is
used to steer the tip of the ablation catheter to various targets in all
four cardiac chambers.
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For ablation of AF, the first transseptal puncture is usually per-
formed manually with a standard transseptal sheath and needle
system. The guidewire or a circular catheter placed in the LA
through the first transseptal puncture is used as a marker of the
second puncture site. Fluoroscopy and ICE images are used for
confirmation of robotic navigation system placement in the LA.
The second transseptal puncture is performed with the Sensei
system by using a transseptal sheath and dilator (Hansen Medical,
Inc.); a custom-made transseptal needle (Hansen Medical, Inc.)
is advanced through a dilator lumen under fluoroscopy and ICE
guidance.After the septum is punctured, the steerable guide sheath
and dilator are advanced robotically in the LA, and the dilator is
replaced with the ablation catheter, which is then inserted into
the guide sheath with approximately 1 cm of the ablation catheter
exposed from the tip of the guide sheath.Integration of this robotic
system with available mapping systems (CARTO and EnSite NavX)
is feasible.

The steerable sheath housing the ablation catheter is remotely
controlled by a physician at the master console. Manipulation of
other catheters, including the circular mapping catheter, however,
is performed manually by a second operator at the procedure
tableside.

The amount of energy applied during remote navigation cases
is generally lower than that of manual cases, likely because of
enhanced catheter contact and stability throughout the cardiac
cycle afforded by the robotic sheath. As a result, the rate of steam
pop and potential thermal complications may be higher if com-
pensatory energy-lowering strategies are not implemented.2?

Clinical Implications

Endocardial navigation using conventional manual steerable diag-
nostic and ablation catheters and transseptal puncture using stan-
dard equipment can be challenging and time-consuming,and they
require certain skills and experience.The robotic catheter remote
control system was designed to facilitate control and allow pre-
cise and stable positioning of catheters within the cardiovascular
system. It can help overcome the limitations of manual control by
combining the ease of navigation with a readily available wide
navigational field.

The main advantages of remote navigation are the opportunity
to reduce the operator’s radiation exposure because of the remote
location of the workstation from the fluoroscopy unit.Furthermore,
because of better catheter stability and easier navigation with the
robotic system, total fluoroscopy time and patient and staff radia-
tion exposure can potentially be reduced; however, this remains to
be determined.?1:29:30

Several studies have shown that robotic navigation and ablation
of AF are as safe and effective as manual ablation. Furthermore, the
use of the robotic catheter remote control system for transseptal
puncture and endocardial navigation is safe and feasible. How-
ever, its usefulness in decreasing procedure time and improving
procedural efficacy and safety compared with current approaches
requires further evaluation in randomized clinical trials. In addi-
tion,a comparison between this technology and remote magnetic
navigation may be warranted. It is conceivable that, in the future,a
completely automated remotely performed procedure could set
new and more homogeneous treatment standards for this complex
procedure 21,28

In contrast to the magnetic guidance system (Niobe, Stereo-
taxis), which requires specific compatible magnetic-guided cath-
eters, the Sensei robotic navigation system is an open platform
system whereby almost any mapping or ablation catheter of appro-
priate size can be introduced into the remotely steerable catheter
or sheath. Additionally,the MNS requires continuous alteration and
adjustment of the magnetic field and then advancement of the
catheter in that direction. With the use of the Sensei robotic navi-
gation system, a continuous uninterrupted motion of the ablation
catheter can be achieved with the use of the instinctive motion
controller212930 Finally, the Senseirobotic system is, at least in

principle, portable and could be transported from one laboratory
to another in the facility whereas the remote MNS requires large
magnets permanently installed in one location.

Limitations

Although the remote location of the workstation from the fluoros-
copy can significantly reduce radiation exposure to the physician,
there is a need for a second physician or operator to manipulate
the circular mapping catheter at the bedside during a PV isolation
procedure. Radiation exposure is not reduced to this operator or
to the patient. With the use of other AF ablation strategies, such as
anatomically based ablation, however, there would be no need for
a separate mapping catheter. In the future, it is possible that both
the ablation and mapping catheters will be controlled in tandem
with two coordinated robotic steerable guides.

The steerable robotic sheath is inherently stiff to make it push-
able and mechanically steerable, and it has to be advanced
through a 14 Fr vascular sheath. The size of the introducer sheath
itself increases the likelihood of complications,and advancing the
steerable sheath into the vein may cause dissection.The amount of
force required to advance the Artisan through the hemostatic valve
of the sheath at the groin is significant. Therefore, insertion of the
14 Fr sheath and the Artisan catheter does require special care to
avoid retroperitoneal vascular complications.2%2

Infrequent cases of cardiac perforations and PV stenosis were
reported in several studies using the Sensei robotic navigation sys-
tem for catheter ablation of AF. Some of those events were thought
to be consequent to the use of high power output during RF abla-
tion.Therefore, it is important to recognize that with better catheter
contact and stability offered by the robotic sheath, the effective-
ness of ablation is increased, and less power is probably needed
to achieve adequate attenuation of electrograms. Further studies
will be required to evaluate adequate and optimal tissue contact
during navigation mapping and ablation, as well as the optimal
ablation energy parameters while using a robotic system at differ
ent pressure levels, and compare those with the parameters used
with conventional manually operated catheters.2?

During catheter ablation of AE the major advantage of robotic
navigation with respect to stability as compared with manual
navigation is along the LA roof. However, at the anterior inferior
portion along the lateral circumferential ablation line, catheter
stability is suboptimal in almost 50% of the cases despite robotic
navigation.This may be explained by the fact that this is the most
distant location from the transseptal puncture site. This limitation
can be partially compensated for by a “deeper” LA position of the
outer sheath and application of a distal bend. Additionally, elec-
trical isolation of the right inferior PV is challenging using this
system. Because of the large outer diameter of the sheath, robotic
navigation to the distal CS is discouraged. This may limit its use in
ablation procedures for long-lasting persistent AF or perimitral LA
macroreentrant tachycardias, which frequently require epicardial
ablation via the CS.

Certain ablation catheters with flat wire deflection mechanisms,
such as the current version of the Cool Path ablation catheter manu-
factured by St. Jude Medical, are not compatible with the Sensei
robotic navigation system, thereby rendering the system truly a
semi-open rather than a fully open platform. The flat wire mecha-
nism allows the catheter to only bend along a two-dimensional
(2-D) plane described by the flat surface of the wire without caus-
ing tension.When the robotic sheath moves in a direction that is not
along the 2-D plane of the flat wire, tension is created, resulting in
an uncontrolled rebound rapid correction of the system,which can
potentially cause cardiac perforation.This rarely happens with man-
ual manipulation of the catheter alone because the operator rotates
the catheter appropriately to achieve the desired position.2751

Although the robotic system affords greater stability at ablation
targets, complications that occur with the manual approach can
also occur with the robotic system. Given the stability of the system
and also the stiffness and rigidity of the sheath, it is crucial that the



operator understands the anatomy of the LA and adjacent struc-
tures. Even more so with the robotic navigation system, it is very
important that the operator is cognizant of possible complications
and is able to manage such complications effectively2”

Body Surface Potential Mapping

Fundamental Concepts

Although the conventional 12-lead ECG is extensively used, its limi-
tations for optimal detection of cardiac abnormalities are widely
appreciated. The main deficiency in the 12-lead approach is that
only 6 chest electrodes are incorporated, and they cover a rela-
tively constrained area of the precordium.The main reason for the
choice of the location of the conventional precordial electrodes,
suggested by Wilson in the 1940s,was the need to adopt some stan-
dard, which to this day has remained relatively unchallenged. In
the years since then, the growing appreciation for the limitations of
the conventional precordial electrode positions and the increase
in understanding of the localization of various cardiac abnor
malities on the body surface have led to the suggestion of various
alternatives.3233

One of the most widely studied alternatives to the 12-lead ECG
in clinical and experimental electrocardiology has been body
surface potential mapping (BSPM). In this approach, 32 to 219
electrodes are used in an attempt to sample all ECG information
as projected onto the body’s surface. The merits of this enhanced
spatial sampling are obvious, in that localized abnormalities that
may be difficult to detect using the 12-lead approach can readily
be picked up with the additional electrodes.3?

BSPM is defined as the temporal sequence of potential distribu-
tions observed on the thorax throughout one or more electrical
cardiac cycles. BSPM is an extension of conventional ECG aimed
at refining the noninvasive characterization and use of cardiac-
generated potentials. The improved characterization is accom-
plished by increased spatial sampling of the body surface ECG,
recorded as tens or even hundreds of unipolar ECGs, simultane-
ously or individually, with subsequent time alignment.3

BSPMs provide much more electrical and diagnostic informa-
tion than the 12-lead ECG.They contain all the electrical informa-
tion that can be obtained from the surface of the body, and they
reveal diagnostically significant electrical features in areas that
are not sampled by the 12-lead ECG systems. In addition, BSPMs
often show distinct electrical manifestations of two or more events
simultaneously evolving in the heart; they make it possible to com-
pute any ECG that would be obtained from any pair or combina-
tion of body surface electrodes (i.e., from any current or future
lead system). In addition, the recorded data can be displayed as
a sequence of contour maps, thus allowing isolation of significant
ECG events in both space and time.32

BSPMs can be used to reconstruct epicardial and,in some cases,
endocardial potential distributions, excitation times, and electro-
grams noninvasively, by means of inverse procedures, which help
transform the ECG into an imaging method of electrical activity.
This yields 3-D images that depict anatomical features with super-
imposed activation isochrones or excitation and recovery poten-
tials, isochrones, and electrograms.

In BSPM measurements, unipolar potentials of single heartbeats
are acquired simultaneously at more than 60 locations covering
the whole thorax. A Wilson central terminal is used as a reference
for the unipolar leads. Lead sites in the array are arranged in col-
umns and rows, and the electrodes are attached to flexible plas-
tic strips, attached to dozens of thoracic sites vertically, with the
highest electrode density at the left anterior thorax.Recordings are
bandpassfiltered at 0.16 to 300 Hz, digitized with a sampling fre-
quency of 1 kHz,and stored on a CD.33

BSPMs depict the spatial distribution of heart potentials on the
surface of the torso. Initially; all lead tracings are visually screened
to reject poorquality signals. The amplitude of every electrogram
is measured at a given time instant during the cardiac cycle and

plotted on a chart representing the torso surface. Several analyti-
cal procedures are used to convert the grid of data points into
map contours.The time interval between successive instantaneous
maps (frames) is generally 1 to 2 milliseconds.A sequence of 400 to
800 frames shows the evolution of the potential pattern during the
cardiac cycle. Often, 20 to 50 properly selected maps are sufficient
to show the essential features of the time-varying surface field.?3

Localization of the site of origin of focal tachycardia, pacing site,
or myocardial insertion site of a BT relates to the thoracic site of
greatest negativity in the isointegral map. An activation wavefront
moving away from such sites yields a negative body surface identi-
fier because of the dominant effect of activating the remainder of
the myocardial mass away from the stimulus site.

Clinical Implications

BSPM has been used for patients with conditions such as pulmo-
nary embolism, aortic dissection, and acute coronary syndromes.
It has also been used for diagnosing an old myocardial infarction,
localizing the BT in Wolff-Parkinson-White syndrome, recogniz-
ing ventricular hypertrophy, and ascertaining the location, size,
and severity of myocardial infarction and the effects of different
interventions designed to reduce the size of the infarct.®® From
an EP standpoint, BSPM has been studied for the discrimination
of clockwise and counterclockwise AFL, localization of the earli-
est retrograde atrial activation site in dogs with simulated Wolff-
Parkinson-White syndrome and orthodromic AVRT, localization of
the ventricular insertion site of BTs during preexcitation, localiza-
tion of sites of origin of ATs and VTs, and localization of endocar
dial or epicardial pacing sites.

Although ongoing research continues to address the role of
BSPM, and how BSPM addresses many of the inadequacies associ-
ated with the conventional 12-lead approach,the clinical effective-
ness of this procedure has not been established. BSPM is mostly
used as a research tool, rather than a routine diagnostic method
because of significant limitations.32

Limitations

The main limitation of BSPM is the complexity of the recording,
which requires many leads from each patient,sophisticated instru-
mentation,and dedicated personnel.?? Complexity of the interpre-
tation is another limitation, because it is mostly based on pattern
recognition and knowledge of variability in normal subjects and
patients, features that are difficult to memorize. Therefore, visual
inspection and measurement of BSPMs cannot result, per se, in
direct localization of single or multiple electrical events as they
occur in the heart. Furthermore,BSPMs do not offer a picture of the
heart, but they show an attenuated and distorted projection of epi-
cardial and intracardiac events on the body surface. Additionally,
the method of interpolating maps from acquired data is vulnerable
to the precision of localization of the electrode sites and to the
assurance that each electrode is receiving a true signal.2

Electrocardiographic Imaging

Fundamental Concepts

ECGI has three main components:a multielectrode ECG vest,a mul-
tichannel mapping system for ECG signal acquisition,and an ana-
tomical imaging modality to determine the heart-torso geometry.
ECGI is a cardiac functional imaging modality that noninvasively
reconstructs epicardial potentials, electrograms, and isochrones
(activation maps) from multichannel body surface potential
recordings by using geometrical information from CT and a math-
ematical algorithm.3435

ECGI has two requirements: ECG unipolar potentials measured
over the entire body surface and the heart-torso geometrical rela-
tionship relating the epicardial surface to the location of the record-
ing ECG electrodes.The body surface ECG unipolar potentials are
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FIGURE 6-19 Electrocardiographic imaging (ECGI) procedure. Body surface potential mapping (BSPM) is recorded using a multichannel (256-electrode) mapping
system. Noncontrast CT images with the body surface ECGI electrodes applied simultaneously record the locations of the electrodes (shining dots in CT images) and
the geometry of the heart surface. By combining the BSPM and heart-torso geometry information, ECGI reconstructs potential maps, electrograms, and isochrones
(activation patterns) on the epicardial surface of the heart. (From Wang Y, Cuculich PS, Woodard PK, et al: Focal atrial tachycardia after pulmonary vein isolation: noninvasive

mapping with electrocardiographic imaging [ECGI]. Heart Rhythm 4:1081, 2007.)

measured using a multielectrode ECG vest.The prototype ECG vest
has 250 electrodes arranged in rows and columns on strips, with
Velcro attachments at the sides to secure the vest to the torso (Fig.
6-19). The vest is connected to a multichannel mapping system,
which measures ECG unipolar potentials over the entire body sur-
face and facilitates simultaneous signal acquisition and amplifica-
tion from all channels. Body surface potentials are monitored to
ensure proper contact and gain adjustment, and then signals are
recorded over several heartbeats.3+37

After signal acquisition, the exact geometry of the epicardial
and torso surfaces and vest electrode positions is obtained by ana-
tomical imaging modalities, such as thoracic CT or MRI. Scans are
usually set to an axial resolution between 0.6 and 1 mm and are
typically gated at the R wave of the ECG to obtain diastolic volume
(geometry for reconstruction of activation). Systolic volume, gated
during the T wave of the ECG, is also measured to obtain suitable
geometry for reconstruction during the repolarization phase.The
transverse slices are segmented slice by slice to obtain heart geom-
etry (as epicardial contours on each slice) and torso geometry
(described by body surface electrode positions,seen as bright dots
on the images; see Fig. 6-19). The geometry of the heart and torso
surfaces is then assembled in a common x-y-z coordinate system to
provide the geometrical heart-torso relationship.3437

ECGI noninvasively computes potentials on the heart surface by
solving the Laplace equation within the torso volume,with torso sur-
face potentials and the geometric relationship between the epicar
dial and torso surfaces as inputs.The potential and geometry data
are processed through CADIS, the ECGI software package (see Fig.
6-19). The software has four modules. The pre-processing module
pre-processes the acquired ECG signals by noise filtration, baseline
correction, elimination of bad signals (poor contact), and inter
polation of missing signals. The geometry module includes image
segmentation algorithms for heart and body surface segmentation
and meshing of heart and torso surfaces. The numerical module
includes boundary element algorithms to derive the transfer matrix

relating body surface potentials to epicardial potentials and epi-
cardial potential reconstruction algorithms that use regularized
inverse solutions such as Tikhonov zero-order or the generalized
minimal residual methods to compute unipolar epicardial poten-
tials from the transfer matrix and body surface potentials. Regular-
ization is necessary because of the ill-posed nature of the inverse
problem (i.e., large noise fluctuations in the input data [noise on
the ECGs or inaccurate electrode locations] may precipitate large
errors in the solution). The fourth module is the postprocessing
module, which includes tools to analyze reconstructed epicardial
data and formats for efficient visualization and analysis.3637

Four modes of display are typically used. Epicardial potential
maps depict the spatial distributions of potentials on the epicar
dium (see Fig. 6-19). Each map depicts one instant of time; maps
are computed at 1-millisecond intervals during the entire cardiac
cycle. The electrograms depict the variation of potential with
respect to time at a single point on the epicardium. The electro-
grams are computed at many points (typically 400 to 900 sites)
around the epicardium. Isochrone maps depict the sequence of
epicardial activation based on local activation time, taken as the
point of maximum negative derivative (-dV/dt,,,,) of the QRS seg-
ment in each electrogram (intrinsic deflection). Recovery times
are assigned as the point of maximum derivative (dV/dty,,,) of
the T wave segment. Activation times are determined as the time
of maximum negative derivative in the epicardial electrograms.
Information from neighboring electrograms is used to edit activa-
tion times in electrograms with multiple large negative derivatives.
Lines of block are drawn to separate sites with activation time dif-
ferences more than 30 milliseconds.?435

Clinical Implications

A noninvasive imaging modality for cardiac EP is much needed
for risk stratification of patients with genetic predisposition or
altered myocardial substrate (e.g., after infarction), for specific



diagnosis of the arrhythmia mechanism to determine the most suit-
able intervention, for determination of cardiac location for optimal
localized intervention, for evaluation of efficacy and guidance of
therapy over time, and for studying the mechanisms and proper-
ties of cardiac arrhythmias in humans. Noninvasive diagnosis of
arrhythmias is currently based on the standard 12-lead ECG,BSPMs,
or paced body surface QRS integral mapping. Standard diagnostic
techniques such as the ECG provide only low-resolution projec-
tions of cardiac electrical activity on the body surface and cannot
provide detailed information on regional electrical activity in the
heart, such as the origin of arrhythmogenic activity, sequence of
arrhythmic activation, or existence and location of an abnormal
EP substrate.

ECGI reconstructs an epicardial electroanatomical map non-
invasively by combining a 250-electrode body surface ECG with
a CT scan of the heart-torso geometry The ECGI images can be
presented as epicardial potential maps, electrograms, isochrones,
or repolarization maps during activation and repolarization. The
major strengths of ECGI include the following: characteristics of
activation can be analyzed at any point in the cardiac cycle with
fine temporal resolution, atrial and ventricular patterns can be dis-
played, and information about the intramural nature of activation
is available.

ECGI has been successfully applied and validated in human
subjects, including comparison with intraoperative multielectrode
mapping, determination of ECGI accuracy in locating focal sites of
initial activation in humans by comparison with known locations
of pacing electrodes in various RV and LV positions, comparison
with catheter-based localization of focal VT, determination of the
origin of human AT,and characterization of reentrant circuits.343538
ECGI has been applied in humans to reconstruct epicardial activa-
tion and repolarization during normal sinus rhythm, right bundle
branch block, ventricular pacing, ventricular preexcitation, focal
tachycardias, and AFL, in open heart surgery patients, and in
patients receiving devices for cardiac resynchronization therapy.
Additionally, ECGI can image the reentry pathway and its key com-
ponents in atrial and ventricular macroreentrant tachycardias,
including the critical isthmus, its entry and exit sites, lines of block,
and regions of slow and fast conduction. Although clinical reentry
usually occurs in the endocardium, the subepicardium plays an
important role in the maintenance of reentry in a small proportion
of patients undergoing ablation therapy.Interpretation of intramural
arrhythmogenic activity can be further enhanced by direct cathe-
ter mapping or noncontact catheter reconstruction of EP informa-
tion on the endocardial surface simultaneously with noninvasive
epicardial ECGIL. The combination of epicardial and endocardial
EP information, with knowledge of the intramural anatomical orga-
nization of the myocardium, can provide an unprecedented ability
to localize arrhythmogenic activity within the myocardial depth by
using only noninvasive or minimally invasive procedures 3639

ECGI'’s ability to image noninvasively regions of dispersion of
repolarization in the form of QRST integral maps (or other metrics
of repolarization dispersion) during a single beat provides a feasi-
ble and computationally efficient method for evaluating the sever
ity of the substrate in patients at risk of developing arrhythmias.
Noninvasive reconstruction of epicardial measures of repolariza-
tion dispersion can therefore provide a tool for rapid screening of
patients at a high risk of life-threatening arrhythmias. After screen-
ing, prophylactic measures (e.g., implantable defibrillators, abla-
tion, drug therapy, or genetic or molecular modification) can be
instituted before sudden cardiac death occurs.The significance of
applying ECGI for risk stratification is amplified by the lack of sen-
sitivity of body surface measures (e.g., QT dispersion) at reflecting
underlying dispersion of repolarization.36:37.39

Limitations

ECGI provides EP information about the heart’s epicardial sur
face; it does not directly reconstruct endocardial information in
the 3-D myocardium. Computation of endocardial activation is not

yet possible because the electrical signal amplitude from the mid-
wall and endocardium is much smaller. Nevertheless, in contrast
to BSPMs, epicardial potentials provide high-resolution reflection
of underlying intramural activity®> In addition, ECGI can have
limited success in defining components of arrhythmia pathways
that involve small volumes of tissue, such as microreentry Further
more, the need to use CT limits the clinical application of ECGI
during intervention in the EP laboratory, where CT is not available.
To render the ECGI procedure more practical for mainstream
adoption, newer methods for obtaining patient-specific geometry
using biplane fluoroscopy or pseudo-3-D ultrasound have been
developed and successfully tested in the context of ECGI in the EP
laboratory3?

Intracardiac Echocardiography
Catheter Design

Two types of ICE imaging systems are currently available: the
mechanical ultrasound catheter radial imaging system and the
electronic phased-array catheter sector imaging system.

MECHANICAL ULTRASOUND CATHETER
RADIAL IMAGING SYSTEM

In the mechanical ultrasound catheter (Ultra ICE) radial imaging
system (EP Technologies, Boston Scientific), the ultrasound trans-
ducer is mounted at the end of a nonsteerable 9 Fr (110-cm length)
catheter and has a single, rotating, crystal ultrasound transducer.
An external motor drive unit rotates the crystal at 1800 rpm within
the catheter to provide an imaging plane that is 360 degrees cir
cumferential and perpendicular to the long axis of the catheter,
with the catheter located centrally Mechanical ICE uses imaging
frequencies of 9 to 12 MHz,which provide nearfield clarity (within
5to 7 cm of the transducer) but poor tissue penetration and far-
field resolution. As a result, these systems have not allowed clear
imaging of the LA and PV,except when they are introduced directly
into the LA (transseptally).This technology lacks Doppler capabil-
ity.and the catheter is not freely deflectable.®0

ELECTRONIC PHASED-ARRAY CATHETER
SECTOR IMAGING SYSTEM

In the electronic phased-array ultrasound catheter (AcuNav) sec-
tor imaging system (Acuson Corporation, Siemens Medical Solu-
tions, Malvern, Pa.), the ultrasound transducer is mounted on the
distal end of an 8 or 10 Fr (90-cm length) catheter and has a for
ward-facing 64-element vector phased-array transducer scanning
in the longitudinal plane.The catheter has a fourway steerable tip
(160 degrees anteroposterior and left-right deflections). The cath-
eter images a sector (wedge-shaped) field in a plane in line with
the catheter shaft and oriented in the plane of the catheter. Imag-
ing capabilities include 90-degree sector 2-D,M-mode,and Doppler
imaging (pulsed-wave, continuous-wave, color,and tissue Doppler),
with tissue penetration up to 16 cm, and variable ultrasound fre-
quency (5.5,7.5,8.5,and 10 MHz).40

Imaging Technique

USING THE MECHANICAL RADIAL INTRACARDIAC
ECHOCARDIOGRAPHIC CATHETER

Initially; all air must be eliminated from the distal tip of the ICE
catheter by flushing vigorously with 5 to 10 mL of sterile water
to optimize the ultrasound image. The ICE catheter is introduced
through a long femoral venous sheath. Because the catheter is not
deflectable, preshaped angled long sheaths are preferred to allow
some steerability® The mechanical radial ICE catheter generates
a panoramic 360-degree image perpendicular to the catheter, with
the tip as a central reference point. The catheter is connected to
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FIGURE 6-20 Mechanical radial intracardiac echocardiographic (ICE) images
from different levels in the right atrium (RA) and superior vena cava (SVQ). A,
With the transducer tip in the SVC, typical structures visible in this plane are the
ascending aorta (AAQ), right pulmonary artery (RPA), and right superior pulmo-
nary vein (RSPV). B, Withdrawing the ICE catheter into the mid-RA brings the
fossa ovalis into view. Typical structures visible in this plane are the left atrium
(LA), LA free wall (LAFW), aortic valve (AQV), and crista terminalis (CT). C, With-
drawing the ICE catheter down to the RA floor visualizes the coronary sinus (CS)
and inferior vena cava (IVC). D, During transseptal puncture, tenting of the fossa
is observed on the ICE. (Courtesy of Boston Scientific, Natick, Mass.)

the ultrasound console and advanced until the tip of the rotary ICE
catheter image is in the RA.

When the transducer is advanced into the SVC, the ascending
aorta, the right pulmonary artery, and, occasionally, the right supe-
rior PV are viewed.?! Withdrawing the catheter into the mid-RA
brings the fossa ovalis and LA in view; the crista terminalis and
aortic valve are usually visible in this view (Fig.6-20).The LA, left PV
orifices,and aortic root are imaged by positioning the transducer
at the fossa ovalis. However, visualization of the LA and PV ostia
is limited because of limited penetration depth. Withdrawing the
catheter to the low RA allows visualization of the eustachian valve,
lateral crista terminalis, and CS ostium (see Fig. 6-20).4! When the

EV

TV

FIGURE 6-21 Intracardiac echocardiographic (ICE) image of the cavotricuspid
isthmus (CTI, yellow arrows) between the eustachian valve (EV, green arrow) and
the tricuspid valve (TV, red arrows). RV = right ventricle.

transducer is placed in the RV through the tricuspid valve and fur
ther advanced into the RVOT, both ventricles and the pulmonary
artery can be visualized.

USING THE ACUNAV CATHETER

A femoral venous approach is used for the insertion of the ICE
catheter. The catheter is advanced to the RA under fluoroscopy
guidance.ICE 2-D 90-degree sector scanning demonstrates a cross-
sectional anatomical view oriented from the tip to the shaft of the
imaging catheter's active face.?0 The leftright (L-R) orientation
marker indicates the catheter’s shaft side.When the L-R orientation
marker is set to the operator’s right, the craniocaudal axis projects
left to right from the image and the posterior to anterior axis pro-
jects from the image top to bottom.Changing the L-R marker to the
left side inverts the image but does not change the top-to-bottom
image orientation. Image orientation can be adjusted to visualize
targeted structures by simple catheter advancement or withdrawal,
by tip deflection in four directions (anteroposterior and left-right),
or by catheter rotation.

The AcuNav ICE catheter includes variable ultrasound frequency
(5.5,7.5,8.5,and 10 MHz) .Increasing ultrasound frequency improves
axial image resolution; however, tissue penetration decreases and
reduces imaging depth.An ultrasound frequency of 7.5 MHz is use-
ful for imaging most cardiac structures. Frequency can then be
increased (to 8.5 or 10 MHz) for imaging nearfield structures, or
decreased (to 5.5 MHz) for imaging farfield structures.0
RIGHT ATRIAL TARGETS. All RA targets are visualized by
advancing or withdrawing the ICE catheter to an appropriate level
within the RA and rotating the catheter to bring the target into
view. The best resolution of near-field and midfield structures is
obtained at an 8.5-MHz frequency. Once the catheter is advanced
into the mid-RA with the catheter tension controls in neutral posi-
tion (the ultrasound transducer oriented anteriorly and to the left),
the RA, tricuspid valve, and RV are viewed. This is called the home
view (see Fig. 4-13 and Video 5), and it can serve as a starting point;
whenever the operator gets lost, he or she can go back to the home
view and start over. From the home view, counterclockwise rota-
tion of the catheter brings the RA appendage into view, whereas
anterior deflection of the catheter tip toward the RV allows visual-
ization of the tricuspid valve and cavotricuspid isthmus (Fig. 6-21).
The superior crista terminalis is visualized when the catheter is
advanced to the RA-SVC junction in an anterior direction.!
INTERATRIAL SEPTUM. Gradual clockwise rotation of a
straight catheter from the home view allows sequential visualiza-
tion of the aortic root and the pulmonary artery, followed by the
CS, mitral valve, the LA appendage orifice, and a cross-sectional



FIGURE 6-22 Intracardiac echocardiographic (ICE) images of the left pulmo-
nary veins with transducer placed in the right atrium (RA). A, The RA, interatrial
septum (green arrows), left inferior pulmonary vein (LIPV), left superior pulmo-
nary vein (LSPV), and descending aorta are visualized. The Lasso catheter (yellow
arrowheads) is visualized at the ostium of the LIPV. Color Doppler images of both
LIPV and LSPV (B) and a pulsed-wave Doppler tracing (C) obtained from the
LSPV are shown. LA = left atrium.

view of the fossa ovalis (see Fig. 4-13 and Video 5). The mitral
valve and interatrial septum are usually seen in the same plane
as the LA appendage. Posterior deflection, right-left steering, or
both, of the imaging tip in the RA is occasionally required to opti-
mize visualization of the fossa ovalis; the tension knob (lock func-
tion) can then be used to hold the catheter tip in position. Further
clockwise rotation beyond this location demonstrates images of
the left PV ostia (see Fig. 4-13). The optimum ICE image to guide

FIGURE 6-23 Short-axis view of the aortic valve (AV) cusps with the intracar-
diac echocardiographic (ICE) transducer placed in the midright atrium deflected
near the posterior wall of the aortic root. RVOT = right ventricular outflow tract.

transseptal puncture demonstrates adequate space behind the
interatrial septum on the LA side and clearly identifies adjacent
structures (see Fig. 4-14 and Video 6).

LEFT ATRIAL STRUCTURES. A 7.5- or 8.5-MHz imaging fre-
quency optimizes visualization of LA structures and PVs beyond
the interatrial septum. PV imaging is possible by first visualizing the
membranous fossa from a mid-RA to low-RA catheter tip position.
With clockwise catheter rotation, the LA appendage can be visual-
ized, followed by long-axis views of the left superior and inferior
PVs (Fig. 6-22; see also Fig. 4-13). Further clockwise rotation of the
catheter brings the orifices of the right superior and inferior PVs into
view. The ostia of these veins are typically viewed en face, yielding
an owl’s eyes appearance at the vein’s orifice. The LA appendage
can also be visualized with the transducer positioned in the CS.
LEFT AND RIGHT VENTRICULAR TARGETS. Imaging of each
targeted LV structure at depths of 6 to 15 cm is accomplished with
the catheter tip in a low-RA position. When the catheter trans-

ducer is placed near the fossa and oriented anteriorly and to the g

left, the LV outflow tract (LVOT) and truncated LV are imaged.
With clockwise rotation and slight adjustment of the transducer
level, the mitral valve and LV apex can be viewed. To image the
mitral valve in a long-axis, two-chamber view (LA, mitral valve,
and LV), a mild degree of apically directed catheter tip deflection
can be required. The RVOT, LVOT, and aortic root with coronary
artery ostia can be imaged by advancing the catheter in the RA
to the level of the outflow tracts (mid-RA), with an appropriate
deflection to the right. The aortic valve can also be imaged in its
cross section from this region (Fig. 6-23). A long-axis view of the
LV can also be visualized by advancing the catheter with its ante-
riorly deflected tip into the RV with clockwise rotation against the
interventricular septum (Fig. 6-24). Further clockwise rotation or
right-left steering of the catheter tip allows a short-axis view of the
LV, as well as the mitral valve (see Fig. 6-24). Pericardial effusions
usually can be readily identified from these views. Withdrawing
the catheter back to the base of the RVOT and rotating the shaft
allow the RVOT to be visualized in its long axis, with a cross-sec-
tional view of the pulmonic valve.

Clinical Implications

Transesophageal imaging has been used to guide ablation of VT and
BTs,as well as transseptal catheterization,and for the closure of atrial
septal defects or cardiac biopsy. This approach, however, has been
limited in the interventional arena by aspiration risk and patient
discomfort accompanying prolonged esophageal intubation,and it
requires a second ultrasound operator to complete the study.
Previous human applications of ICE have been limited to those
generated by the mechanical rotation of a single piezoelectric
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element in 6 to 10 Fr catheters. Miniaturization of these elements
required the use of higher 10- to 20-MHz transducer frequencies,
thus limiting ultrasound penetration to surrounding cardiac tissues.
This technology has been applied to the imaging of RA structures
in humans and animals, membranous fossa ovalis, crista terminalis,
eustachian ridge, tricuspid annulus,and the SVC-RA junction in the
region of the sinus node. However,visualization of the LA and PV ostia
is limited using this system because of limited penetration depth,
except when it is introduced directly into the LA (transseptally).

The electronic phased-array ultrasound system offers deeper
field, standard intracardiac visualization of specific right- and left-
sided cardiac structures,as well as color flow and pulsed-wave and
continuous-wave Doppler imaging by a single operator. These fea-
tures have been of significant value for PV isolation procedures
and LA linear ablation for AE

Several practical uses for ICE have emerged in the setting of EP
procedures, including the following: (1) assessment of catheter con-
tact with cardiac tissues; (2) determination of catheter location rela-
tive to cardiac structures (specifically useful in otherwise difficult to
localize areas; e.g., the PVs); (3) guidance of transseptal puncture,
particularly in the setting of complex or unusual anatomy; (4) facili-
tation of deployment of mapping or ablation systems (e.g.,PV encircl-
ing devices,noncontact mapping systems,and basket technologies);
(5) visualization of evolving lesions during RF energy delivery; both
changing tissue echogenicity and microbubbles reflect tissue heat-
ing, with the latter providing a signal for energy termination; (6)
evaluation of cardiac structures before and after intervention (e.g.,
cardiac valves and PVs); (7) assessment of PV anatomy, dimensions,
and function via 2-D anatomical imaging and Doppler physiologi-
cal measurements; (8) assessment of complications (e.g., tampon-
ade, electromechanical dissociation, or thrombus formation; see Fig.
32-1)%2; (9) identification of the anatomical origin of certain arrhyth-
mias (e.g.,ICE can facilitate ablation of inappropriate sinus tachycar
dia or sinus nodal reentrant tachycardia); and (10) definition of the
proximity of the catheter tip and coronary arteries (during mapping
and ablation of arrhythmias originating from the aortic cusp).

As mentioned previously, the CARTOSound Image Integration
Module (Biosense Webster, Inc.) incorporates the electroanatomical
map to an ICE volume map of the cardiac chamber derived from
a phased-array transducer catheter incorporating a position sensor
(SoundStar, Biosense Webster, Inc.), which may be used as a stand-
alone tool to guide navigation and ablation or as a facilitator of CT/
MRI image integration. This navigation approach has been success-
fully utilized for catheter ablation of AF. Additionally, 3-D ultrasound
images can potentially yield anatomically accurate chamber geom-
etries and identify scar in the LV (both by wall thickness and motion)
to facilitate substrate mapping and ablation of ischemic VT.1213

Computed Tomography and
Magnetic Resonance Imaging
Fundamental Concepts

During catheter ablation procedures, the catheters are usu-
ally manipulated under the guidance of fluoroscopy. However,

FIGURE 6-24 Intracardiac  echocardio-
graphic (ICE) images of the left ventricle (LV),
with transducer placed in the right ventricle
(RV) against the interventricular septum (IVS).
A, Long-axis view of the LV. B, Short-axis view
of the LV at the level of the mitral valve (arrow-
heads).

fluoroscopy does not provide adequate depiction of cardiac
anatomy because of its poor soft tissue contrast and the 2-D pro-
jective nature of the formed image, which hinders its application
for complex procedures such as AF ablation. On the other hand,
CT and MRI images offer anatomical detail in 3-D. However, these
images are presented out of the context of the ablation catheter,
thus greatly diminishing their potential value. An optimal strategy
would therefore be to integrate the 3-D images generated by CT
or MRI with the electrical and navigational information obtained
by an interventional system. This can be achieved through the
process of integration. Image integration refers to the process of
aligning the pre-procedural cardiac CT and MRI images with the
realtime 3-D electroanatomical maps reconstructed from multiple
endocardial locations.The process of image integration consists of
three steps: pre-procedural CT and MRI image acquisition, image
segmentation and extraction,and image registration.

IMAGE ACQUISITION

Cross-sectional or axial CT or MRI images are acquired at sufficient
resolution to delineate cardiac structures less than 1 to 2 mm in
thickness. Images at 0.625-mm thickness can be reconstructed
from images obtained at 1.25-mm intervals with currently avail-
able multirow helical scanners.A simultaneous ECG is recorded to
assign the source images retrospectively to the respective phases
of the cardiac cycle. MRI images are similarly obtainable,although
at a slightly lower spatial resolution. Reconstructing any cardiac
chamber in 3-D from the axial images is performed using any one
of various software packages.*3

IMAGE SEGMENTATION

Image segmentation refers to the process of extracting the 3-D anat-
omy of individual cardiac structures from its surrounding structures.
Methods of image segmentation include thresholding, boundary
detection,and region identification. Thresholding involves assigning
pixels with intensities lower than a threshold to one class and the
remaining pixels to a different class. Connecting adjacent pixels of
the same class then forms regions. Boundary differentiation meth-
ods use information about intensity differences between adjacent
regions to separate the regions from each other. Region identifica-
tion techniques then form regions by combining pixels of similar
properties.*345 For cardiac ablation procedures, the volume of car-
diac structures is extracted from the whole-volume data set using
a computerized algorithm that differentiates the boundary between
the blood pool (which is high in contrast) and the endocardium
(which is not contrast enhanced).This allows for clear differentiation
between the chamber lumen and endocardial wall (Fig. 6-25). Sub-
sequently; the volumes of individual cardiac structures are separated
from each other with the use of another algorithm capable of detect-
ing their boundaries.Using a third algorithm,the segmented volumes
for individual cardiac structures are extracted as 3-D surface recon-
structions. The segmented volumes can be viewed from an external
perspective or from within the chamber using virtual endoscopic or
cardioscopic displays.These images, in addition to providing a road
map for ablation, can also be used for registration (see Fig.6-25).



LSPV

Abl

FIGURE 6-25 CTimage segmentation and integration with electroanatomical mapping (CARTO) data. A, Three-dimensional reconstruction of the heart and part of
the spine from the two-dimensional CT image (posteroanterior [PA] view). B and C, Individual cardiac chambers are segmented from each other using computerized
algorithms capable of detecting their boundaries (aorta, red; left atrium [LA], yellow; left ventricle, green; pulmonary artery, blue; right atrium, orange). D and E, The
cardiac chamber is selected (LA in this case), and others are deleted. F, Integration of CT and electroanatomical mapping (CARTO) data. Shown is a left lateral cardio-
scopic view of the ostia of the left pulmonary veins (PVs) during PV electrical isolation. Radiofrequency applications (small red circles) were deployed at the posterior
aspect of the ostium of the left superior PV (LSPV). The ablation (Abl) catheter tip is positioned at the inferior aspect of the LSPV.

IMAGE REGISTRATION

Although the segmented structures are highly useful for visualiz-
ing the cardiac structures and characteristics of the tissue forming
that structure, they do not convey the physiology of an arrhythmia.
Integrating that physiology, as captured by electroanatomical or
noncontact mapping with the spatial information contained in the
CT or MRI images, requires registration of activation or voltage data
to an appropriate location on a 3-D representation of a chamber.
This is of critical importance in that it establishes the relationship
between anatomy and physiology as required for the structure-
and activity-based understanding of arrhythmias and for enabling
image-guided intervention. Image registration refers to superim-
posing the 3-D CT/MRI surface reconstruction onto the real-time
electroanatomical maps yielded by the 3-D mapping system (see
Fig.6-10).

During registration, the assumption is made that the anatomy
of the organ being registered has not changed. Two computer-
ized algorithms are used to accomplish the image registration
process: landmark registration and surface registration. Landmark
registration aligns the 3-D CT/MRI image reconstruction with cor
responding electroanatomical maps through linking two sets
of corresponding fiducial points in each set of the images to be
registered. Under the guidance of fluoroscopy or ICE, or both, at
least three landmark pairs are created by real-time catheter tip
locations on the interventional system being used for registration
and then placed on their estimated locations on the 3-D CT/MRI
image reconstructions. Using more landmark points increases the
accuracy of the registration process. Surface registration is an algo-
rithm that attaches the acquired endocardial points to the closest
CT/MRI surface to compose the best fit of the two sets of images
by minimizing the average distance between the landmarks, and
the distance from multiple endocardial locations, to the surface
of 3-D CT/MRI image reconstructions. Surface registration comple-
ments landmark registration to improve the registration accuracy.

However, because of surface indentation and potentially missed
areas during mapping, the acquired electroanatomical map does
not represent the perfect anatomy of the cardiac chamber.4345

COMPUTED TOMOGRAPHY OVERLAY

A novel application (EP Navigator prototype, Philips Healthcare,
Best, The Netherlands) has been developed to superimpose a
preacquired segmented 3-D CT image of the LA over realtime
fluoroscopy system (“CT overlay”) to help in guiding ablation of
atrial arrhythmias, particularly AF. This application can be used on
monoplane or biplane fluoroscopy. It permits fluoroscopy-directed
guiding of an ablation catheter and diagnostic catheters in a vir
tual 3-D model of the LA, and subsequent tagging of ablation sites
on the registered 3-D image without the simultaneous use of an
electroanatomical mapping system, thus facilitating the creation
of continuous lines and returning to critical ablation sites. Further
more, it is feasible to identify and segment the esophagus on the
CT scan, which can subsequently be overlaid on the fluoroscopic
images along with the cardiac structures. 4648

Image Integration Procedure

IMAGE REGISTRATION USING CARTOMERGE

The preacquired CT/MRI digital imaging data are imported by a CD
into the CARTO XP system equipped with commercially available
software (CARTOMerge Image Integration Software Module) that
allows structures of interest to be easily and quickly segmented
and reconstructed in 3-D.The segmented images are then imported
into the real-time mapping system.Once created using the CARTO
system (as described previously), the electroanatomical map
of the cardiac chamber is “fused” to the CT/MRI. The most fre-
quently used registration technique is a combination of landmark
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registration and surface registration. Landmark registration involves
the 3-D orientation of the imported CT/MRI image on the x,y,and
z axes and requires the acquisition of at least three noncollinear
endocardial landmark points using the mapping-ablation catheter.
The precise location of these on the 3-D image is a critical factor
in this technique and remains challenging. Biplane fluoroscopy,
angiography,and ICE can be used to facilitate identification of the
landmark point. Catheter contact is ensured by fluoroscopy visu-
alization of the catheter mobility in relation to the cardiac motion
and by a discrete electrogram. The estimated corresponding loca-
tions of these endocardial landmark points are then marked on
the imported 3-D CT/MRI image, thus creating a landmark pair, with
one landmark point on the real-time electroanatomical map and
the other on the 3-D CT/MRI image.

Landmark registration approximates the electroanatomical map
to the 3-D CT/MRI surface reconstruction by matching the land-
mark pair. Surface registration fits the 3-D CT/MRI surface recon-
struction with the electroanatomical map points by rendering the
smallest average distance of the two datasets.Although the registra-
tion of surface points should improve alignment of the two images,
registering points from the entire surface of the cardiac chamber
involves the risk of incorporating errors related to potential inden-
tation of the chamber wall and distortion of chamber geometry
resulting from the pressure of the mapping catheter on the most
mobile regions.The mapping system then provides an average tip-
to-surface distance, which ideally should be less than 2 mm.While
manipulating the catheter during ablation, the projected catheter
distance to the surface is used as an additional guide to assess
catheter contact. This can be complemented by information from
electrograms recorded by the catheter, fluoroscopy,and ICE.16

IMAGE REGISTRATION USING CARTOSOUND

The CARTOSound utilizes a 10 Fr phased-array ICE catheter with an
embedded navigation sensor (SoundStar, Biosense Webster, Inc.),
which records individual 90-degree sector image planes of the car-
diac chamber of interest, including their location and orientation,
to the CARTO workspace. To correct for respiratory phase, all ICE
images should be acquired during expiratory breath-hold.Once the
CARTOSound volume map of the cardiac chamber is created, regis-
tration is performed using CARTOMerge software. First, the CT/MRI
image is visually aligned with the ICE-created cardiac chamber ana-
tomical shell. Second, landmark registration is performed whereby
three echocardiographically discrete anatomical sites identified
with ICE (landmark points) are tagged on the ICE contour and
matched to a corresponding location on the CT/MRI image. Finally,
the CARTOMerge surface registration algorithm is performed. This
algorithm attempts optimally to juxtapose, or integrate, the CT/MRI
image spatially with the CARTOSound model to minimize the aver
age distance between each point on the ICE-created anatomical

rendering of the cardiac chamber and the corresponding CT/MRI
image, thus permitting the CT model to guide navigation.

Registration is based on the best fit between the cardiac cham-
ber surface reconstruction obtained with each ICE contour and
the corresponding CT/MRI image, and it is not based on the LA
volume obtained with ICE and the corresponding CT/MRI image.!2
ICE-guided focused endocardial surface registration seems to be
superior to landmark registration in achieving a better alignment
between the CT/MRI image and the electroanatomical map. The
3-D ultrasound images can help create anatomically accurate, real-
time chamber geometries and eliminate chamber deformity (as
often happens with contact mapping), potentially to yield more
accurate CT/MRI registration.!>13

IMAGE REGISTRATION USING NAVX FUSION

The cardiac chamber of interest is segmented and reconstructed
in 3-D from CT/MRI slices using EnSite Verismo software. The 3-D
virtual anatomical geometry of the cardiac chamber is created
using NavX Fusion (as described previously). The CT/MRI recon-
struction of the mapped cardiac chamber is displayed on a split
screen and used to guide finer anatomical definition with the
ablation catheter and help edit the virtual 3-D geometry to elimi-
nate “false space.” Subsequently, “field scaling” is applied to the
geometry to compensate for variations in impedance between the
heart chambers and venous structures and render the geometry
and navigational space more physiologically relevant and to more
closely resemble the CT/MRI image. The field scaled geometry is
fused to the CT/MRI in two stages, termed primary (rigid) fusion
and secondary (dynamic) fusion. Primary fusion uses three fidu-
cial (i.e, landmark) corresponding points on the created geom-
etry and the CT/MRI image to superimpose, or lock together, both
images (Fig. 6-26). These points are chosen to ensure reasonable
3-D anatomical separation and allow orientation of the CT/MRI, but
the registration error is high. Therefore, secondary fusion points or
fiducials are applied to the primary fused geometry at sites of local
mismatch between the two superimposed geometries.

In this unique component of image fusion,the created geometry
surface is molded to the CT/MRI surface while also “bending” the
3-D navigation space within the geometry This process is contin-
ued, adding supplemental (usually more than 15) fiducial point
pairs until good correspondence between the NavX geometry and
CT/MRI models is achieved. For example, if the anterior wall of the
geometry is fused anteriorly to the CT/MRI, the catheter location
also will be moved so that,when the catheter is repositioned on the
anterior wall after fusion, it should be visualized on the CT/MRI sur-
face and not within the bounds of the original prefusion geometry.
Although the principle of CT/MRI image integration is common to
both the EnSite NavX Fusion and CARTOMerge systems, there is a
significant difference in how registration is achieved.

FIGURE 6-26 Integration of CT and ESI-
NavX electroanatomical mapping data.
Shown are posterior anterior and left lat-
eral views of the electroanatomical contour
acquired with catheter manipulation in the
left atrium during atrial fibrillation ablation
overlaid on a CT image of the left atrium
acquired several days earlier. Small white cir-
cles are tagged sites at which radiofrequency
energy was applied to isolate the pulmonary
veins. MA =mitral annulus..



As described previously, the EnSite system uses a dynamic regis-
tration process (with four or more fiducials) to optimize both rota-
tion and stretching of the surface of the NavX geometry to match
the CT/MRI. With the CARTOMerge system, the whole registration
process is rigid with rotation of the CT/MRI to minimize the dis-
tance between the surface of the anatomical model generated and
that of the CT, but no stretching of the model itself. Despite this
difference, the registration error is similar with both techniques
(CARTOMerge, 2.3 + 1.8 mm, versus EnSite NavX Fusion, 3.2 +
0.9 mm).1949

IMAGE REGISTRATION USING FLUOROSCOPY
(CT OVERLAY)

The preacquired CT data set is imported into the software, the car-
diac chamber of interest is automatically segmented, and a 3-D
volume of the LA and PVs is constructed. Before CT registration
is performed, the patient must be properly positioned, and the
structure of interest must be isocentered in two orthogonal fluoro-
scopic projections.nitial registration is based on the heart contour
to allow for quick alignment of the CT-rendered volume with the
fluoroscopic image.On an anteroposterior fluoroscopic projection
(without contrast injection), the CT volume overlay is aligned by
first using the right lateral atrial contour. The rest of the cardiac
contour then is superimposed on the fluoroscopic image, based
on the best visual estimate. Subsequently, fluoroscopic identifica-
tion of intracardiac landmarks by catheter manipulation within
the LA and PVs improves the overlay accuracy (e.g.,caudal drop of
the catheter when withdrawing from a PV into the LA helps iden-
tify the PV ostium; insertion of the ablation catheter into readily
identifiable anatomical landmarks such as PV branches immedi-
ately connected to PV ostium, accessory PVs; and looping of the
ablation catheter in the LA resulting in circumferential catheter
endocardium contact). Finally, angiography of the right and left
superior PVs (sequentially or simultaneously) in two orthogonal
views is performed to adjust the CT image further and improve reg-
istration by matching the superior border of the LA and the supe-
rior PV ostia, as well as certain landmarks, such as PV bifurcations,
between 3-D image and fluoroscopy.

After registration and locking,the 3-D CT image is always depicted
at the same angle as the fluoroscopy (i.e., the CT-generated vol-
ume rotates on the screen following the rotation of the C-arm),
thus allowing for constant visualization of the CT and fluoroscopic
images under the same viewing angle. The transparency of the
overlaid CT 3-D volume is adjustable, to allow visualization of the
catheters in the fluoroscopic image. In addition, the 3-D image can
be clipped with a customizable cutting plane, to permit internal
(endoscopic) views. Moreover, tags can be placed on the surface
of the registered 3-D image to mark ablation sites and other sites
of interest.4648

Clinical Implications

CT and MRI imaging approaches have already been of significant
benefit in AF catheter ablation procedures.These approaches pro-
vide critical information regarding the number, location, and size
of PVs, as needed for planning the ablation and selecting appro-
priately sized ablation devices.’® Resulting images also identify
branching patterns of potentially arrhythmogenic PVs, disclose the
presence of fused superior and inferior veins into antral structures,
and clarify the potentially confounding origins of farfield electro-
grams that masquerade as PV potentials. CT has also been used for
postablation evaluation for PV stenosis.

The 21st century has also seen the rapid development of inte-
grated, anatomy-based mapping and ablation. This progress has
been driven by a realization of both the critical coupling and
dependence of arrhythmias on their underlying anatomy and the
limitations of surrogate geometries of contemporary mapping sys-
tems for reflecting that anatomy. Over this same time frame, rapid
CT and MRI imaging systems have emerged as the mainstays of

imaging in the EP laboratory and have been used to plan or guide
ablation. Each company is actively working on image incorpora-
tion into its system.!14751 Helical 16- to 64-row CT and MRI studies
provide a broad anatomy library of an individual patient at one
point in time. Segmented CT volumes can be downloaded on the
CARTO and NavX platforms.These systems are able to register the
surrogate map fully onto actual CT and MRI anatomy; they also
enable integration of electroanatomical mapping with preac-
quired CT and MRI images and allow real-time visualization of the
location and orientation of the catheter tip within the registered CT
anatomical framework (see Figs.6-10 and 6-25).416:4345

The use of registered CT and MRI images to guide catheter
ablation presents a significant advantage over the less detailed
surrogate geometry created by previously available 3-D mapping
systems. Because it provides detailed anatomical information on
the catheter tip location in relation to the true cardiac anatomy,the
image integration technique has the potential to facilitate many
ablation procedures, especially anatomically based ablation strat-
egies, such as AF ablation (see Video 13), nonidiopathic VT abla-
tion, and ablation of intraatrial reentrant tachycardias following
corrective surgery for congenital heart diseases. Initial experience
has shown that the registered CT and MRI of LA reconstructions
can provide accurate information on the catheter tip location in
relation to the important LA structures, such as the PV ostium and
LA appendage. The realtime update of the catheter tip location
and the marking of ablation lesions on the detailed 3-D image can
potentially improve the quality of lesion sets, reduce complica-
tions,and shorten procedure and fluoroscopy times.

Registration of a preacquired 3-D CT image on fluoroscopy
potentially combines the accuracy of CT with the real-time fluo-
roscopy to guide catheter ablation of AE Compared with an estab-
lished and widely used electroanatomical mapping technique
for PV antrum isolation, procedural duration can be shortened
significantly without a concomitant increase in radiation burden.
An additional advantage to CT overlay is the ability to perform a
quick repeat registration in case of major changes in a patient’s
position. However, unlike the CARTO system, which provides notifi-
cation for significant patient movements, the operator needs to be
alert on discrepancies between catheters and anatomy and must
check registration in case of suspected movement. Additionally,
with the CARTO system, one can return to the catheterbased LA
reconstruction without Merge, which may be more accurate than
the CT image.4648

Limitations

Although CT and MRI provide exquisite images of the underlying
structures relevant in arrhythmogenesis, they are limited by the
requirement of off-line generation of the CT and MRI libraries and
the inability to reflect all phases of the cardiac cycle during an
arrhythmia. Because CT and MRI is performed prior to the abla-
tion procedure, registration error can arise from interval changes
in the heart size because of differences in rhythm, rate, contractility,
or fluid status. Performing image registration and ablation proce-
dures within 24 hours after CT and MRI scans and CT and MRI
image acquisition and image registration during the same rhythm
may help limit interval changes. This situation is confounded by
the inevitable imperfection of the created virtual geometry of the
cardiac chamber. These factors can impede the clinical utility of
image integration in approximately 25% of patients.>2
Furthermore, the static images of the registered CT and MRI
reconstructions provide little information on true cathetertissue
contact.In addition,because the initial landmark points are picked
up by the operator using fluoroscopy, the exact location of these
points in the 3-D space can be deceptive, and registration errors
in the identification of these points are very common, even when
angiography and ICE are used for guidance. In addition, because
multiple points are needed for surface registration, the accuracy
of chamber reconstruction is directly dependent on the num-
ber of points taken and the position of the catheter, thus adding
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a significant amount of time and a manual component to the
process. 434753

To overcome some of these limitations, fusion of real-time ICE
images with those generated by CT and MRI scans is becoming
available and can provide a more real-time interactive display;, as
well as realtime information on cathetertissue contact and RF
lesion formation. In addition, it is highly likely that subsequent gen-
erations of CT or MRI scanners will be sufficiently fast to permit

real-time or almost realtime imaging for interventional guidance.

Studies have demonstrated the ability to merge the 3-D CT and MRI
images with real-time 2-D fluoroscopy images for navigation on
virtual anatomy, because the images can be corrected against the
background of real-time fluoroscopy as needed. 44754

The accuracy of registration remains the subject of investigation.

3-D image integration aims at improving the operator’s percep-
tion of the catheter spatial location in relation to the patient’s car-
diac structures. However, the success of this approach is primarily
dependent on the accuracy of the image integration process. Even
if the 3-D cardiac chamber image provides an accurate model of
a matched phase of the chamber volume at the time of the proce-
dure, it needs to be accurately registered to the procedural cham-
ber orientation to provide reliable navigation. Current registration
algorithms depend on accurate catheter geometry; this requires an
accurate update of 3-D coordinates of the catheter tip,as recorded
and displayed on the computer image. The exact location of the
initial fiducial points picked by the operator using fluoroscopy in
the 3-D space may be deceptive. Movement of the catheter tip is
complex and is affected by wall motion and respiration. Point col-
lection should therefore be gated to the same phase of the cardiac
and respiratory cycle as the CT or MRI scan. Additionally, catheter
tip pressure can cause tenting of the chamber wall, thereby distort-
ing the chamber geometry. Stability of catheter contact with the
endocardial wall should also be optimized. Catheter contact can
vary with the type of ablation catheter and introducer sheath, as
well as the degree of regional wall motion; for example, the mitral
annulus and appendage are more dynamic than the posterior
atrial wall.Ideally,geometry points should be collected from stable
catheter positions. The operator can then accept good points or
delete bad points.This process can be aided by fluoroscopy, elec-
trogram morphology,and confirmation of the catheter tip location
on ICE. However, the process still remains a subjective art.43.53
Several studies of AF catheter ablation have reported success
using different integration modalities with CT or MRI,by using either

noncontact mapping or fluoroscopy as a second integrated image.

The registration technique has also varied, including three- or four-
point registration or surface registration. Alternatively,a single point
and the surface have been used as well (visual alignment). Differ
ent techniques for point localization have been reported,including
fluoroscopy alone, angiography, or ICE for direct visualization of
the catheter at the designated site.The mean error for surface reg-
istration in most studies varied between 1.8 and 2.7 mm; one study
that compared the landmark registration with and without surface
registration found that surface registration increases the accuracy
of image integration.On the other hand,a more recent study found
that the most accurate landmark registration is achieved when pos-
terior points are acquired at the PV-LA junction, whereas points
acquired on the anterior wall, LA appendage, or other structures
outside the LA, such as the CS or SVC, afford less accuracy.In addi-
tion, surface registration usually results in shifting the landmark
points away from the initially acquired position on the correspond-
ing PVs using ICE.>> Furthermore, accurate surface registration
does not guarantee accurate alignment with the important ana-
tomical structures. Another report found that serious inaccuracies
of the CARTOMerge image integration algorithms still exist, despite
using the precautions discussed earlier.”S Importantly; registration
quality has not yet been shown necessarily to correlate with abla-
tion accuracy, 1256

It is important to recognize that the registered CT model still
is prone to subjective inaccuracies and should remain only a
guide, and a combination of fluoroscopy and the electrogram

appearance must also be used in assessing contact with the endo-
cardial surface and the true position of the catheter. Although
3-D mapping systems with image integration have been widely
adopted for ablation procedures, many of their theoretical benefits
remain unproven; therefore, these systems should remain just one
type among the tools facilitating complex catheter ablation proce-
dures and should not distract the electrophysiologist from estab-
lished EP principles and endpoints.5?

Three-Dimensional Rotational
Angiography
Fundamental Concepts

3-D rotational angiography combines the accuracy of direct angi-
ography with the benefits of computer animation and supplements
conventional 2-D fluoroscopy to provide real-time representation
of cardiac structures. Its feasibility and clinical utility in the setting
of LA imaging and AF ablation have been described.This method
provides rapid intraprocedural visualization of LA anatomy and of
important nearby structures such as the esophagus. Prior studies
have demonstrated that the diagnostic value of 3-D rotational angi-
ography is comparable to that of CT imaging.5859

The principle of 3-D rotational angiography is similar to the CT
scan, in which images acquired from different angles are recon-
structed to a 3-D image. The C-arc x-ray system is rotated around
the patient over 240 degrees to create a circumferential run of
many exposure images of the region of interest distributed over
the 360-degree (or similar) trajectory. To improve differentiation
of the cardiac structures, the cardiac chamber of interest can be
opacified with a contrast medium injected either directly into
the LA or indirectly into the right side of the heart, in which case
rotation of the fluoroscopic system is started after passage of the
contrast medium through the lungs.The esophagus can be opaci-
fied using a barium paste prior to the image acquisition. The rota-
tional angiographic images of the LA, PVs, esophagus, and other
surrounding structures can be segmented and registered with the
fluoroscopy on a specialized computer system (EP Navigator, Phil-
ips Healthcare or similar system,such as DynaCT Cardiac,Siemens,
Forchheim, Germany). The latest version of the software allows
registration of the segmented 3-D volume on a live fluoroscopy
screen 6061

Imaging Technique

First, the patient must be properly positioned, and the structure of
interest must be isocentered.The patient’s arms may be extended
above the head to reduce mass artifact. Oral contrast (5 mL barium
sulfate esophageal cream) is administered immediately prior to ini-
tiation of the rotational run,and once it is visualized in the esopha-
gus,intravenous contrast may be injected into the main pulmonary
artery, RV, RA, or IVC via a 6 Fr pigtail catheter to obtain adequate
levophase opacification of the LA.In general, contrast injection at
the IVC-RA junction results in adequate LA and PV opacification
in most patients.In addition,this method is technically simpler and
potentially safer than more downstream injections.Higher amounts
of contrast and longer injection time are generally used with RA
and IVC injections than with main pulmonary artery injection.
Direct contrast injection into the LA was described and seemed to
provide great detail of LA and PV anatomy, but it required a high-
dose (30 to 50 mg) adenosine injection immediately prior to the
rotational run.Transient cessation of contractions prevents antero-
grade washout of contrast from the PVs, thus keeping them opaci-
fied during the rotational run. Deep sedation, intubation, and RV
pacing are usually needed to counteract apnea and asystole pro-
duced by adenosine. Additionally, high doses of adenosine are not
tolerated by the conscious patient because of the induced flush
and dyspnea. Given such complexities, this method may be more
difficult to implement in clinical practice.5861



For injection at the RA-IVC junction, 80 to 100 mL of contrast is
injected over 4 seconds via a pigtail catheter using a power injec-
tor. The C-arm is rotated over a 240-degree arc (120-degree RAO
to 120-degree LAO view) in a 4.1-second period.The x-ray acquisi-
tion speed is 30 frames per second, which results in a total of 120
frames in the rotational run. Continuous fluoroscopic monitoring
for contrast appearance in the LA is used to trigger the rotational
run, based on visual guidance rather than on an empirically deter-
mined delay The patient is instructed to stop breathing immedi-
ately prior to initiation of the rotational run to prevent respiratory
movement of the structure of interest and inadequate reconstruc-
tion. Normal breathing can be resumed immediately on the com-
pletion of rotation.

The rotational angiogram is judged to be adequate when the LA
is filled with contrast during most of the run and antral portions of
all PVs are opacified without truncation. A resultant movie file is
then transferred to an EP Navigator workstation to be segmented
and overlaid on a live fluoroscopy screen. After the catheters are
advanced into the LA, the 3-D image is used for navigation. With
registration of the 3-D volume, all movements of the C-arm are
translated into the appropriate rotation or shift, thus keeping the
relationship between the fluoroscopic heart shadow and recon-
structed image unchanged.

Image integration of intraprocedural rotational angiography-
based 3-D reconstructions of LA and PVs into the electroanatomi-
cal mapping system (CARTOMerge) has become feasible. The
images of the segmented LA are saved on a compact disc and trans-
ferred to the electroanatomical mapping system by using custom-
designed software and integrated without further segmentation.

Theoretically;no registration for 3-D rotational angiography image
overlay is necessary if the original x-ray table position and the
patient’s position during the rotational run are maintained. How-
ever, moving the x-ray table is often required after 3-D rotational
angiography, especially given the fact that intracardiac catheters
should be placed only after the rotational run to prevent artifacts.
Therefore, registration is often necessary because, in its current iter-
ation,overlay movement is linked only to C-arm rotation and not to
x-ray table repositioning. Several registration methods using differ
ent primary landmarks, such as catheter placement, heart contour,
and PV angiography, have been evaluated.These methods are par-
ticularly useful when registering previously obtained CT images on
live fluoroscopy (i.e., CT overlay), which is another imaging input
available in the EP Navigator (as discussed previously).

The current software version allows for the inner surface of the
LA and PVs to be visualized (endoscopic view), further aiding the
physician when navigating around the LA. Ablation points can be
marked on the overlaid 3-D rotational angiography model to track
the completeness of lesions. LA proximity to the esophagus can be
evaluated and catheter ablation modified as necessary to avoid
ablation near the esophagus.6264

Clinical Implications

One of the advantages of 3-D rotational angiography over conven-
tional 2-D fluoroscopy is the capability of depth perception and
volume appreciation. 3-D rotational angiography provides direct
visualization of cardiac structures, whereas electroanatomical
methods require either operator imagination or confirmation via
other imaging modalities, such as CT. Although pre-procedure
CT/MRI images provide visualization of the LA and the PVs and
facilitate integration with the electroanatomical mapping systems,
a significant drawback is the time lag to the actual procedure.
Interval changes in volume status, respiratory phase, and cardiac
rhythm can result in temporal changes in the size and location of
the anatomical structures between the time of image acquisition
and the registration process. These limitations may be overcome
by intraprocedural acquisition of the LA volume and PV anatomy;
3-D rotational angiography can be performed immediately before
ablation using the same fluoroscopic imaging system, thus provid-
ing realistic anatomical detail at the time of the intervention.5860

Other advantages of 3-D rotational angiography technology
include quick and accurate repeat registration of the 3-D volume in
case of patient movement not requiring a new map,as is frequently
the case with electroanatomical methods.1.62

Despite exclusively fluoroscopic guidance of the ablation cath-
eter using the 3-D rotational angiography technology, total fluo-
roscopy time and fluoroscopy time for PV isolation have been
comparable to reported times for AF ablation procedures per
formed with different nonfluoroscopic mapping systems.Addition-
ally, 3-D rotational angiography has the potential to eliminate the
need for pre-procedural CT/MRI imaging, and the radiation expo-
sure is less than that of CT scanning (estimated at 2.2 + 0.2 mSv
exposure with one rotational angiography run).63.64

Imaging by 3-D rotational angiography should not be confined
to the LA and PVs. Other cardiac structures (current possibilities
include RA and RVOT) can be easily visualized by timing the rota-
tional run with the passage of contrast through the structures.The
possibility of “whole heart” imaging has been reported.

Limitations

The use of contrast makes 3-D rotational angiography a less appeal-
ing option for patients with heart failure or insufficiency In addi-
tion, the technique is sensitive to patient movements during the
study period.

One shortfall of 3-D rotational angiography is the absence of
streaming electrogram data. Additionally, because of the lack
of respiratory compensation in the 3-D rotational angiography-
fluoroscopy fusion, the end-expiratory phase is used as reference
for monitoring the position of the ablation catheter tip during RF
application 5859

Proper isocentering is important to obtain adequate 3-D rota-
tional angiography. Concerns have been raised about the frequent
difficulty in fitting the LA and PVs into one rotational run with the
commonly used detector. However, with proper isocentering, even
a dilated LA and the PV anatomy can be adequately imaged; trun-
cation may occur more easily if the structures of interest are not at
the center of rotation.5

3-D rotational angiography is quickly evolving into a true online
imaging tool; however, further refinements are needed before it
can be widely adopted.These include incorporation of respiratory
and cardiac motion compensation and the ability to display elec-
trogram data on the 3-D shell (activation timing, scar and voltage
maps, and dominant frequency). Further development is likely to
involve several aspects of the method: automation of the workflow,
injection protocols, and software; imaging of cardiac structures
other than the LA and development of methods to visualize highly
mobile structures such as the ventricles; and integration of ana-
tomical 3-D rotational angiography information with electrogram
data. 5860

Conclusions

Recording and analyzing extracellular electrograms form the basis
for cardiac mapping. More commonly, cardiac mapping is per
formed with catheters introduced percutaneously into the heart
chambers that sequentially record the endocardial electrograms
with the purpose of correlating local electrogram to cardiac anat-
omy. These EP catheters are navigated and localized with the use
of fluoroscopy.

However, the use of fluoroscopy for these purposes can be prob-
lematic for several reasons,including the following: (1) intracardiac
electrograms cannot be associated accurately with their precise
location within the heart; (2) the endocardial surface is invisible
using fluoroscopy, and target sites may be approximated only by
their relationship with nearby structures,such as ribs,blood vessels,
and the position of other catheters; (3) because of the limitations
of 2-D fluoroscopy, navigation is not exact, it is time-consuming,and
it requires multiple views to estimate the 3-D location of the cath-
eter; (4) the catheter cannot accurately and precisely be returned
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to a previously mapped site; and (5) the patient and medical team
are exposed to radiation.

The limitations of conventional mapping are being overcome
with the introduction of sophisticated mapping systems that inte-
grate 3-D catheter localization with sophisticated complex arrhyth-
mia maps.The choice of a specific mapping system for a particular
interventional case is shaped by the importance of a specific
characteristic in the mapping process.Advanced mapping systems
have a limited role in the ablation of typical AFL, AVNRT, or BTs,
given the high success rate of the conventional approach. However,
for more complex arrhythmias, such as macroreentrant AT, AE and
unstable VT, advanced mapping modalities offer a clear advantage.
Additionally, advanced mapping systems can potentially shorten
procedural time, reduce radiation exposure,and enhance the suc-
cess rate for the ablation of typical AFL,idiopathic outflow tract VT,
and sustained, stable macroreentrant VT.

In cases for which an undistorted anatomical rendering with
high spatial accuracy is required,the CARTO system is of advantage;
it has fewer problems with interstructure delineation and requires
fewer fixed or snap points to preserve the anatomy. The CARTO and
NavX systems work well for mapping sustained, stable arrhythmias.
Mapping nonsustained arrhythmias, PACs, or PVCs can be tedious
with each of these three approaches. With these arrhythmias, the
noncontact mapping array works well, although the maps can be
filter frequency dependent. The noncontact approach provides
a quick snapshot of activation during unstable VTs and obviates
the need for long periods of tachycardia. Substrate mapping, such
as scar or voltage mapping, is a useful alternative to noncontact
mapping. CARTO performs very well in this regard. NavX also works
reasonably well with its dynamic substrate mapping capabilities.

In some cases,the choice of mapping system depends on the skill
and experience of the operator. The user interfaces of the CARTO
and NavX systems are acceptably straightforward.The noncontact
system requires more steps in the creation of user-friendly working
geometry Each of these systems is currently in the development
stage, and their various capabilities can change substantially over
the next several years. However, to date, the integration of anatomi-
cal, ER and software information by an experienced physician is
an indispensable prerequisite to accomplish a safe and successful
procedure. At most, such systems must be used as an adjunctive
tool to facilitate mapping and ablation.The operator should under
stand the advantages and shortcomings of each system and should
recognize that these systems can be misleading and confusing and
provide inaccurate information as a result of either incorrect data
acquisition or inherent limitations of the technology.
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Radiofrequency Ablation
Biophysics of Radiofrequency Energy

Radiofrequency (RF) refers to the portion of the electromagnetic
spectrum in which electromagnetic waves can be generated by
alternating current fed to an antenna.! Electrosurgery ablation cur
rently uses hectomeric wavelengths found in band 6 (300 to 3000
kHz),which are similar to those used for broadcast radio. However,
the RF energy is electrically conducted, not radiated, during cath-
eter ablation. The RF current is similar to low-frequency alternating
current or direct current with regard to its ability to heat tissue and
create a lesion, but it oscillates so rapidly that cardiac and skeletal
muscles are not stimulated, thereby avoiding induction of arrhyth-
mias and decreasing the pain perceived by the patient.RF current
rarely induces rapid polymorphic arrhythmias; such arrhythmias
can be observed in response to low-frequency (60-Hz) stimulation.
Frequencies higher than 1000 kHz are also effective in generating
tissue heating; however,such high frequencies are associated with
considerable energy loss along the transmission line. Therefore,
frequencies of the RF current commonly used are in the range of
300 to 1000 kHz,a range that combines efficacy and safety.23

RADIOFREQUENCY ENERGY DELIVERY

Delivery of RF energy depends on the establishment of an electri-
cal circuit involving the human body as one of its in-series ele-
ments.The RF current is applied to the tissue via a metal electrode
at the tip of the ablation catheter and is generally delivered in a
unipolar fashion between the tip electrode and a large dispersive
electrode (indifferent electrode, or ground pad) applied to the
patient’s skin. The polarity of connections from the electrodes to
the generator is not important because the RF current is an alter-
nating current. Bipolar RF systems also exist, in which the current
flows between two closely apposed small electrodes, thus limiting
the current flow to small tissue volumes interposed between the
metal conductors. Bipolar systems, partly because of their rela-
tive safety, are now the preferred tools in electrosurgery (oncology,
plastic surgery, and ophthalmology). Their clinical application for
catheterbased ablation has not yet been evaluated.>3

The system impedance comprises the impedance of the genera-
tor, transmission lines, catheter, electrode-tissue interface, disper
sive electrode-skin interface, and interposed tissues. As electricity
flows through a circuit,every point of that circuit represents a drop
in voltage,and some energy is dissipated as heat.The point of great-
est drop in line voltage represents the area of highest impedance
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and is where most of that electrical energy becomes dissipated
as heat.Therefore, with excessive electrical resistance in the trans-
mission line, the line actually warms up and power is lost. Current
electrical conductors from the generator all the way through to the
patient and from the dispersive electrode back to the generator
have low impedance, to minimize power loss.%3

With normal electrode-tissue contact, only a fraction of all
power is effectively applied to the tissue. The rest is dissipated in
the blood pool and elsewhere in the patient. With an ablation elec-
trode in contact with the endocardial wall, part of the electrode
contacts tissue and the rest contacts blood, and the RF current
flows through both the myocardium and the blood pool in con-
tact with the electrode.The distribution between both depends on
the impedance of both routes and also on how much electrode
surface contacts blood versus endocardial wall. Whereas tissue
heating is the target of power delivery, the blood pool is the most
attractive route for RF current because blood is a better conductor
and has significantly lower impedance than tissue and because
the contact between electrode and blood is often better than with
tissue.Therefore, with normal electrode-tissue contact, much more
power is generally delivered to blood than to cardiac tissue.24

After leaving the electrode-blood-tissue interface, the current
flows through the thorax to the indifferent electrode. Part of the
RF power is lost in the patient’s body, including the area near the
patch. Dissipation of energy can occur at the dispersive electrode
site (at the contact point between that ground pad and the skin)
to a degree that can limit lesion formation.In fact,if ablation is per
formed with a high-amplitude current (more than 50 W) and skin
contact by the dispersive electrode is poory, it is possible to cause
skin burns (Fig. 7-1).! Nevertheless, because the surface area of the
ablation electrode (approximately 12 mm?) is much smaller than
that of the dispersive electrode (approximately 100 to 250 cm?),
the current density is higher at the ablation site,and heating occurs
preferentially at that site, with no significant heating occurring at
the dispersive electrode.’

The dispersive electrode may be placed on any convenient
skin surface. The geometry of the RF current field is defined by
the geometry of the ablation electrode and is relatively uniform
in the region of volume heating. Thus, the position of the disper
sive electrode (on the patient’s back or thigh) has little effect on
impedance, voltage, current delivery, catheter tip temperature, or
geometry of the resulting lesion.%35

The size of the dispersive electrode,however,is important.Some-
times it is advantageous to increase the surface area of the dis-
persive electrode. This increase leads to lower impedance, higher
current delivery, increased catheter tip temperatures, and more



FIGURE 7-1 Second-degree skin burns at the site of ablation ground pad contact
to the patient’s thigh. Skin burns occurred secondary to poor contact between the
skin and the pad during radiofrequency ablation of atrial fibrillation.

effective tissue heating. This is especially true in patients with
baseline system impedance greater than 100 Q. Moreover, when
the system is power limited, as with a 50-W generator, heat pro-
duction at the catheter tip varies with the proportion of the local
electrode-tissue interface impedance to the overall system imped-
ance. If the impedance at the skin-dispersive electrode interface
is high, then a smaller amount of energy is available for tissue
heating at the electrode tip.Therefore, when ablating certain sites,
adding a second dispersive electrode or optimizing the contact
between the dispersive electrode and skin should result in rela-
tively more power delivery to the target tissue.>6

TISSUE HEATING

During alternating current flow, charged carriers in tissue (ions)
attempt to follow the changes in the direction of the alternating
current, thus converting electromagnetic (current) energy into
molecular mechanical energy or heat.This type of electric current-
mediated heating is known as ohmic (resistive) heating. Using
Ohm'’s law, with resistive heating, the amount of power (= heat) per
unit volume equals the square of current density times the spe-
cific impedance of the tissue. With a spherical electrode, the cur
rent flows outward radially,and current density therefore decreases
with the square of distance from the center of the electrode. Con-
sequently, power dissipation per unit volume decreases with the
fourth power of distance.The thickness of the electrode eliminates
the first steepest part of this curve,however,and the decrease in dis-
sipated power with distance is therefore somewhat less dramatic.23

Approximately 90% of all power that is delivered to the tissue is
absorbed within the first 1 to 1.5 mm from the electrode surface.
Therefore, only a thin rim of tissue in immediate contact with the
RF electrode is directly heated (within the first 2 mm of depth from
the electrode).The remainder of tissue heating occurs as a result
of heat conduction from this rim to the surrounding tissues. On
initiation of fixed-level energy application, the temperature at the
electrode-tissue interface rises monoexponentially to reach steady
state within 7 to 10 seconds, and the steady state is usually main-
tained between 80° and 90°C. However, whereas resistive heating
starts immediately with the delivery of RF current, conduction
of heat to deeper tissue sites is relatively slow and requires 1 to
2 minutes to equilibrate (thermal equilibrium). Therefore, the rate
of tissue temperature rise beyond the immediate vicinity of the RF
electrode is much slower, resulting in a steep radial temperature
gradient as tissue temperature decreases radially in proportion
to the distance from the ablation electrode; however, deep tissue
temperatures continue to rise for several seconds after interrup-
tion of RF delivery (the so-called thermal latency phenomenon).*

Therefore, RF ablation requires at least 30 to 60 seconds to cre-
ate full-grown lesions. In addition, when temperature differences
between adjacent areas develop because of differences in local
current density or local heat capacity, heat conducts from hot-
ter to colder areas, thus causing the temperature of the former to
decrease and that of the latter to increase. Furthermore, heat loss to
the blood pool at the surface and to intramyocardial vessels deter-
mines the temperature profile within the tissue.2?

At steady state, the lesion size is proportional to the temperature
measured at the interface between the tissue and the electrode,
as well as to the RF power amplitude. By using higher powers
and achieving higher tissue temperatures, the lesion size can be
increased. However, once the peak tissue temperature exceeds
the threshold of 100°C, boiling of the plasma at the electrode-
tissue interface can ensue.When boiling occurs,denatured serum
proteins and charred tissue form a thin film that adheres to the
electrode, thus producing an electrically insulating coagulum,
which is accompanied by a sudden increase in electrical imped-
ance that prevents further current flow into the tissue and further
heating.23

The range of tissue temperatures used for RF ablation is 50°
to 90°C. Within this range, smooth desiccation of tissue can be
expected. If the temperature is lower than 50°C, no or only mini-
mal tissue necrosis results. Because the rate of temperature rise at
deeper sites within the myocardium is slow, a continuous energy
delivery of at least 60 seconds is often warranted to maximize
depth of lesion formation.

CONVECTIVE COOLING

The dominant factor opposing effective heating of myocardium is
the convective heat loss into the circulating blood pool. Because
the tissue surface is cooled by the blood flow, the highest tem-
perature during RF delivery occurs slightly below the endocardial
surface. Consequently, the width of the endocardial lesion matures
earlier than the intramural lesion width (20 seconds versus 90
to 120 seconds). Therefore, the maximum lesion width is usually
located intramurally, and the resultant lesion is usually teardrop
shaped, with less necrosis of the superficial tissue.

As the magnitude of convective cooling increases (e.g.,unstable
catheter position, poor cathetertissue contact, or high blood flow
in the region of catheter position), there is decreased efficiency
of heating as more energy is carried away in the blood and less
energy is delivered to the tissue. When RF power is limited, lesion
size is reduced by such convective heat loss. On the other hand,
when RF power delivery is not limited, convective cooling allows
for more power to be delivered into the tissue, and higher tissue
temperatures can be achieved (despite low temperatures mea-
sured by the catheter tip sensors), resulting in larger lesion size,
without the risk of overheating and coagulum formation.23

The concept of convective cooling can explain why there are
few coronary complications with conventional RF ablation. Cor
onary arteries act as a heat sink; substantive heating of vascular
endothelium is prevented by heat dissipation in the high-velocity
coronary blood flow,even when the catheter is positioned close to
the vessel. Although this is advantageous, because coronary arter
ies are being protected, it can limit success of the ablation lesion if
a large perforating artery is close to the ablation target.?

The effects of convective cooling have been exploited to increase
the size of catheter ablative lesions. Active electrode cooling by
irrigation is currently used to eliminate the risk of overheating at
the electrode-tissue contact point and increase the magnitude of
power delivery and the depth of volume heating.

CATHETER TIP TEMPERATURE

Ablation catheter tip temperature depends on tissue temperature,
convective cooling by the surrounding blood, tissue contact of the
ablation electrode, electrode material and its heat capacity, and
type and location of the temperature sensor.27
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Catheter tip temperature is measured by a sensor located in the
ablation electrode. There are two different types of temperature
sensors: thermistors and thermocouples. Thermistors require a
driving current, and the electrical resistance changes as the tem-
perature of the electrical conductor changes.More frequently used
are thermocouples, which consist of copper and constantan wires
and are incorporated in the center of the ablation electrode. Ther-
mocouples are based on the so-called Seebeck effect; when two
different metals are connected (sensing junction), a voltage can
be measured at the reference junction that is proportional to the
temperature difference between the two metals.%”

The electrode temperature rise is an indirect process—the abla-
tion electrode is not heated by RF energy, but it heats up because
it happens to touch heated tissue. Consequently, the catheter tip
temperature is always lower than, or ideally equal to, the superfi-
cial tissue temperature. Conventional electrode catheters with tem-
perature monitoring report the temperature only from the center
of the electrode mass with one design or from the apex of the tip
of the catheter with another design. It is likely that the measured
temperature underestimates the peak tissue temperature; it can be
significantly lower than tissue temperature.

Several other factors can increase the disparity between cath-
eter tip temperature and tissue temperature, including catheter tip
irrigation, large ablation electrode size, and poor electrode-tissue
contact. Catheter tip irrigation increases the disparity between tis-
sue temperature and electrode temperature because it results in
cooling of the ablation electrode, but not the tissue. With a large
electrode tip, a larger area of the electrode tip is exposed to the
cooling effects of the blood flow than with standard tip lengths,
thus resulting in lower electrode temperatures. Similarly, with poor
electrode-tissue contact, less electrode material is in contact with
the tissue,and heating of the tip by the tissue occurs at a lower rate,
resulting in relatively low tip temperatures.?68

Pathophysiology of Lesion Formation
by Radiofrequency Ablation

CELLULAR EFFECTS OF RADIOFREQUENCY ABLATION

The primary mechanism of tissue injury by RF ablation is likely to
be thermally mediated. Hyperthermic injury to the myocyte is both
time- and temperature-dependent,and it can be caused by changes
in the cell membrane, protein inactivation, cytoskeletal disruption,
nuclear degeneration, or other potential mechanisms.23

Experimentally, the resting membrane depolarization is related
to temperature. In the low hyperthermic range (37° to 45°C), little
tissue injury occurs,and a minor change may be observed in the
resting membrane potential and action potential amplitude. How-
ever, action potential duration shortens significantly,and conduc-
tion velocity becomes greater than at baseline.In the intermediate
hyperthermic range (45° to 50°C), progressive depolarization of the
resting membrane potential occurs, and action potential ampli-
tude decreases. Additionally, abnormal automaticity is observed,
reversible loss of excitability occurs,and conduction velocity pro-
gressively decreases. In the high temperature ranges (higher than
50°C), marked depolarization of the resting membrane potential
occurs,and permanent loss of excitability is observed. Temporary
(at temperatures of 49.5° to 51.5°C) and then permanent (at 51.7°
to 54.4°C) conduction block develops, and fairly reliable irrevers-
ible myocardial injury occurs with a short hyperthermic exposure.3

In the clinical setting, the success of ablation is related to the
mean temperature measured at the electrode-tissue interface.
Block of conduction in an atrioventricular (AV) bypass tract (BT)
usually occurs at 62° + 15°C. During ablation of the AV junction,
an accelerated junctional rhythm, which is probably caused by
thermally or electrically induced cellular automaticity or triggered
activity,is observed at temperatures of 51° + 4°C,whereas reversible
complete AV block occurs at 58° + 6°C, and irreversible complete
AV block occurs at 60° + 7°C.

FIGURE 7-2 Standard radiofrequency ablation catheter with char formed on
the tip.

RF ablation typically results in high temperatures (70° to 90°C)
for a short time (up to 60 seconds) at the electrode-tissue inter
face,but significantly lower temperatures at deeper tissue sites.This
leads to rapid tissue injury within the immediate vicinity of the
RF electrode but relatively delayed myocardial injury with increas-
ing distance from the RF electrode. Therefore, although irrevers-
ible loss of EP function can usually be demonstrated immediately
after successful RF ablation, this finding can be delayed because
tissue temperatures continue to rise somewhat after termination
of RF energy delivery (thermal latency phenomenon). This effect
can account for the observation that patients undergoing AV node
(AVN) modification procedures who demonstrate transient heart
block during RF energy delivery can progress to persisting com-
plete heart block, even if RF energy delivery is terminated imme-
diately Reversible loss of conduction can be demonstrated within
seconds of initiating the RF application, which can be caused by
an acute electrotonic effect. On the other hand, there can be late
recovery of electrophysiological (EP) function after an initial suc-
cessful ablation.?

In addition to the dominant thermal effects of RF ablation,some
of the cellular injury has been hypothesized to be caused by a
direct electrical effect, which can result in dielectric breakdown
of the sarcolemmal membrane with creation of transmembrane
pores (electroporation), resulting in nonspecific ion transit, cellu-
lar depolarization, calcium overload,and cell death.Such an effect
has been demonstrated with the use of high-voltage electrical cur-
rent. Howevery, it is difficult to examine the purely electrical effects
in isolation of the dominant thermal injury.

TISSUE EFFECTS OF RADIOFREQUENCY ABLATION

Changes in myocardial tissue are apparent immediately on com-
pletion of the RF lesion. Pallor of the central zone of the lesion
is attributable to denaturation of myocyte proteins (principally
myoglobin) and subsequent loss of the red pigmentation. Slight
deformation,indicating volume loss,occurs at the point of catheter
contact in the central region of lesion formation.The endocardial
surface is usually covered with a thin fibrin layer and, occasion-
ally, if a temperature of 100°C has been exceeded, with char and
thrombus (Fig. 7-2). In addition, a coagulum (an accumulation
of fibrin, platelets, and other blood and tissue components) can
form at the ablation electrode because of the boiling of blood and
tissue serum.?

On sectioning, the central portion of the RF ablation lesion shows
desiccation, with a surrounding region of hemorrhagic tissue and
then normal-appearing tissue. Histologic examination of an acute
lesion shows typical coagulation necrosis with basophilic stip-
pling consistent with intracellular calcium overload. Immediately



surrounding the central lesion is a region of hemorrhage and
acute monocellular and neutrophilic inflammation. The progres-
sive changes seen in the evolution of an RF lesion are typical of
healing after any acute injury Within 2 months of the ablation, the
lesion shows fibrosis, granulation tissue, chronic inflammatory
infiltrates, and significant volume contraction. The lesion border
is well demarcated from the surrounding viable myocardium
without evidence of a transitional zone. This likely accounts for
the absence of proarrhythmic side effects of RF catheter ablation.
As noted, because of the high-velocity blood flow within the epi-
cardial coronary arteries, these vessels are continuously cooled
and are typically spared from injury, despite nearby delivery of RF
energy. However, high RF power delivery in small hearts,such as in
pediatric patients, or in direct contact with the vessel can poten-
tially cause coronary arterial injury?

The border zone around the acute pathological RF lesion
accounts for several phenomena observed clinically The border
zone is characterized by marked ultrastructural abnormalities of
the microvasculature and myocytes acutely, as well as a typical
inflammatory response later. The most thermally sensitive struc-
tures appear to be the plasma membrane and gap junctions,which
show morphological changes as far as 6 mm from the edge of the
pathological lesion. The border zone accounts for documented
effects of RF lesion formation well beyond the acute pathological
lesion. The progression of the EP effects after completion of the
ablation procedure can be caused by further inflammatory injury
and necrosis in the border zone region that result in late progres-
sion of physiological block and a delayed cure in some cases. On
the other hand, initial stunning and then early or late recovery of
function can be demonstrated in the border zone, thus accounting
for the recovery of EP function after successful catheter ablation
in the clinical setting, which can be caused by healing of the dam-
aged, but surviving, myocardium.?

Determinants of Lesion Size

Lesion size is defined as the total volume or dimensions (width
and depth) of the lesion.The size of the lesion created by RF power
is determined by the amount of tissue heated to more than the
critical temperature for producing irreversible myocardial damage
(50°C). As noted, only a thin rim (1 to 2 mm) of tissue immedi-
ately under the ablating electrode is directly heated.This heat then
radiates to adjacent tissue; however, conduction of heat to deeper
tissue sites is relatively slow and very inefficient. The distance at
which temperature drops to less than 50°C delimits the depth of
lesion formation.The use of higher-power output to achieve higher
tissue temperatures results in larger lesions by raising the temper
ature of the rim of resistively heated tissue to substantially more
than 50°C for deeper tissue to reach the 50°C threshold required
for tissue necrosis. However, the rim of heated tissue in direct con-
tact with the ablating electrode conducts not only to deeper tissue
but also to the electrode tip itself. Higher electrode temperatures
either limit further energy delivery (in temperature-controlled
power delivery mode) or increase electrode impedance as a result
of coagulum formation, or both; these effects potentially limit
lesion size. Furthermore, tissue temperatures higher than 100°C
are unsafe because they are associated with higher risk of steam
“pops.” Cooling of the ablating electrode (passively by using a
larger electrode length or actively by using catheter irrigation) can
help diminish electrode heating, allowing for greater power deliv-
ery and creation of larger lesions.?

ELECTRODE TIP TEMPERATURE

It is important to understand that it is the amount of RF power
delivered effectively into the tissue that determines tissue heating
and thus lesion size, and the recorded catheter tip temperature is
poorly correlated with lesion size. As noted, catheter tip tempera-
ture is always lower than the superficial tissue temperature. With
good contact between catheter tip and tissue and low cooling of

the catheter tip, the target temperature can be reached with little
power, thus resulting in fairly small lesions although a high catheter
tip temperature is being measured. In contrast, a low catheter tip
temperature can be caused by a high level of convective cooling,
which allows a higher amount of RF power to be delivered to the
tissue (because it is no longer limited by temperature rise of the
ablation electrode) and yields relatively large lesions. This is best
illustrated with active cooling of the ablation electrode using irriga-
tion during RF energy delivery; the tip temperature is usually less
than 40°C, which allows the application of high-power output for
longer durations.

RADIOFREQUENCY DURATION

The RF lesion is predominantly generated within the first 10 sec-
onds of target energy delivery and tissue temperatures, and it
reaches a maximum after 30 seconds. Further extension of RF
delivery during power-controlled RF delivery does not seem to
increase lesion size further.

ELECTRODE-TISSUE CONTACT

The efficiency of energy transfer to the myocardium largely
depends on electrode-tissue contact. An improvement in tissue
contact leads to a higher amount of RF power that can be effec-
tively delivered to the tissue. Consequently; the same tissue temper-
atures and lesion size can be reached at a much lower power level.
However, at a certain moderate contact force, further increase in
contact firmness results in progressively smaller lesions because a
lesser amount of RF power is required to reach target temperature.

Additionally, the surface area at the electrode-tissue interface
influences the lesion size. When the catheter is wedged (i.e,
between ventricular trabeculae or under a valvular leaflet), the
electrode surface area exposed to tissue can be much higher.
With half the electrode in contact with blood and the other half
in contact with (twice) more resistive tissue, the amount of power
delivered to blood is two times higher than the amount of power
delivered to tissue (as compared with six times with 25% contact).
The result is a more than twofold increase in tissue heating.In prac-
tice, however, power output rarely reaches 50 W in these situations;
a temperature rise of the ablation electrode signals excessive tissue
heating and limits power delivery:*

Close monitoring of changes in temperature and impedance pro-
vides information regarding the degree of electrode-tissue contact.
Increased contact results in elevated initial impedance levels (by a
mean of 22%) and an increase in the rate and level of impedance
reduction, and the plateau is reached later. Additionally, increased
electrode-tissue contact results in higher tissue temperatures, and
the plateau is achieved later. Beat-to-beat stability of electrograms
and pacing threshold also provide some information about tissue
contact.

ELECTRODE ORIENTATION

When the catheter tip is perpendicular to the tissue surface, a
much smaller surface area is in contact with the tissue (versus that
exposed to the cooling effect of blood flow) than when the cath-
eter electrode tip is lying on its side. Clinically, perpendicular elec-
trode orientation yields larger lesion volumes and uses less power
than parallel electrode orientation. However, if the RF power level
is adjusted to maintain a constant current density, lesion size will
increase proportionally to the electrode-tissue contact area, which
is larger with parallel tip orientation. Lesion depth is only slightly
affected by catheter tip orientation using 4-mm-long tip catheters,
but lesions are slightly longer in the parallel orientation as com-
pared with the perpendicular orientation. Moreover, the character
of the lesion created with temperature control depends on the
placement of the temperature sensors relative to the portion of the
electrode in contact with tissue. Thus, the orientation of the elec-
trode and of its temperature sensors determines the appropriate
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target temperature required to create maximal lesions while avoid-
ing coagulum formation caused by overheating at any location
within the electrode-tissue interface.2310

ELECTRODE LENGTH

Ablation catheters have tip electrodes that are conventionally
4 mm long and are available in sizes up to 10 mm long (see
Fig.4-6).An increased electrode size reduces the interface imped-
ance with blood and tissue, but the impedance through the rest of
the patient remains the same. The ratio between interface imped-
ance and the impedance through the rest of the patient is thus
lower with an 8mm electrode than with a 4-mm electrode, which
reduces the efficiency of power transfer to the tissue. Therefore,
with the same total power, lesions created with a larger electrode
are always smaller than lesions created with a smaller electrode
(Fig.7-3).A larger electrode size also creates a greater variability in
power transfer to the tissue because of greater variability of tissue
contact, and tissue contact becomes much more dependent on
catheter orientation with longer electrodes. Consequently,an 8-mm
electrode may require a 1.5 to 4 times higher power level than a
4-mm electrode to create the same lesion size.*

When the power is not limited, however, catheters with large dis-
tal electrodes create larger lesions,both by increasing the ablation
electrode surface area in contact with the bloodstream, thus result-
ing in an augmented convective cooling effect,and by increasing
the volume of tissue directly heated because of an increased sur
face area at the electrode-tissue interface (see Fig. 7-3). However,
this assumes that the electrode-tissue contact, tissue heat dissipa-
tion, and blood flow are uniform throughout the electrode-tissue
interface. As the electrode size increases, the likelihood that these
assumptions are true diminishes because of variability in cardiac
chamber trabeculations and curvature, tissue perfusion, and intra-
cardiac blood flow, which affect the heat dissipation and tissue
contact. These factors result in unpredictable lesion size and uni-
formity for electrodes more than 8 mm long 23

There is a potential safety concern with the use of long ablation
electrodes because of nonuniform heating, with maximal heating
occurring at the electrode edges.Thus, large electrode-tipped cath-
eters with only a single thermistor can underestimate maximal tem-
perature and allow char formation and potential thromboembolic

8-mm electrode
50 W, 30 sec

8-mm electrode
20 W, 30 sec

4-mm electrode
20 W, 30 sec

FIGURE 7-3 Effect of electrode size and power delivery on lesion size. Repre-
sentative blocks of myocardium are shown with lesions (dark shading) resulting
from optimal radiofrequency energy delivery for each electrode type. The effect
of 20 W delivered for 30 seconds is shown for a 4-mm electrode (left) and an
8-mm electrode (center). The larger electrode dissipates more of the energy into
the blood pool and thus paradoxically creates a smaller lesion. Because of elec-
trode cooling from its larger surface area, the same 8-mm electrode can deliver
more power than the 4-mm electrode and could create a larger lesion (right).

complications. Catheter tips with multiple temperature sensors at
the electrode edges may be preferable for temperature feedback.
In addition, the greater variation in power delivered to the tissue
and the greater discrepancy between electrode and tissue tem-
perature make it difficult to avoid intramural gas explosions and
blood clot formation. Another point of concern is that the forma-
tion of blood clots may only minimally affect electrode impedance
by covering a much smaller part of the electrode surface.Therefore,
the lower electrode temperature and the absence of any imped-
ance rise may erroneously suggest a safer ablation process.4

The principal limitations of a large ablation electrode (8 to 10
mm in length) are the reduction in mobility and the flexibility of
the catheter, which can impair positioning of the ablation elec-
trode, and a reduction in the resolution of recordings from the
ablation electrode, thus making it more difficult to identify the
optimal ablation site. A larger electrode dampens the local elec-
trogram, especially that of the distal electrode.With an 8- or 10-mm
long distal and a 1-mm short proximal ring electrode, the latter can
be the main source for the bipolar electrogram; this then confuses
localization of the optimal ablation site.In contrast,a smaller elec-
trode improves mapping accuracy and feedback of tissue heating.
Its only drawback is the limited power level that can be applied to
the tissue.4

ABLATION ELECTRODE MATERIAL

Although platinum-iridium electrodes have been the standard for
most RF ablation catheters, gold exhibits excellent electrical con-
ductive properties, as well as a more than four times greater ther
mal conductivity than platinum (300 versus 70 W/m °K), although
both materials have similar heat capacities (130 and 135 J/kg °K).
The higher thermal conductivity of gold can potentially lead to a
higher mean rate of power because of better heat conduction at
the tissue-electrode interface and to enhanced cooling as a result
of heat loss to the surrounding blood with this electrode mate-
rial.!! Therefore, gold electrodes allow for greater power delivery
to create deeper lesions at a given electrode temperature with-
out impedance increases.!? Enhanced electrode cooling allows
for more RF power to be applied at constant temperature, before
the temperature limit is reached or before the impedance of the
electrode rises.? However, the higher thermal conductivity of gold
electrodes is no longer an advantage in areas of low blood flow
(e.g.,among myocardial trabeculae), where convective cooling at
the electrode tip is minimal. Under these circumstances, electrode
materials with a low thermal conductivity can produce larger
lesions.3-11

Conflicting results were observed in clinical studies comparing
8-mm gold-tip with platinum-iridium-tip catheters for ablation of
the cavotricuspid isthmus.!3 During catheter ablation of the slow
AVN pathway in patients with AVN reentrant tachycardia (AVNRT),
no significant differences were observed between 4-mm gold-tip
and platinum-iridium-tip catheters in the primary endpoint or in
the increases of power or temperature at any of the measured time
points. However, ablation with gold electrodes seemed to be safe
and well tolerated and specifically did not increase the risk of AV
block. Interestingly; a significant reduction of charring on gold tips
was observed, compared with platinum-iridium material, a finding
suggesting a possible advantage of this material beyond its better
conduction properties.!!

REFERENCE PATCH ELECTRODE LOCATION AND SIZE

The RF current path and skin reference electrode interface pre-
sent significant impedance for the ablation current flow, thereby
dissipating part of the power. Increasing patch size (or using
two patches) provides for increased heating at the electrode-
endocardium interface and thus increases ablation efficiency and
increases lesion size.On the other hand, the position of the disper
sive electrode (on the patient’s back or thigh) has little effect on
the size of the resulting lesion.?



FIGURE 7-4 Novel multipolar electrode
catheters (Ablation Frontiers, Inc., Carlsbad,
Calif) using duty-cycled radiofrequency.
A, The Pulmonary Vein Ablation Catheter
(PVAC) is a multielectrode catheter used
to map, ablate, and verify isolation of the
pulmonary veins. B, The Multi-Array Abla-
tion Catheter (MAAQC) is a multielectrode
catheter designed to map and ablate com-
plex fractionated atrial electrograms in the
left atrial body. C, The Multi-Array Septal
Catheter (MASC) is a multielectrode cath-
eter designed to map and ablate complex
fractionated atrial electrograms along the
left atrial septum. D, The Tip-Versatile Abla-
tion Catheter (TVAC) is a multielectrode
catheter for linear ablation. (Courtesy of C
Medtronic, Inc., Minneapolis, Minn.)

BLOOD FLOW

The ablation electrode temperature is dependent on the opposing
effects of heating from the tissue and cooling by the blood flowing
around the electrode.Because lesion size is primarily dependent on
the RF power delivered to the tissue, lesion size varies with the mag-
nitude of local blood flow. At any given electrode temperature, the
RF power delivered to the tissue is significantly reduced in areas of
low local blood flow (e.g.,deep pouch in the cavotricuspid isthmus,
dilated and poorly contracting atria, and dilated and poorly con-
tracting ventricles).The reduced cooling associated with low blood
flow causes the electrode to reach the target temperature at lower
power levels, and if the ablation lesion is temperature-controlled,
power delivery will be limited. In these locations, increasing elec-
trode temperature to 65° or 70°C only minimally increases RF power
and increases the risk of thrombus formation and impedance rise.
In contrast,increasing local blood flow is associated with increased
convective cooling of the ablation electrode. Consequently, more
power is delivered to the tissue to reach and maintain target tem-
perature, thus resulting in larger lesion volumes 237

RADIOFREQUENCY SYSTEM POLARITY

Most RF lesions are created by applying energy in a unipolar fash-
ion between an ablating electrode touching the myocardium and

a grounded reference patch electrode placed externally on the
skin.The unipolar configuration creates a highly localized lesion,
with the least amount of surface injury. Energy can also be applied
in a bipolar mode between two endocardial electrodes. Bipolar
energy delivery produces larger lesions than unipolar delivery A
novel ablation system (GENius,Ablation Frontiers, Carlsbad, Calif.)
has been developed for ablation of atrial fibrillation (AF),in which
duty-cycled and alternating unipolar and bipolar (between adja-
cent electrodes) energy RF ablation is used to create contiguous
lesions in the pulmonary vein (PV) antrum using a ring catheter
with 10 electrodes (Pulmonary Vein Ablation Catheter [PVAC],
Ablation Frontiers, Medtronic Inc., Minneapolis, Minn.) (Figs. 7-4
and 7-5).14 Other catheter designs, which use the same multichan-
nel duty-cycled RF generator, also have been developed for left
atrial ablation of fractionated electrograms (Multi-Array Ablation
Catheter [MAAC], Ablation Frontiers), septal ablation (Multi-Array
Septal Catheter [MASC], Ablation Frontiers), and linear ablation
(Tip-Versatile Ablation Catheter [TVAC], Ablation Frontiers) (see
Fig. 7-4).15 One advantage of this approach is the simultaneous
application of RF energy across an electrode array,intended to cre-
ate contiguous lesions near an anatomical structure. Additionally,
the multielectrode catheters allow selective mapping and ablation
through any or all electrodes as required.This system is still under
going investigation. Another novel ablation catheter system deliv-
ers RF energy through a flexible mesh electrode (C.R.Bard, Inc,,
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Billerica, Mass.) that is deployed in the PV ostium. This system is
undergoing investigation for PV isolation.!6

Monitoring Radiofrequency Energy Delivery

The goal of optimizing RF ablation is to create an adequate-sized
lesion while minimizing the chance of an impedance increase
because of coagulum formation at the electrode itself, or steam for
mation within the tissue. As discussed previously, for ablation to be
effective, power must be increased sufficiently to achieve tempera-
tures at the tissue directly in contact with the ablating electrode
that are substantially higher than 50°C to achieve tissue necrosis.
At the same time, for ablation to be safe, the highest tissue tem-
perature must be maintained at less than 100°C to prevent steam
pops. Monitoring of RF energy delivery is therefore very important
to help achieve successful as well as safe ablation.?

Lesion creation is influenced by many factors,some of which can
be controlled, whereas others are variable and can be unpredict-
able. With standard RE power delivery is titrated to electrode tem-
perature, typically at 55° to 65°C.Higher temperatures can increase
the chance of reaching 100°C at edges of the ablation electrode,
thus resulting in coagulum formation.An increase in tissue temper
ature is accompanied by a decrease in impedance, also a reliable
marker of tissue heating. Impedance reduction and temperature
rise correlate with both lesion width and depth; maximum tem-
perature rise is best correlated with lesion width, and maximum
impedance reduction is best correlated with lesion depth.37

The efficiency of tissue heating (i.e., the temperature per watt
of applied power) is dependent on several variables, including
catheter stability, electrode-tissue contact pressure, electrode ori-
entation relative to the endocardium, effective electrode contact
area, convective heat loss into the blood pool, and target location.
Thus, applied energy, power,and current are poor indicators of the
extent of lesion formation, and the actual electrode-tissue inter-
face temperature remains the only predictor of the actual lesion
size. Currently, although less than ideal, monitoring temperature
and impedance are used to help ensure adequate but not exces-
sive heating at the electrode-tissue interface. Newer technologies
may be implemented in the future to monitor tissue temperatures
during RF delivery, including infrared sensors and ultrasound
transducers.

In addition to impedance and catheter tip temperature moni-
toring, reductions in amplitude and steepness of the local electro-
gram are important indicators for monitoring lesion growth.These
indicators, however, apply only to the unipolar distal electrogram.
With a bipolar recording, the signal from the ring electrode may
dominate the electrogram, and the bipolar amplitude may theo-
retically even rise during ablation because of a greater difference
between the signals from both electrodes.*

Some operators have used visualization of microbubbles on
intracardiac ultrasound (ICE) as an indication of excessive tissue

FIGURE 7-5 Ablation Frontiers (Medtronic
Inc, Minneapolis, Minn.) Pulmonary Vein
Ablation Catheter (PVAC) in the left inferior
pulmonary vein. The electrodes of the PVAC
catheter, which is deployed over a guidewire
into the antrum of a pulmonary vein, can be
used for both recording and ablating around
the perimeter of the vein. CS = coronary sinus;
Eso = esophageal catheter; LAO = left anterior
oblique; RAO = right anterior oblique.

heating that is predictive of char and steam pops during ablation
and that warrants reduction or termination of RF energy6

IMPEDANCE MONITORING

The magnitude of the current delivered by the RF generator used
in ablation is largely determined by the impedance between the
ablation catheter and the dispersive electrode. This impedance is
influenced by several factors, including intrinsic tissue properties,
catheter contact pressure, catheter electrode size, dispersive elec-
trode size, presence of coagulum, and body surface area. Imped-
ance measurement does not require any specific catheterbased
sensor circuitry and can be performed with any catheter designed
for RF ablation. Larger dispersive electrodes and larger ablation
electrodes result in lower impedance.3?

Typically, the impedance associated with firm catheter contact
(before tissue heating has occurred) is 90 to 120 Q.When catheter
contact is poory, the initial impedance is 20% to 50% less, because
of the lower resistivity of blood. Moreover, larger electrodes have
larger contact area and consequently lower impedance.

The impedance drop during RF ablation occurs mainly because
of a reversible phenomenon, such as tissue temperature rise, rather
than from an irreversible change in tissues secondary to ablation of
myocardial tissue.Therefore,impedance provides a useful qualitative
assessment of tissue heating; however, it does not correlate well with
lesion size.? A 5- to 10-Q reduction in impedance is usually observed
in clinically successful RF applications, it correlates with a tissue
temperature of 55° to 60°C,and it is rarely associated with coagulum
formation. Larger decrements in impedance are noted when coagu-
lum formation is imminent. Once a coagulum is formed, an abrupt
rise in impedance to more than 250 Q is usually observed.?7

To titrate RF energy using impedance monitoring alone, the
initial power output is set at 20 to 30 W and is then gradually
increased to target a 5- to 10-Q decrement in impedance. When
target impedance is reached, power output should be manually
adjusted throughout the RF application,as needed,to maintain the
impedance in the target range. A larger decrement of impedance
should prompt reduction in power output.

The drop in impedance as a monitoring tool has several limita-
tions. When blood flow rates are low, blood can also be heated,
and electrode impedance drops accordingly. Moreover,a large rise
in tissue temperature at a small contact area and a smaller rise
with better tissue contact can result in a similar drop in imped-
ance. Inversely, similar tissue heating with different tissue contact
can result in a different change in impedance.In addition, resistive
heating nearby is fast,whereas conductive heating to deeper layers
is relatively slow. The former, at close distance, has a much greater
effect on impedance than the latter, which occurs at greater dis-
tance. Like electrode temperature rise, the drop in impedance dur
ing RF application is not a reliable parameter for estimating tissue
heating and lesion growth.347



Although coagulum formation is usually accompanied by an
abrupt rise in impedance, the absence of impedance rise during
ablation does not guarantee the absence of blood clot formation
on the tissue contact site, which can unnoticeably be created
on the lesion surface. In addition, as noted, with large ablation
electrodes, formation of blood clots may only minimally affect
electrode impedance by covering a much smaller part of the elec-
trode surface. Any increase in impedance during RF application
can, however, indicate the beginning of thrombus formation or
unintended catheter movement; in either case, RF application is
discontinued.

TEMPERATURE MONITORING

Monitoring of catheter tip temperature and closed-loop control of
power output are useful to avoid excessive heating at the tissue
surface, which can result in coagulum formation, and to accom-
plish effective heating at the target area. However, catheter tip tem-
perature is affected by cooling effects and electrode-tissue contact
and thus poorly correlates with lesion size. Tissue temperature can
be markedly higher than catheter tip temperature; a higher target
temperature can increase the incidence of tissue overheating asso-
ciated with crater formation and coagulum formation. In high-flow
areas, the tip is cooled and more RF power is delivered to the tissue
to reach target temperature, thus resulting in relatively large lesions
and vice versa.”

As mentioned earlier, temperature monitoring requires a dedi-
cated sensor within the catheter. Two types of sensors are avail-
able: thermistor and thermocouple. No catheter or thermometry
technology has been demonstrated to be superior in clinical use;
however, closed-loop control of power output is easier to use than
manual power titration. Conventional electrode catheters with tem-
perature monitoring report the temperature only from the center of
the electrode mass with one design or from the apex of the tip of
the catheter with another design,and it is likely that the measured
temperature underestimates the peak tissue temperature. There-
fore, it is best if target temperatures no higher than 70° to 80°C are
selected in the clinical setting.3.”

Titration of RF energy using temperature monitoring is usually
done automatically by a closed-loop temperature monitoring
system. When manual power titration is directed by temperature
monitoring,the power initially is set to 20 to 30 W and then is gradu-
ally increased until the target temperature is achieved. With both
manual and automatic power titration, change in power output
is frequently required throughout the RF application to maintain
the target temperature. Application of RF energy is continued if
the desired clinical effect is observed within 5 to 10 seconds after
the target temperature or impedance is achieved. If the desired
endpoint does not occur within this time, the failed application
is probably because of inadequate mapping. If the target tempera-
ture or impedance is not achieved with maximum generator out-
put within 20 seconds, the time it takes to achieve subendocardial
steady-state temperature, the RF application can be terminated,
and catheter adjustment should be considered to obtain better tis-
sue contact.”

The target ablation electrode temperature varies according to
the arrhythmia substrate. For AVNRT, target temperature is usually
50° to 55°C. For BT, AV junction, atrial tachycardia (AT), and ven-
tricular tachycardia (VT), a higher temperature (55° to 60°C) is
usually targeted.

When using 4-mm-tip catheters, the target temperature should
be lower than 80°C. In high-flow areas in the heart, the dispar-
ity between tip temperature and tissue temperature is large and
a lower target temperature should be considered (e.g., 60°C),
whereas in low flow areas tissue temperature is much better
reflected by tip temperature and a higher target temperature can
be considered (e.g., 70° to 80°C).The duration of RF application
can be limited to 30 seconds for nonirrigated 4-mm-tip electrodes.
The lesion is predominantly formed within the first 30 seconds. A
longer duration does not create larger lesions.

When using 8mm-tip catheters, a larger portion of the ablation
electrode is exposed to the blood and thus cooled by blood flow,
and a relatively large difference between catheter tip temperature
and tissue temperature can be expected. Consequently, a moder
ate target temperature (e.g.,60°C) should be chosen;the RF power
may be limited to 50 to 60 W to avoid tissue overheating and coagu-
lum formation.3

It is important to recognize that prevention of coagulum forma-
tion is difficult,even with temperature and impedance monitoring.
The clot first adheres to the tissue because that is the site with the
highest temperature and may only loosely attach to the cooler elec-
trode. The denaturized proteins probably have higher electrical
impedance than blood,but the contact area with the electrode can
be small,and RF impedance may not rise noticeably. The absence
of flow inside the clot and its presumed higher impedance acceler
ate local heating and, because of some contact with the electrode,
also accelerate heating of the electrode. Desiccation and adher
ence to the electrode then lead to coagulum formation on the
metal electrode and impedance rise. Automatic power reduction
by temperature-controlled RF ablation compensates for the reduc-
tion of electrode cooling and may prevent desiccation and imped-
ance rise. The clot, however, can still be formed as demonstrated
by experimental in vivo studies,and this can remain unnoticeable
until it detaches from the tissue. Therefore, the absence of thermal
and electrical phenomena does not imply that the ablation has
been performed safely.”

ULTRASOUND IMAGING

Ultrasound imaging can allow assessment of tissue heating and
pops. The presence of microbubbles on intracardiac or trans-
esophageal echocardiography is typically associated with a tis-
sue temperature higher than 60°C and increased lesion size, and
continued RF application after the appearance of the bubbles is
usually followed by an increase in impedance. Moreover, pops are
not always audible but can be seen well on ultrasound, often with
a sudden explosion of echocardiographic contrast.® Microbubble
formation, however, is not a straightforward surrogate for tissue
heating. The absence of microbubble formation clearly does not
indicate that tissue heating is inadequate or that the power level
should be increased, nor does the presence of scattered micro-
bubbles indicate safe tissue heating. This marker is fairly specific
for tissue heating as judged by tissue temperatures but is not rou-
tinely sensitive. Specifically, scattered microbubbles can occur
over the entire spectrum of tissue temperatures, whereas dense
showers of microbubbles appear only at tissue temperatures
higher than 60°C. Scattered microbubbles can represent an elec-
trolytic phenomenon, whereas dense showers of microbubbles
suggest steam formation, with associated tissue disruption and
impedance rises.6

Clinical Applications of Radiofrequency
Ablation

RF is the most frequently used mode of ablation energy and has
become a widely accepted treatment for most atrial and ventricu-
lar arrhythmias. Studies have demonstrated the effectiveness of RF
current in producing precise and effective lesions.

Although RF energy for catheter- and surgical-based treatment of
cardiac arrhythmias has been proven to be effective and relatively
safe, several limitations exist. Many of these limitations center on
how RF creates the tissue lesion. Current flow and energy delivery
are critically dependent on a low-impedance electrode-tissue junc-
tion, but tissue desiccation, coagulation, and charring around the
electrode can result in marked falls in conductivity.

Temporal evolution of ablation lesions can potentially alter
the immediate postablation substrate, by producing either lesion
expansion (mediated in part by secondary myocyte loss from
disrupted microcirculation) or lesion regression (resolution of
edema and healing).
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A major limitation of RF ablation is the relatively small depth of
tissue injury produced by this technique.This can be attributed to
the precipitous fall-off of direct tissue heating (volume heating) by
the RF energy as the distance from the electrode-tissue interface
increases. Deeper tissue layers can be ablated by heat conduction
from the volume-heated source, but the maximum lesion depth is
limited.

Because the success of RF catheter ablation in the clinical set-
ting is sometimes limited by the relatively small size of the lesion,
attempts have been made to increase the size of those lesions
reliably and safely. One approach is to increase the size and sur
face area of the electrode. The RF power needs to be increased
comparably to achieve a similar current density and tempera-
ture at the electrode-tissue interface, and the results are greater
depth of volume heating and a larger lesion. Modifications to the
RF energy delivery mechanism, including cooled catheters and
pulsed energy, have also helped address some of these limitations.
Moreover, investigation into alternative energy sources appears to
be more promising, including microwave, ultrasound, laser, and
cryoablation 2

Delivery of RF energy on the epicardial surface generally
requires an irrigated-tip catheter because there is otherwise no
passive cooling of the electrode (outside the blood pool) and
relatively little power can be delivered without being limited by
temperature increases.

Cooled Radiofrequency Ablation
Biophysics
MECHANISM

Excessive surface heating invites coagulum formation, carbon-
ization, and steam popping. These adverse effects may limit the
depth of RF lesions, thus making it difficult to produce lesions of
sufficient depth in scar tissue or thickened ventricular walls. Such
limitations of conventional RF systems have stimulated the evalu-
ation of modified electrode systems. One important modification
involves cooling of the ablation electrode, which was designed to
prevent overheating of the endocardium while allowing sufficient
energy delivery to achieve a larger lesion size and depth.!”

There are two methods of active electrode cooling by irrigation:
internal and external (Fig. 7-6). With the internal (closed-loop)
system (Chilli, Boston Scientific, Natick, Mass.), cooling of the abla-
tion electrode is performed by circulating fluid within the elec-
trode.!8 In contrast, with the external (open-loop) system (Celsius

4-mm electrode 8-mm electrode 3.5-mm irrigated

electrode

FIGURE 7-7 Effect of electrode type on lesion size. Representative blocks of
myocardium are shown with lesions (dark shading) resulting from optimal radio-
frequency energy delivery for each electrode type. A 4-mm electrode makes
a small shallow lesion (left). An 8-mm electrode makes a larger, deeper lesion
(center). The open-irrigated electrode makes a larger, deeper lesion, with a max-
imum width at some tissue depth (right).

or Navistar ThermoCool, Biosense Webster, Inc., Diamond Bar, Calif.;
and Therapy Cool Path, St. Jude Medical, Inc., St. Paul, Minn.), elec-
trode cooling is performed by flushing saline through openings in
the porous-tipped electrode (showerhead-type system).!® Another
cooling system is sheath-based open irrigation, which uses a long
sheath around the ablation catheter for open irrigation. The latter
system was found to provide the best results, but this type of cath-
eter tip cooling is not clinically available.

Active electrode cooling by irrigation can produce higher tissue
temperatures and create larger lesions, compared with standard
RF ablation catheters,because of a reduction in overheating at the
tissue-electrode interface, even at sites with low blood flow. This
allows the delivery of higher amounts of RF power for a longer dura-
tion to create relatively large lesions with greater depth but without
the risk of coagulum and char formation. Unlike with standard RF
ablation, the area of maximum temperature with cooled ablation
is within the myocardium, rather than at the electrode-myocardial
interface. Higher power results in greater depth of volume heating,
but if the ablation is power limited, power dissipation into the cir
culating blood pool can actually result in decreased lesion depth
(Fig. 7-7).18 Compared with large-tip catheters, active cooling has



been shown to produce equivalent lesions with energy delivery
via smaller electrodes, with less dependence on catheter tip ori-
entation and extrinsic cooling, whereas larger electrodes have
significant variability in their electrode-tissue interface, depending
on catheter orientation (see Fig. 7-7). For the nonirrigated catheter,
greater lesion volumes are observed with a horizontal orientation
of the RF electrode compared with a vertical orientation. In con-
trast, for irrigated catheters, lesion volume increased with a per
pendicular electrode orientation compared with the horizontal
orientation.10

Lesion depth seems to be similar between closed-loop and
open-irrigation electrodes. However, open irrigation appears to be
more effective in cooling the electrode-tissue interface, as reflected
by lower interface temperature, lower incidence of thrombus, and
smaller lesion diameter at the surface (with the maximum diam-
eter produced deeper in the tissue).These differences between the
two electrodes are greater in low blood flow, presumably because
the flow of saline irrigation out of the electrode provides addi-
tional cooling of the electrode-tissue interface (external cooling).
Ablation with the closed-loop electrode, with irrigation providing
only internal cooling, in low blood flow frequently results in high
electrode-tissue interface temperature (despite low electrode tem-
perature) and thrombus formation.!8

When maximum power and temperature parameters that did
not result in increased rates of complications and any evidence of
excessive heating (including popping, boiling, or impedance rise)
for each catheter type were selected, closed-irrigation catheters
resulted in slightly larger lesion volumes and greater lesion depths
than the open-irrigation catheters.Both cooled catheters fared bet-
ter than the standard 4-mm-tip and large 10-mm-tip catheters with
larger lesions achieved within the range of safe energy delivery.!

Monitoring Radiofrequency Energy Delivery

There is a significant discrepancy between monitored electrode
temperature and tissue temperature during cooled RF ablation.68
The thermal effects on the electrode temperature are dependent
on electrode heating from the tissue, internal cooling by the irri-
gation fluid, and external cooling from blood flow or open irriga-
tion. With high irrigation flow rates, catheter tip temperature is not
representative of tissue temperature, and therefore feedback can-
not be used to guide power output. The difference between the
electrode temperature and interface temperature is greater with
the closed-loop electrode than with the open-irrigation electrode.
The discrepancy is likely to be increased in areas of high blood
flow, by increasing the irrigation flow rate, or by cooling the irri-
gant. Saline-irrigated catheters cause peak tissue heating several
millimeters from the electrode-tissue interface. Because maximum
tissue heating does not occur at the electrode-tissue interface, the
value of temperature and impedance monitoring is limited with
this type of catheter.

Therefore, it has been challenging to monitor lesion formation
and optimize power delivery during cooled RF ablation.® Appro-
priate energy titration is important to allow greater power applica-
tion and to produce large lesions while avoiding overheating of
tissue with steam formation leading to pops. Moreover, the inability
to assess tissue heating,and hence to titrate power to an objective
endpoint, prevents the operator from determining whether unsuc-
cessful applications are caused by inadequate mapping or inad-
equate heating.

Electrode-tissue contact and orientation and the cooling effect
of blood flow around the electrode and within the tissue are not
as easily adjusted, and they also influence tissue heating. However,
several other factors can be potentially manipulated to adjust abla-
tion with saline-irrigated catheters,including flow rate,irrigant tem-
perature,and RF power and duration.The most easily controllable
factors are the power and duration of RF application. Instead of
increasing the power to achieve the desired effect,which increases
the likelihood of crater formation,the duration may be increased.A
moderate power of 20 to 35 W with a relatively long RF duration of

60 to 300 seconds should be considered to achieve relatively large
lesions, with a limited risk of crater formation.®

The flow rate of the irrigant determines the degree of cooling.
Faster flow rates likely allow greater power application without
impedance rises, increase the difference between tissue and elec-
trode temperature, and thereby potentially increase the risk of
steam pops if temperature is used to guide ablation.With the inter
nally irrigated ablation system, the approved flow rate is fixed at
36 mL/min and is not currently manipulated.® With the externally
irrigated ablation system, an irrigation flow rate of 10 to 17 mL/
min during RF application (and 2 mL/min during all other times to
maintain patency of the pores in the electrode) may be selected in
a power-controlled mode with a delivered power of up to 30 W.The
irrigation flow rate should be increased to 20 to 30 mL/min with
delivery of more than 30 W, to avoid excessive heat development
at the superficial tissue layers. Additionally, the temperature of the
irrigant can potentially be manipulated. Cooling the irrigant can
allow power delivery to be increased without coagulum forma-
tion.The cooled irrigant is warmed as it passes through the tubing
to reach the catheter and through the length of the catheter. The
impact of cooling the irrigant has not been well studied. In most
studies, the irrigant that enters the catheter is at room temperature.

Several indicators of tissue heating may be monitored, includ-
ing catheter tip temperature, EP effects of RE and the use of ICE.
As noted, with cooled RE the discrepancy between measured
electrode temperature and tissue temperature is greater than dur
ing standard RF ablation.? Identification of microbubbles on ICE
has been used as an indication of excessive tissue heating dur-
ing ablation with nonirrigated and internally irrigated catheters.
External irrigation, on the other hand, produces visible bubbles,
precluding the use of this method.17:19

Evidence of tissue heating from an effect on recorded electro-
grams or the arrhythmia can be used to guide ablation energy.
Interruption of tachycardia (VT, atrial flutter [AFL], supraventric-
ular tachycardia) or block in conduction over a pathway (AVN or
BT) during the process of ablation provides immediate feedback
about the disruption of tissue integrity. Additionally, an increase
in pacing threshold and a decrease in electrogram amplitude
can indicate tissue damage.These factors, however, are not easily
monitored during the RF application, particularly the change in
pacing threshold. Moreover, the decrease in electrogram ampli-
tude is often not visible during RF application because of super
imposed electrical artifact.

With the internally irrigated system, the room temperature irri-
gant flowing at 36 mL/min typically cools the measured electrode
temperature to 28° to 30°C. During RF application, the temperature
increases; temperatures of 50°C can indicate that cooling is inad-
equate or has stopped, which warrants termination of RF applica-
tion. The measured impedance typically decreases during cooled
RF ablation by 5 to 10 Q,in a manner similar to that observed dur
ing standard RF ablation.b

During open-irrigation RF ablation, initiation of irrigation results
in a drop of electrode temperature by several degrees. Failure of
electrode temperature to decrease indicates a lack of irrigant flow.
When power delivery begins, catheter tip temperature should rise
to 36° to 42°C (the presence of rising temperature, not the mag-
nitude, reflects tissue heating). Temperatures higher than 40°C
achieved with low power (less than 20 W) can indicate that the
electrode is in a location with little or no cooling from the sur
rounding circulating blood, or that there is a failure of the catheter
cooling system that requires attention. In contrast, the absence of
any increase in tip temperature should raise the possibility of poor
catheter contact.?

The optimal method for adjusting power during saline-irrigated
RF ablation is not yet clearly defined, but some useful guidelines
have emerged.The most commonly recommended approach is to
perform ablation in a power-controlled mode, typically starting at
20 to 30 W and gradually increasing power to achieve evidence
of tissue heating or damage. An impedance fall likely indicates
tissue heating, similar to that observed with conventional RE
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When catheter temperature is between 28° and 31°C, power can
be ramped up, watching for a 5- to 10-Q impedance fall. Measured
electrode temperature will generally increase. A measured elec-
trode temperature of 37° to 40°C is commonly achieved.

Temperatures exceeding 40° to 42°C with power greater than
30 W during open-irrigation RF ablation can be associated with a
greater risk of steam pops and impedance rises, particularly dur-
ing long RF applications, exceeding 60 seconds. Steam pops are
often, but not always, audible. A sudden decrease in temperature,
sudden catheter movement (as a consequence of the pop blowing
the catheter out of position),and a sudden change in impedance
are all potential indications that a pop has occurred. Whether the
catheter is maintained in a stable position,as opposed to dragging
it across the tissue,also likely influences tissue heating. High power
can be applied continuously during dragging with little risk of
excessive heating, although the duration of time to spend at each
site to create an effective lesion may be difficult to ascertain.!” As
a rule,the lowest effective power setting,shortest duration,and few-
est applications should be employed whenever possible.?

Clinical Applications of Cooled
Radiofrequency Ablation

Cooled tip catheters have several advantages. First, they allow the
desired power to be delivered independent of local blood flow,
and that results in increased lesion size. Second, they reduce the
temperature of the ablation electrode as well as the temperature at
the tissue interface, especially with the open-irrigation system,and
that helps spare the endocardium and reduce the risk of clots and
charring. Third, when compared with standard 8-mm-tip ablation
catheters, a 3.5- to 4-mm irrigated electrode offers higher mapping
accuracy while providing comparable ablation lesion size.

Cooled tip catheters are preferred (1) for long linear ablations
(in the right or left atrium) and complex atrial arrhythmias (AFL
or AF), (2) when there is a high probability of encountering thick
or trabeculated tissue, (3) for specific areas with low local blood
flow (including the coronary sinus [CS], particularly CS aneu-
rysms, and pericardial space), (4) when ablating in the arterial
circulation (to minimize the likelihood of arterial thromboem-
bolism), and (5) for targets resistant to previous conventional
ablation (focal tachycardias or BTs). Clinical trials have found
irrigated tip catheters to be more effective than and as safe as
conventional catheters for AFL ablation, thus facilitating the rapid
achievement of bidirectional isthmus block.Irrigated tip catheters
also were found to be safe and effective in eliminating BT con-
duction resistant to conventional catheters, irrespective of the
location, and they have been successfully used for PV isolation
for treatment of AF Irrigated tip catheters also offer an advantage
over conventional RF catheters in the case of scarrelated VTs, by
facilitating creation of larger and deeper lesions that can help
eliminate intramyocardial or subepicardial reentrant pathways
necessary for the VT circuit.9.17:20

TABLE7-1 Comparison of Features of Ablation Electrodes

Internally cooled RF ablation is an attractive choice for use in
pericardial ablation because no fluid is infused,and one need not
worry about monitoring pericardial fluid throughout the ablation
procedure, although drainage of irrigant during open-irrigation RF
ablation can be managed in this setting.?

Power levels typically used during open-irrigation ablation
depend on the site of ablation: 25 to 30 W in the left and right atrial
free wall, 35 to 40 W for cavotricuspid isthmus and mitral isthmus
ablation,50 W in the left ventricle,and 20 W in the CS.At low power
levels, the irrigation flow rate may be set lower than at higher lev-
els; 17 mL/min is used for power output lower than 30 W, whereas
30 mL/min is used for power output of 30 to 50 W. Using a lower
irrigation flow rate (10 mL/min) in the left atrium can help main-
tain some temperature feedback,with a cutoff temperature of 43°C.
Lesion formation is monitored via attenuation of the local unipo-
lar electrogram. Because of the very limited or absent temperature
feedback, tissue overheating (pops) is a potential risk, especially in
thin-walled chambers.The temperature is usually set at 40° to 45°C.
If the temperature at the tip is lower than 40°C, the flow rate may
be reduced.lIf the desired power is not met because the target tem-
perature is reached at a lower power, the irrigation flow rate may be
increased to a maximum of 60 mL/min.* Parameters for epicardial
ablation are similar to those used for endocardial ablation.!”

Potential Risks of Cooled Radiofrequency
Ablation

Although creation of larger ablation lesions can improve the effi-
cacy of ablation for some patients, particularly when the targeted
arrhythmia originates deep to the endocardium and when large
areas require ablation, it is associated with increased risk of dam-
age to tissue outside the target region (Table 7-1).

Higher power can be used with convective cooling, but higher
power can cause superheating within the tissue (with subendocar-
dial tissue temperatures exceeding 100°C) that can result in boiling
of any liquids under the electrode. Consequently, evaporation and
rapid steam expansion can occur intramurally, and a gas bubble
can develop in the tissue under the electrode. Continuous applica-
tion of RF energy causes the bubble to expand and its pressure to
increase, which can lead to eruption of the gas bubble (causing a
popping sound) through the path with the least mechanical resis-
tance that leaves behind a gaping hole (the so-called pop lesion).
This often occurs toward the heat-damaged endocardial surface
(crater formation) or,more rarely,across the myocardial wall (myo-
cardial rupture).!8

Steam pops are often associated with a sudden (although small,
less than 10 Q) impedance rise and a sudden drop in electrode
temperature. The consequence of a steam pop depends on the
area of the heart being ablated. The risk of cardiac perforation is
low in areas of dense ventricular scar. The risk of perforation and
cardiac tamponade is likely to be higher for ablation in the thin-
walled right ventricular outflow tract and in the atria. Therefore,

FEATURE 4-MM RF 8-MM RF 4-MM COOLED RF (CLOSED) 4-MM COOLED RF (OPEN) 6-MM CRYOABLATION
Electrogram resolution +++ + ++++ o+ 4

Lesion depth + +4+ +++ A+t ++

Lesion surface area ++ 4+ 4+ ++++ et
Usefulness of temperature +++ ++ 0 0 0

monitoring

Risk of steam pop + ++ +++ +++ 0

Thrombus risk ++ A+ e + 0

Time efficiency of ablation* ++ 4+ -+ ++++ +

*Inverse function of duration of energy application for effective lesion (higher efficiency = best).
0 = none; + = least, worst; ++ = minimal; +++ = moderate; ++++ = most, best; RF = radiofrequency.



it may be reasonable to take a more conservative approach to
power application in these areas.Electrode orientation also seems
to affect the significance of pops; pops that occur when the elec-
trode tip is perpendicular to the tissue can be more likely to cause
cardiac perforation than those that occur when the electrode is
lying horizontally on the tissue.Therefore, one should try to avoid
perpendicular (high-pressure) tissue contact, especially at higher
power levels.!” RF applications with steam pops have a greater
decrease in impedance and occur at a higher maximum RF power
than applications without pops. Because of the considerable
overlap of impedance changes in lesions with and without steam
pops, it is not possible to advocate a general limit for impedance
decrease for all RF lesions. However, when ablation is performed
in areas at risk for perforation (i.e., especially in thin-walled struc-
tures), reducing power to achieve an impedance decrease of less
than 18 Q is a reasonable strategy to reduce the chance of a pop.2

Although increasing power delivery and convective cooling
can create large lesions, lesion production is somewhat difficult
to control. Surface cooling does reduce the risk of boiling and
coagulum formation. However, it does not allow the temperature
at the tip to be monitored, and thus some feedback about lesion
formation is lost.18

These concerns can be more pronounced with internal cool-
ing as compared with open irrigation. Open irrigation cools the
electrode and its direct environment, blood, and tissue surface.
In contrast, with internal cooling, the main parameter affected
by cooling is the temperature of the electrode. There can be
minimal cooling of the direct electrode-tissue interface, but only
at the true contact site between metal and tissue. Blood flow
around the electrode makes it highly unlikely that there will be
any noticeable cooling of the tissue surface at a distance of a
few millimeters from the contact site. Consequently, one would
not expect much effect of internal electrode cooling on the sur-
face area or depth of the lesion.Electrode cooling does, however,
enable larger lesions (at higher power levels) because the abla-
tion process is no longer limited by electrode temperature rise.
This can also be dangerous; in cases with good tissue contact,
power delivery to the tissue can be much higher than average.
With standard electrodes, this situation is signaled by an exces-
sive electrode temperature rise, but without this warning, tis-
sue overheating can occur. Blood clots can also be formed, but
they do not adhere to a cool electrode and do not cause an
impedance rise.*

With open-irrigation catheters, extensive ablation often per
formed for AF and scarrelated VT can result in substantial saline
administration. Therefore, management of the patient’s volume
status before, during, and after the procedure is crucial. This is
also important during epicardial ablation, in which an obligatory
fluid volume enters the pericardial sac and, if not intermittently or
continuously evacuated, gradually results in cardiac tamponade.
This complication can be prevented by having the side port of the
introducer sheath attached to a suction bottle or gravity drain or
by intermittent aspiration of accumulated fluid. Internal irrigation,
on the other hand, has the advantages that no fluid is infused into
the vasculature or pericardial space, and there is no possibility of
embolization from the irrigation system.1?

Cryoablation
Biophysics of Cryothermal Energy

Cryoablation uses a steerable catheter and a dedicated console,
which are connected by a coaxial cable used to deliver fluid
nitrous oxide to the catheter and to remove the gas from the cath-
eter separately2! A tank of fluid nitrous oxide is located inside
the console; the gas removed from the catheter to the console is
evacuated through a scavenging hose into the vacuum line of the
EP laboratory The system has several sensors to avoid inadvertent
leaks of nitrous oxide into the patient body and to check connec-
tions of the different cables to the console.

Cryoablation catheters have a terminal segment whose tempera-
ture can be lowered to —75°C or less by delivery of precooled com-
pressed liquid refrigerant (nitrous oxide argon) across a sudden
luminal widening at the end of the catheters’ refrigerant circula-
tion system (Fig. 7-8). Decompression and expansion of the refrig-
erant (liquid to gas phase change) achieve cooling based on the
Joule-Thompson effect.?2

The effect produced by cryothermal ablation is secondary to tis-
sue freezing, the result of a temperature gradient occurring at the
electrode-tissue interface (i.e.,local heat absorption by the cooled
catheter tip). It greatly depends on the minimum temperature
reached, the duration of energy application, and the temperature
time constant.The temperature time constant indicates the course
of the descent of temperature to the target temperature, and a
shorter value (expressed in seconds) identifies a more effective
application. Important modulatory variables that can affect tissue
damage produced by cryoablation include firmness of the cathe-
tertissue contact, tip temperature, freeze duration,and blood flow.?2

At the electrode-tissue interface, the coldest area is the one adja-
cent to the catheter tip, where functional effects of energy deliv-
ery are observed earlier (Fig. 7-9). Conversely, the less cooled area
is the one at the periphery of the cryolesion, whose dimensions
can also vary according to the duration of freezing. Because of
limited cooling of the outer limit of the lesion (both in time and

ECG wire Deflection wire Refrigerant
Vacuum Injection Thermocouple
return lumen tube wire

FIGURE 7-8 Schematic diagram demonstrating the CryoCath Freezor cryo-
catheter internal design. (Courtesy of CryoCath Technologies, Montreal, Canada.)

Maximum tissue
damage

Irrigated RF
(3.5-mm electrode)

Cryothermy
(6-mm electrode)

FIGURE 7-9 Depth of maximum tissue injury with irrigated-tip radiofrequency
(RF) versus cryothermy. With irrigated RF (left), the maximum tissue heating
occurs at some tissue depth because of cooling at the surface. With cryothermy
(right), the maximum effect is at the endocardial surface.
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temperature), this region is less likely to suffer irreversible damage.
As a consequence, the effects obtained late during cryothermal
energy application are likely to be reversible early on rewarming,
and, therefore, any expected functional modification induced by
cryoenergy should occur early (usually within the first 30 seconds
of the application) to obtain a successful and permanent ablation
of a given arrhythmogenic substrate.??

Currently, two different systems of catheter cryoablation are
available for clinical and experimental use: the CryoCath system
(CryoCath Technologies, a division of Medtronic, Inc., Minneapolis,
Minn.) and the CryoCor system (CryoCor, San Diego, Calif.). Cryo-
Cath uses 7 or 9 Fr steerable catheters with 4-, 6-, or 8-mm-long-tip
electrodes.The ablation catheter is connected to a dedicated con-
sole, which has two algorithms available. The first is for cryomap-
ping with a slow decrease of temperature to —30°C for up to 80
seconds,and the second is for cryoablation with a faster decrease
of temperature to —75°C for up to 480 seconds. Additionally, the
target temperature can be manually preset on the console at any
value between -30° and -75°C.The CryoCor system has 10 Fr steer
able catheters with 6.5- or 10-mm-long-tip electrodes.The console
has a built-in closed-loop precooler for the fluid nitrous oxide,
whose flow at the catheter tip is adjusted during the application to
maintain a temperature of -80°C.22

An expandable cryoablation balloon catheter (Arctic Front,
CryoCath Technologies, Inc.), 18 to 30 mm in diameter, has been
specifically designed for PV isolation.The cryoballoon is deployed
at the ostium of targeted PVs, and cryoenergy is delivered over
the occluding balloon system to create circumferential lesions
around the PV ostium. This design helps limit the convective
warming effects of the high blood flow at the PV ostium, which
can limit lesion size and ablation efficacy, as well as shorten the
lengthy procedure times required for circumferential point-by-
point cryoablation around the PV ostia with the standard steerable
cryocatheters 2325

Pathophysiology of Lesion Formation
by Cryoablation

MECHANISM OF TISSUE INJURY

The mechanisms underlying lesion formation by cryoenergy are
twofold: direct cell injury and vascularmediated tissue injury.
The mechanisms of cellular death associated with tissue freezing
involve immediate cellular effects, as well as late effects that deter-
mine the lesion produced.??

Direct Cell Injury

EXTRACELLULAR ICE (SOLUTION EFFECT INJURY). Direct cel-
lular injury results from ice formation. Ice forms only extracellularly
when the tissue is cooled to mild temperatures (0° to —20°C) and
results in hypertonic stress (the extracellular environment becomes
hyperosmotic). The consequent shift of water from the intracel-
lular to the extracellular space ultimately causes cell shrinkage
and damage to the plasma membrane cellular constituents. These
effects are reversible when rewarming is achieved within a short
period (30 to 60 seconds). However, extended periods of extracel-
lular freezing result in cellular death, and rewarming then results in
cellular swelling sufficient to disrupt cellular membranes.?!

INTRACELLULAR ICE. When the tissue is cooled to —40°C or
lower, especially if it is cooled at rapid rates, ice forms extracellu-
larly and intracellularly. Intracellular ice results in major and irre-
versible disruption of organelles, with cellular death.2! Although
ice crystals do not characteristically destroy cell membranes,
they compress and deform nuclei and cytoplasmic components.
Mitochondria are particularly sensitive to ice crystals and are
the first structures to suffer irreversible damage. Furthermore,
intracellular ice can propagate from one cell to another via inter-
cellular channels, thus potentially resulting in lesion growth. Cel-
lular injury, disruption of membranous organelles in particular,
is importantly enhanced on cellular thawing; rewarming causes

intracellular crystals to enlarge and fuse into larger masses that
extend cellular destruction. Cellular injury can be extended by
repeated freeze-thaw cycles. Final rewarming evokes an inflam-
mation response to released cellular constituents and reperfu-
sional hemorrhage, leading to tissue repair and eventual dense
scarring.2? The size of ice crystals and their density depend on
the proximity to the cryoenergy source, local tissue temperature
achieved, rate of freezing, and surface area in contact with freez-
ing temperatures. 2627

Vascular-Mediated Tissue Injury

Tissue freezing results in vasoconstriction, hypoperfusion, and
ischemic necrosis.2! Subsequent tissue rewarming produces a
hyperemic response with increased vascular permeability and
edema formation. Endothelial disruption within the frozen tissue
is also observed and results in platelet aggregation, microthrombi,
and microcirculatory stagnation within the lesion. Cryolesions,
however, are associated with substantially less degree of endothe-
lial damage and overlying thrombus formation than standard RF
lesions. Extensive surgical experience has shown that cryolesions
result in dense homogeneous fibrosis, with a well-demarcated bor
der zone. They are nonarrhythmogenic and preserve the underly-
ing extracellular matrix and tensile strength.22

In the final phase of cryoinjury, replacement fibrosis and apop-
tosis of cells near the periphery of frozen tissue give rise to a
mature lesion within weeks. Typically, these lesions are well cir-
cumscribed, with distinct borders, dense areas of fibrotic tissue,
contraction band necrosis,and a conserved tissue matrix, includ-
ing endothelial cell layers.26

DETERMINANTS OF LESION SIZE

During cryoablation, lesion size and tissue temperature are related
to convective warming, electrode orientation, electrode contact
pressure, electrode size, refrigerant flow rate, and electrode tem-
perature.?® Lesion sizes during catheter cryoablation can be maxi-
mized by use of larger ablation electrodes with higher refrigerant
delivery rates. A horizontal electrode orientation to the tissue and
firm contact pressure also enhance lesion size. For a given elec-
trode size, electrode temperature may be a poor predictor of tissue
cooling and lesion size. In contrast to RF ablation, cryoablation in
areas of high blood flow can result in limited tissue cooling and
smaller lesion sizes because of convective warming. Conversely,
cryoablation lesion size can be maximized in areas of low blood
flow.2228 The time to reach —80°C can predict cryoablation lesion
size; cryoablation lesion volume increases as the time to reach
-80°C decreases.® The 6- and 8mm electrode-tip cryocatheters
produce ablation lesions of similar depth that are more than two-
and threefold larger than 4-mm catheters, respectively. Despite
larger lesions, endothelial cell layers remain intact and devoid of
thrombosis. Surface areas and volumes may be particularly sensi-
tive to catheter tip-to-tissue contact angles with larger electrodes.
As such,particular attention in catheter orientation is required with
8mm electrode-tip cryocatheters to produce desired lesions 27

Technical Aspects of Cryoablation

The intervention is often performed in two steps. First, “cryomaps”
are obtained by moderate reversible cooling of tissue (electrode-
tissue interface temperature approximately —28° to =32°C).Second,
cryoablation cools the selected cryomapped pathways to much
lower temperatures (electrode-tissue interface temperature lower
than -68°C) and produces ice formation inside and outside of
cells,a mechanism of irreversible cellular injury.22

CRYOMAPPING

Cryomapping is designed to verify that ablation at the chosen site
will have the desired effect and to ensure the absence of complica-
tions (i.e.,to localize electric pathways to be destroyed or spared).



This procedure is generally performed using various pacing proto-
cols that can be performed during cryomapping (or ice mapping)
at —32°C. At this temperature, the lesion is reversible (for up to 60
seconds), and the catheter is stuck to the adjacent frozen tissue
because of the presence of an ice ball that includes the tip of the
catheter (cryoadherence). This permits programmed electrical
stimulation to test the functionality of a potential ablation target
during ongoing ablation and prior to permanent destruction. It
also allows ablation to be performed during tachycardia without
the risk of catheter dislodgment on termination of the tachycardia.

In the cryomapping mode, the temperature is not allowed to
drop to less than —30°C, and the time of application is limited to 60
seconds.Formation of an ice ball at the catheter tip and adherence
to the underlying myocardium are signaled by the appearance of
electrical noise recorded from the ablation catheter’s distal bipole.
Once an ice ball is formed, programmed stimulation is repeated to
verify achievement of the desired effect. If cryomapping does not
yield the desired result within 20 to 30 seconds or results in unin-
tended effect (e.g.,AV conduction delay or block),cryomapping is
interrupted, to allow the catheter to thaw and become dislodged
from the tissue. After a few seconds, the catheter may be moved to
a different site and cryomapping repeated.22

CRYOABLATION

When sites of successful cryomapping are identified by demon-
strating the desired effect with no adverse effects, the cryoablation
mode is activated, in which a target temperature lower than —75°C
is sought (a temperature of =75° to —-80°C is generally achieved).
The application is then continued for 4 to 8 minutes, thus creat-
ing an irreversible lesion. If the catheter tip is in close contact
with the endocardium, a prompt drop in catheter tip temperature
should be observed as soon as the cryoablation mode is activated.
A slow decline in catheter tip temperature or a very high flow rate
of refrigerant during ablation suggests poor electrode-tissue con-
tact. In such cases, cryoablation is interrupted, and the catheter is
repositioned.2

Advantages of Cryoablation

The use of cryoablation in the EP laboratory provides some distinct
advantages not seen with conventional RF ablation.The slow devel-
opment of the cryolesion (approximately 240 seconds), although
time-consuming, enables the creation of reversible lesions and
modulation of lesion formation in critical areas. As noted, cryo-
mapping allows functional assessment of a putative ablation site
during ongoing ablation and prior to permanent destruction. This
offers a safety advantage when ablation is performed close to criti-
cal structures such as the AVN or His bundle (HB).30

Compared with standard RF lesions, cryolesions are associ-
ated with a substantially lower degree of endothelial disruption,
less platelet activation, and lower thrombogenic tendency. There-
fore, the risk of coagulum formation, charring, and steam pop-
ping is less than with RF ablation (see Table 7-1). Furthermore,
cryoablation results in dense homogeneous fibrotic lesions with
a well-demarcated border zone and does not cause collagen dena-
turation or contracture related to hyperthermic effects. Therefore,
cryothermal energy application in close proximity to the coronary
arteries (e.g., during epicardial ablation) or in venous vessels (CS,
middle cardiac vein,and PVs) does not result in damage, perfora-
tion, or chronic stenosis of their lumen.2230

The cryoadherence effect results in the formation of a very focal
lesion because of fixed and stable tip electrode contact to adja-
cent frozen tissue throughout the whole application. This has a par-
ticular safety advantage, especially for ablation in the proximity of
critical areas,such as the AVN and HB.In addition, cryoadherence
augments catheter stability throughout the energy application,
even when sudden changes in heart rhythm that can potentially
displace the ablation catheter (e.g., tachycardia termination)
occur. At the same time, cryoadherence does not compromise

safety. On discontinuation of cryothermal application, the defrost
phase is fast (within 3 seconds), and the catheter can be immedi-
ately disengaged from the ablation position.

Cryothermal energy application is characterized by the absence
of pain perception in nonsedated patients.In fact,cryoablation can
be performed without analgesia. Occasionally,a light sense of cold
or headache is perceived as minor discomfort. This characteristic
can be particularly useful in younger and pediatric patients.22

Clinical Applications of Cryoablation

As noted, catheterbased cryoablation can have specific advan-
tages over RF catheter ablation, including greater safety as a result
of greater catheter stability, reduced risk of systemic embolization,
low propensity for thrombus formation and endothelial disruption,
and preservation of ultrastructural tissue integrity. As a result, cryo-
ablation has quickly been adapted for specific arrhythmogenic
substrates in which RF has specific limitations that can potentially
be overcome by cryothermy3

It is unlikely that cryoablation will replace standard RF ablation
in unselected cases. Nevertheless, for the previously mentioned
peculiarities, cryothermal ablation has proven effective and safe
for the ablation of arrhythmogenic substrates close to the normal
conduction pathways. It has become the first-choice method to
ablate superoparaseptal and midseptal BTs and difficult cases of
AVNRT because of its widely demonstrated safety profile. As the
technology evolves and further iterations of the catheter proceed,
the role for this technology is likely to grow.3!

ATRIOVENTRICULAR NODAL REENTRANT
TACHYCARDIA

So far, slow pathway ablation for AVNRT by cryothermal energy
represents the larger experience in the clinical application of this
technology2132 Previously published reports with cryoablation
of AVNRT in pediatric patients demonstrated procedural success
rates of 83% to 97% and recurrence rates ranging from 0% to 20%.
Although the use of bonus cryoapplications to consolidate the
acutely successful cryoablation and the availability of larger tip
cryocatheters (6 to 8 mm and 6 mm versus 4 mm) to create larger
lesions have been associated with fewer recurrences on long-term
follow-up without compromising safety, the overall procedural suc-
cess rates have remained consistently lower than those (95% to
99%) with RF ablation 31,3336

According to current data, cryothermal energy is a valuable
and useful alternative to RF energy to treat patients with AVNRT.
The absence of permanent inadvertent damage of AV conduction
makes this new technology particularly useful for patients with dif-
ficult anatomy; after an unsuccessful prior standard ablation proce-
dure, in pediatric patients,and in patients in whom even the small
risk of AV block associated with RF ablation is considered unac-
ceptable. Cryoablation can be of particular advantage in several
situations, including posterior displacement of the fast pathway or
AVN, a small space in the triangle of Koch between the HB and
the CS ostium, and the need for ablation to be performed in the
midseptum. However, given the high success rate and low risk of RF
slow pathway ablation, it can be difficult to demonstrate a clinical
advantage of cryoablation over RF ablation in unselected AVNRT
cases.??

BYPASS TRACTS

Cryothermal ablation of BTs in the superoparaseptal and mid-
septal areas, both at high risk of complete permanent AV block
when standard RF energy is applied, is highly safe and successful
(Fig. 7-10).32 Cryoablation can also be successfully and safely used
to ablate selected cases of epicardial leftsided BTs within the CS,
well beyond the middle cardiac vein, once attempts using the
transseptal and transaortic approaches have failed.2! However, the
experience with cryoablation in unselected BTs is more limited
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FIGURE 7-10 Cryoablation of a para-Hisian bypass tract (BT). Right anterior oblique fluoroscopic view of cryoablation catheter (Cryo) position and ECG and intracar-
diac recordings during cryoablation of para-Hisian BT. The first two QRS complexes at left are preexcited, with the second QRS complex (blue arrow) less so than the
first (red arrow), as cryoablation begins to affect pathway conduction. Preexcitation disappears afterward. The ablation recordings at bottom are severely disrupted
by the delivery of cryoenergy. Ably = distal ablation site; Abl,,,, = proximal ablation site; Abl,,,; = unipolar ablation site; CS = coronary sinus; CSys; = distal coronary
sinus; CSpyox = proximal coronary sinus; Hisys; = distal His bundle; His 4 = middle His bundle; His,, ., = proximal His bundle; HRA = high right atrium; RA = right atrium;

RV = right ventricle; RVA = right ventricular apex.

and less satisfactory;this can be related to multiple factors,includ-
ing the learning curve and the smaller size of the lesion produced
by cryoablation. In addition, all the peculiarities of cryothermal
energy, which are optimal for septal ablation, are less important or
even useless for ablation of BTs located elsewhere 2!

In more recent series, the short-term success rate of cryoablation
of BTs in the superoparaseptal and midseptal regions exceeded
90%; however, resumption of BT conduction with recurrence of
symptoms can occur in up to 20% of patients, and overall success
rates have been lower than those of AVNRT cryoablation. It is,how-
ever,important to note that alternatives for elimination of some of
those BTs are limited by a prohibitive risk of AV block with RF abla-
tion. Although transient modifications of the normal AVN conduc-
tion pathways can be observed during cooling and right bundle
branch block has occurred on occasion, no permanent modifica-
tions have been observed, and inadvertent AV block has yet to be
reported.In fact,immediate discontinuation of cryothermal energy
application at any temperature on observation of modification of
conduction over normal pathways results in return to baseline
condition soon after discontinuation.30

FOCAL ATRIAL TACHYCARDIA

Occasionally, successful cryoablation of focal AT has been
reported. Its safety has also been confirmed for ablation of atrial
foci located close to the AVN. Cryoenergy can also be particularly
valuable in ablating focal sources within venous structures.30

TYPICAL ATRIAL FLUTTER

Complete cavotricuspid isthmus block can be achieved by cryo-
thermal ablation.In addition to the safety advantages of cryoenergy
discussed earlier, cryolesions are limited by convective warming
effects of blood flow, which reduces the risk of damage to nearby
coronary arteries. Another advantage of using cryothermal energy
for the ablation of typical AFL is the absence of pain perception
related to energy application.?%37 Previous studies reported cryo-
ablation of the cavotricuspid isthmus for typical AFL with short-
term and long-term success comparable to results with RF ablation.
However, a more recent prospective randomized study comparing

RF and cryothermal energy for ablation of typical AFL suggested
that lesion durability from cryoablation was significantly inferior
to that of RF ablation. Although acutely successful ablation rates
in the cryoablation group were comparable to those for RF abla-
tion (89% versus 91%), persistence of bidirectional isthmus block
in patients treated with cryoablation reinvestigated 3 months fol-
lowing ablation was inferior to that in patients treated with RF abla-
tion, as evidenced by the higher recurrence rate of symptomatic,
ECG-documented AFL (10.9% versus 0%), and higher asymptom-
atic conduction recurrence rates (23.4% versus 15%).Additionally,
compared with RF ablation, cryoablation is associated with signifi-
cantly longer procedure times. This is driven mainly by differences
in ablation duration,which can be attributed to the longer duration
of each cryoablation (4 minutes) compared with RF ablation (up
to 60 seconds).2238

PULMONARY VEIN ISOLATION

For the characteristics mentioned earlier, cryothermal energy abla-
tion can be considered an ideal and safer energy source for PV
isolation, and the incidence of PV stenosis and thromboembolic
events is expected to be dramatically reduced compared with RF
ablation.Additionally, cryoablation has never been associated with
atrioesophageal fistula.??40 On the other hand, cryothermal injury
is sensitive to surrounding thermal conditions. The high flow of the
PVs can present a considerable heat load to cryothermal technolo-
gies, which can limit the size and depth of the lesion produced by
cryothermal energy at the ostium of the PV. Furthermore, cryoabla-
tion of PVs by standard steerable catheters is very time-consuming,
considering that one single ablation point takes about 4 minutes.
A new catheter design for circumferential ostial ablation of the
PVs has been developed, with the option of deploying an inflatable
balloon in the PVs to reduce the heat load related to blood flow
(Fig.7-11).21:39The cryoballoon is deployed at the ostium of targeted
PVs,and cryoenergy is delivered over the occluding balloon system
to create circumferential lesions around the PV ostium.The clinical
shortterm and long-term success rates of this approach are accept-
able; however, the risk of phrenic nerve injury is relatively high
because of ablation in the region of the right superior PV.To date,
thromboembolism or PV stenosis has yet to be reported 23254145



FIGURE 7-11 Cryothermal balloon catheter. (Courtesy of Medtronic, Inc,
Minneapolis, Minn.)

VENTRICULAR TACHYCARDIA

Data regarding cryoablation for VT remain scant. Small reports
described feasibility and success of cryoenergy for ablation of out-
flow tract VT. Additionally, cryothermal energy can be of potential
advantage in percutaneous subxiphoid epicardial ablation of VT
because of less potential damage to the epicardial coronary arter
ies. The reduced heat load in the pericardial space related to the
absence of blood flow limits RF energy delivery but can be to the
advantage of cryoablation, with the possibility of producing larger
transmural lesions 22

Microwave Ablation

Biophysics of Microwave Energy

Microwaves are the portion of the electromagnetic spectrum
between 0.3 and 300 GHz. For the ablation of cardiac arrhythmias,
microwave energy has been used at frequencies of 0.915 and
2.450 GHz. Similar to RE microwave energy produces thermal cell
necrosis. However, in contrast to heating by electrical resistance
as observed during RF ablation, the mechanism of heating from a
high-frequency microwave energy source is dielectrics. Dielectric
heating occurs when high-frequency electromagnetic radiation
stimulates the oscillation of dipolar molecules (e.g., water mol-
ecules) in the surrounding medium at a very high speed, thereby
converting electromagnetic energy into kinetic energy. This high-
speed vibration favors friction between water molecules within
the myocardial wall that results in an increase of myocardial tissue
heat.! This mode of heating lends microwave ablation the potential
for a greater depth of volume heating than RF ablation and should
theoretically result in a larger lesion size.46

Microwave energy is not absorbed by blood and can propagate
through blood, desiccated tissue, or scar. It also can be depos-
ited directly into the myocardial tissue at a distance, regardless

of the intervening medium. The microwave energy field gener-
ated around the ablation catheter antenna can create myocardial
lesions up to 6 to 8 mm in depth without overheating the endo-
cardial surface, a feature that can potentially limit the risk of char-
ring, coagulum formation, and intramyocardial steam explosions.
Penetration depth achieved with microwave energy depends on
several factors—dielectric properties of the tissue, frequency of the
microwave energy,antenna design,and composition and thickness
of the cardiac layers.

The effectiveness of microwave ablation depends on the radiat-
ing ability of the microwave antenna that directs the electric field
and determines the amount transmitted into the myocardium,
which is critical for heating. An end-firing monopolar antenna has
been used to produce lesions at depths of 1 cm without disrup-
tion of the endocardium in porcine ventricles. The depth of these
lesions increased exponentially over time as compared with stan-
dard nonirrigated RF energy, which had minimal lesion expansion
after 60 seconds of ablation.! To concentrate more of the energy
distribution near the electrode tip, circularly polarized coil anten-
nas have been developed. Other configurations of the microwave
antenna include helical, dipole, and whip designs; these have a
large effect on the magnetic field created. However, many of these
catheters are still under clinical investigation.

Pathophysiology of Lesion Formation
by Microwave Ablation

Microwave energy produces thermal cell necrosis and transmu-
ral damage, with foci of coagulation necrosis of myocytes in the
central part of the lesion. Hyperthermia (more than 56°C) causes
protein denaturation and changes in myocardial cellular EP prop-
erties resulting from movement of mobile ions within the aque-
ous biological medium and altering membrane permeability. The
acute myocyte changes include architectural disarray, loss of con-
tractile filaments, and focal interruption of the plasma membrane,
which are signs of irreversible injury. Additionally, occlusion of the
lumen of the small intramyocardial vessels and severe disruption
of endothelial and adventitial layers are observed.46 Carbonization
does not occur on tissue surfaces because of the good penetra-
tion of microwave energy. Fibrotic tissue eventually replaces the
necrotic muscle, which typically becomes sharply demarcated
from normal myocardium.*

In vitro and in vivo experiments have demonstrated good unifor-
mity in the distribution of the electromagnetic energy throughout
the tissue and excellent penetration depth, with no areas of dis-
continuity over the length of the ablating probe. Energy distribu-
tion is maximal near the center of the ablating element, a finding
indicating that depth of ablation is relatively deeper at the mid-
point of a lesion. There is no indication of edge effect along the
ablating tip, which can potentially produce overheating of the tis-
sue surface and induce charring. The temperature at the tissue sur-
face typically remains at less than 100°C over the time required to
produce a 6-mm-deep lesion.This is a critical finding because the
ability to raise the tissue temperature to 50°C while maintaining it
at less than 100°C is paramount to effective and safe hyperthermic
ablation.

In addition to the frequency of the microwave energy and length
of antenna used, penetration of microwave into the tissue and
lesion dimensions is proportional to the power and duration of
energy application.

Although microwave ablation in theory should be less likely
than RF to induce surface overheating, in vivo studies found that a
higher targeted temperature of 90°C resulted in a surface tempera-
ture of more than 70°C and was associated with some tissue sur-
face charring when compared with lower temperatures. Therefore,
the use of the temperature-controlled mode of microwave energy
delivery to limit the targeted temperature to 80°C may prevent tis-
sue overheating and reduce the risk of tissue charring. It should
be noted that no coagulation formation and no popping were
observed during any of the microwave ablations performed.47:48
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In contrast to RF energy, in which lesion expansion is maximal
after 60 seconds, microwave lesion size continues to increase after
300 seconds of energy application. As compared with conven-
tional 4-mm-tip RF ablation, microwave ablation creates a similar
lesion depth and width.Lesion length created by a 10-mm antenna
is comparable to that created by 8mm-tip RF ablation. However,
because of the lack of physical limitations on the length of the
microwave antenna that can be made, microwave ablation may be
more advantageous in creating long linear lesions by using longer
antenna. Nevertheless,a parallel antenna orientation is needed for
optimal energy delivery because the growth in lesion sizes is lim-
ited beyond the energy field as a result of the finite radial energy
distribution of the microwave ablation antenna. Furthermore, the
lesion depth created with an 8-mm-tip or saline-irrigated electrode
catheter appears to be larger than the lesion depth created by
microwave ablation. However,direct comparisons among these dif-
ferent ablation technologies are not available.4748

Clinical Applications of Microwave Ablation

Microwave ablation can be a promising technique that is poten-
tially capable of treating a wide range of ventricular and supraven-
tricular arrhythmias. The physics of the microwave energy source
can be particularly useful for transmural ablation lesions of atrial
tissue, as well as the treatment of tachyarrhythmias arising from
deep foci of ventricular myocardium.*6

Microwave can potentially overcome several limitations of RF
energy for linear ablation.In contrast to resistive heating produced
by RE microwave generates frictional heat by inducing oscillation
of dipoles in a medium such as water. Tissue with higher water
content, such as cardiac tissue, allows better energy transfer dur-
ing the propagation of microwave energy deep into the tissue.
Therefore, microwave energy is capable of creating deeper lesions,
to penetrate scar tissue and to reduce surface heating with less
endocardial disruption or coagulation formation. Furthermore,
delivery of microwave energy is not limited by electrode size as
in RE and microwave ablation can be applied over a larger sur
face by modifying antenna size and shape. Another hypothetical
advantage of microwave energy is that it provides sufficient lesions,
independent of contact. However, experimental data have shown
that penetration of electromagnetic fields into tissue declines
exponentially, and the decline is steep when using frequencies in
the microwave range; therefore, distance is still an important con-
sideration. Nevertheless, this theoretical advantage can potentially
improve the versatility of microwave ablation, especially in areas
where muscular ridges and valleys may pose problems for conven-
tional RF ablation.149

Currently, microwave ablation has been increasingly used intra-
operatively (epicardially or endocardially) during surgical maze
procedures.The ability to make microwave antennas into flexible
linear applicators and place them parallel to the endocardium
by means of clamps has increased the effectiveness of micro-
wave as a tool in open-chest surgery and in minimally invasive
surgery.50:51

The development and manufacture of antennae for delivery of
microwave energy is technically more complex than for RF elec-
trodes because the efficacy of microwave energy transmission
depends mainly on its delivery apparatus. As a result, microwave
antennae were previously bulky and were limited to surgical use.
Developments in the catheterbased microwave system may allow
the transvenous delivery of microwave energy for endocardial
ablation.Only a few case reports have described the successful use
of transvenous catheter microwave ablation of the AV junction and
cavotricuspid isthmus 475253

Currently, only one transvenous microwave catheter system
(MedWaves, San Diego, Calif.) is available for investigational use.
This system includes a deflectable, 10 Fr catheter with 10-mm or
20-mm helical coil antenna with temperature monitoring, bipo-
lar electrode recording, and a generator delivering microwave
at 900 to 930 MHz. Microwave energy is delivered by using a

temperature-controlled mode in which the generator automatically
adjusts the power output to maintain the targeted temperature of
the temperature sensor inside the antenna. For ablation of typical
AFL, linear lesions are created with a point-by-point technique with
gradual pullback of the microwave catheter across the cavotricus-
pid isthmus. Interestingly, microwave causes no perception of pain
during ablation of the cavotricuspid isthmus with energy delivery
in the inferior vena cava region.9.53

Clinical studies on the use of transvenous catheter microwave
ablation for AF and AFL ablation are currently under way to inves-
tigate the safety and feasibility of this technique.5253

Ultrasound Energy
Biophysics of Ultrasound Energy

Sound is a propagation of cyclical (oscillatory) displacements of
atoms and molecules around their average position in the direc-
tion of propagation. When the cyclical events occur at frequencies
of more than 20,000 Hz (i.e., higher than the average threshold of
the human hearing), the sound is defined as ultrasound.!->2

Ultrasound beams can be treated in a manner analogous to light
beams, including focusing (ultrasonic lens) and minimization of
convergence and divergence (collimation).These optical geomet-
ric manipulations allow for ultrasound to be directed toward con-
fined distant (deep) tissue volumes. This is a pivotal capability of
therapeutic ultrasound.

Ultrasound energy transmission is subject to attenuation with
distance and medium, especially with air. The amount of ultra-
sound energy transferred to tissue is proportional to the intensity
of the wave and the absorption coefficient of the tissue. Because
of this property; ultrasound ablation does not require direct con-
tact with the myocardium, in contrast to RF ablation. Ultrasound
energy decreases proportionally with the distance (1/r), whereas
RF ablation electrical conduction decreases with the square of
the distance (1/r2).This feature allows ultrasound energy to create
deeper and transmural lesions. The duration of application and
acoustic power used have a direct relationship with the lesion
depth.52

Pathophysiology of Lesion Formation
by Ultrasound Energy

Tissue injury caused by ultrasound is mediated by two mecha-
nisms: thermal and mechanical energy. Ultrasound waves can
propagate through living tissue and fluids without causing any
harm to the cells.However, by focusing highly energetic ultrasound
waves (high-intensity focused ultrasound [HIFU]) to a well-defined
volume, local heating (achieving a tissue temperature of 65° to
100°C) occurs and causes rapid tissue necrosis by coagulative
necrosis. Thermal energy results when the energy transported by
an ultrasound beam becomes attenuated as it propagates through
viscous (viscoelastic) media,such as human soft tissue.The attenu-
ation partly represents conversion of ultrasound energy into heat.
Another mechanism by which HIFU destroys tissue is mechanical
energy,which results from pressure waves (sound waves) propagat-
ing in gas-containing tissues as they cyclically expand (explode)
and shrink (implode) microbubbles in the tissue (i.e., oscillation
and collapse of gas microbubbles),a process known as microcavi-
tation. This process of vibration of cellular structures causes local
hyperthermia and mechanical stress by bubble formation because
of rapid changes in local pressure, thus leading to cell death.!
Previous studies showed that rapid, focused absorption of HIFU
energy in noncardiac tissue produced a steep tissue temperature
gradient (2° to 5°C/sec) between the focus and the surrounding
tissue, thus allowing for the production of sharply demarcated
lesions and reducing collateral damage. However, a more recent
study using HIFU for PV isolation in canine hearts found that
HIFU produced a dual temperature profile, probably because of
immediate direct acoustic heating and subsequent conductive



heating. Additionally, the region of direct acoustic heating with
HIFU energy in vivo was largely predictable from the distance of
the target tissue to the HIFU balloon surface; actual tissue tem-
peratures exceeding 50°C (the temperature at which permanent
tissue damage is supposed to occur) were focused within a 7-mm
width and 7.5-mm depth around the HIFU exit site (significantly
larger than the 2- to 3-mm area of resistive heating observed with
RF energy).However, the actual distribution of tissue temperatures
during lesion generation may be affected by other factors, such
as the following: blood circulation; location of different tissue
thicknesses within the atrium, venoatrial junction, or PV; or energy
attenuation at various interfaces between the target tissue and the
energy source.>

HIFU lesion depth increases with longer duration of energy
delivery from 15 to 60 seconds, and there is a linear relationship
between increasing power and depth of lesions.! HIFU applica-
tions were found to achieve transmural lesions and PV isolation.
However,although this can translate into increased effectiveness of
ablation, it also can potentially lead to collateral damage, namely
to the phrenic nerve and esophagus. HIFU ablation can produce
damage to the phrenic nerve when it is located within 4 to 7 mm
of HIFU exit.>*

Clinical Applications of Ultrasound Energy

HIFU is an attractive alternative energy source. Because it can be
focused at specific depths, ultrasound can be advantageous when
considering epicardial ablation. The presence of epicardial fat
makes the use of standard RF current difficult, both with catheter-
based epicardial ablation and minimally invasive surgical abla-
tion.155 Furthermore, the ability of ultrasound to be collimated
through echolucent fluid medium (e.g., water, blood) makes it
ideal for a balloon delivery system, which can potentially facili-
tate circumferential ablation at the PV orifice with a single energy
delivery.! Another potential advantage of ultrasound is that it does
not rely on extensive heating on the vein surface. This can be of
value in PV isolation procedures, to help prevent PV stenosis seen
with RF ablation. Because HIFU is delivered at the beam conver
gence site rather than at the tissue surface, successful ablation is
less dependent on absolute balloon-tissue contact than other bal-
loon-based technologies.Furthermore,unlike other energy sources,
HIFU can be deflected within the balloon to create a wide,focused
zone of energy delivery outside the PV orifice, thereby mimicking
current wide area circumferential ablative approaches. Currently,
no HIFU catheters are available that can be used for linear (instead
of circular) ablation 545658

An 8-MHz cylindrical transducer mounted within a saline-filled
balloon has been designed for PV isolation.The ablation system
(Atrionix,Palo Alto,Calif.) consists of a 0.035-inch-diameter lumi-
nal catheter with a distal balloon (maximum diameter, 2.2 cm)
housing a centrally located ultrasound transducer. The system
is advanced over a guidewire into the target PV.Tissue surface
temperature monitoring is achieved by thermocouples on the
balloon and the ultrasound transducer. Despite initial enthusi-
asm, the long-term report including 33 patients was disappoint-
ing, with a long-term cure rate of approximately 30%, although
short-term electrical isolation was achieved in all but 1 of the
PVs targeted. Surprisingly, several applications were required
to achieve PV isolation. The variability of the PV anatomy was
the main culprit for the system failure. In larger PV orifices, it
was difficult to achieve adequate heating. The system delivered
a narrow band of ultrasound energy radially from a centrally
located transducer, and it was at times challenging to place the
catheter in all PVs at the proximal portion.Therefore, foci at the
most proximal lip of a PV may not be ablated successfully.

More recently, a forward-projecting HIFU balloon catheter
(ProRhythm, Inc., Ronkonkoma, N.Y.) was developed for circum-
ferential PV isolation outside the PV ostia (to limit the risk of PV
stenosis). Radially emitted ultrasound is reflected from the back
of the balloon, thus resulting in forward projection of ultrasound

energy, with a focal point at the balloon-endocardial interface
(Fig. 7-12). This system has two noncompliant balloons. A 9-MHz
ultrasound crystal is located in the distal balloon filled with con-
trast and water. The proximal balloon, filled with carbon diox-
ide, forms a parabolic interface with the distal balloon to reflect
the ultrasound energy in the forward direction, by focusing a
360-degree ring (sonicating ring) of ultrasound energy 2 to 6 mm
in front of the distal balloon surface.The distal balloon has three
sizes—24, 28, or 32 mm in diameter—producing sonicating rings
of 20,25, or 30 mm in diameter. The acoustic power of the system
is 45 W for all three balloons, with negligible loss of power in the
balloon. The distal balloon is irrigated with contrast and water at
20 mL/min during ablation to keep the balloon cool (lower than
42°C). The catheter has a central lumen used for insertion of a
hexapolar, spiral mapping catheter (ProMap, ProRhythm, Inc.) for
real-time assessment of PV potentials.5%6!

Clinical application of this system for PV isolation was evalu-
ated and was shown to be feasible, but fatal esophageal injury
was also observed.”558 A study of 28 patients using an esophageal
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FIGURE 7-12 Circumferential antral pulmonary vein (PV) isolation using the
high-intensity focused ultrasound (HIFU) balloon catheter. A, Schematic rep-
resentation of the HIFU balloon catheter designed to focus ultrasound energy
circumferentially outside the PV (PV antrum). B, HIFU balloon. C, Right anterior
oblique (RAO) and left anterior oblique (LAO) fluoroscopic views of the angio-
grams (right) and HIFU balloon positioning (left) in the right superior PV (RSPV).
(From Schmidt B, Antz M, Emst S, et al: Pulmonary vein isolation by high-intensity
focused ultrasound: first-in-man study with a steerable balloon catheter. Heart
Rhythm 4:575, 2007.)
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temperature—guided safety algorithm demonstrated that acute
PV electrical isolation with HIFU ablation could be achieved
in only 77% of PVs. Eight percent of PVs could not be isolated
with HIFU as a result of excessive esophageal heating or bal-
loon catheter dislodgment.In only 32% of patients,all PVs could
be isolated using HIFU ablation only. Although power modula-
tion did not negatively influence short-term success rates of PV
electrical isolation, it also did not prevent esophageal tempera-
ture from exceeding levels higher than 40.0°C at the end of the
ablation; elevated esophageal temperature prompting cessation
of energy delivery occurred in 9% of PVs. Despite use of the
safety algorithm and continuous phrenic nerve pacing,transient
and persistent phrenic nerve palsy occurred in 14% and 7% of
patients, respectively. Even worse, use of the safety algorithm
could not prevent occurrence of esophageal thermal damage
and lethal atrioesophageal fistula. PV isolation with HIFU has
proven to be successful but is not yet safe for everyday clinical
use. The problems of phrenic nerve palsy and atrioesophageal
fistula occurrence remain unresolved. Still, the concept of the
energy source and mode of energy delivery may be very inter
esting for future treatment of AE With mean PV isolation times
of less than 15 seconds and a high number of complications,
it is evident that the present energy source is too powerful in
some patients.”®

Laser Energy

Biophysics of Microwave Energy

Light amplification by stimulated emission of radiation (laser) pro-
duces a monochromatic (narrow-frequency range) phase-coher-
ent beam at a specific wavelength (Fig. 7-13). This beam can be
directed for a specific duration and intensity,and as it penetrates
the tissue, it is absorbed and scattered. The photothermal effect
occurs with the absorption of photon energy, thus producing a
vibrational excited state in molecules (chromophores).By absorb-
ing this energy, the tissue is heated and a lesion is created (i.e.,
tissue injury is thermally mediated).!

Laser energy can be delivered in a continuous or a pulsed mode.
Laser energy is selectively absorbed by the tissues over several mil-
limeters,and it decays exponentially as it passes through the tissue
secondary to absorption and scatter, the extent of which depends
on laser beam diameter and the optical properties of the tissue.
Lesion size is determined by the extent of light diffusion and heat
transport.!

Three major laser systems are used:argon laser, neodymium:yttrium-
aluminum-garnet (Nd:YAG) laser,and diode laser.

FIGURE 7-13 Laser balloon aiming beam. (Courtesy of CardioFocus, Inc,
Marlborough, Mass.)

ARGON LASER. This system uses a gaseous lasing medium
(argon), which emits light at a wavelength of 500 nM. With this
system, the light energy is absorbed rapidly in the first few mil-
limeters of tissue, with resulting surface vaporization with crater
formation.

NEODYMIUM:YTTRIUM-ALUMINUM-GARNET LASER. This
system uses a solid lasing medium (Nd:YAG), which emits energy
at a wavelength of 1060 to 2000 nM in the infrared spectrum. This
system is associated with significant scatter in tissue. It causes
more diffuse and deeper tissue injury and results in photocoagu-
lation necrosis.

DIODE LASER. This system uses semiconductors and emits
energy at a wavelength of 700 to 1500 nM (near-infrared).

Clinical Applications of Laser Energy

Early studies of laser ablation used a high-energy laser that car
ried a high risk of crater formation and endothelial damage.These
studies focused on the intraoperative use of lasers in the ultraviolet
and visible range (308- to 755-nm wavelength),and they appeared
to show effectiveness of the lesions placed. Laser energy can also
be delivered along the entire length of a linear diffuser, which
provides uniform linear laser ablation and a superior transmural
lesion when compared with previous end-firing optical delivery
systems. The use of the linear diffuser in combination with lasers
in the infrared or nearinfrared wavelength (800 to 1100 nm) is cur-
rently under investigation. 162

Laser energy is absorbed by blood;as a consequence, its applica-
tion directly into blood results in thrombus formation. This limita-
tion is obviated by application of laser energy through a fluid-filled
balloon positioned against the tissue to provide a bloodless
interface for ablation. Laser energy has been used with balloon
technology for PV isolation. The most recent generation of this
balloon catheter is a nonsteerable, variable-diameter, compliant
balloon (CardioFocus, Inc.,Marlborough, Mass.).The laser balloon
is inserted at the PV antrum through a 12 Fr deflectable sheath.
Varying balloon inflation pressure allows for adjustment to the
individual PV anatomy to optimize PV occlusion and maximize
balloon-tissue contact.The balloon is filled with a mixture of con-
trast and deuterium dioxide and irrigated internally at 20 mL/min
to minimize absorption of laser energy.

The efficacy of the laser balloon ablation depends on good con-
tact around the balloon circumference. The laser ablation catheter
system incorporates an endoscopic visualization capability using
a 2 Fr fiberoptic endoscope positioned at the proximal end of the
balloon. Once the balloon is deployed, the endoscope enables
real-time visualization of the face of the balloon at the targeted PV
antrum and monitoring for the intrusion of blood into the space
between the balloon and the tissue.6263

The arc generator consists of an optical fiber located within the
central shaft that projects a 30-degree arc of light onto regions of
balloon-tissue contact guided by an endoscopic view of the PV
antrum (areas of balloon-tissue contact are visualized as blanched
white, whereas contact with blood is visualized as red). This arc
serves as an aiming beam for laser delivery and can be steered
along the balloon face with endoscopic visualization, to facilitate
individual lesion application in an anatomically flexible lesion
design that adapts to the highly variable PV anatomy. Once the
proper location is identified, a diode laser is used to deliver laser
energy at 980 nm. The laser fiber can be advanced or withdrawn
to shift the site of lasing along the longitudinal axis of the catheter.
Lesions are deployed in a point-by-point fashion; each individual
ablation lesion covers 30 degrees of a circle. Laser energy is deliv-
ered at power output of 5.5 to 18 W for 20 to 30 seconds, depending
on the thickness of tissue or the proximity of the esophagus, or
both.

The laser ablation catheter technology is still in clinical trials.
The initial clinical experience with this technology suggests the
ability to achieve reliable and lasting PV electrical isolation in
patients with highly variable PV shapes and sizes.62:65
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General Considerations
Anatomy and Physiology of the Sinus Node

The sinus node is the dominant pacemaker of the heart. Its pace-
maker function is determined by its low maximum diastolic mem-
brane potential and steep phase 4 spontaneous depolarization.
The molecular mechanisms of pacemaker function of the sinus
node are discussed in detail in Chapters 1 and 3.1

The sinus node is a subepicardial specialized muscular struc-
ture located laterally within the epicardial groove of the sulcus
terminalis of the right atrium (RA) at the junction of the anterior
trabeculated appendage with the posterior smooth-walled venous
component. The endocardial aspect of the sulcus terminalis is
marked by the crista terminalis. Starting epicardially at the junc-
tion of the superior vena cava (SVC) and the RA appendage, it
courses downward and to the left along the sulcus terminalis, to
end subendocardially almost to the inferior vena cava (IVC).The
sinus node is a spindle-shaped structure with a central body and
tapering ends; the head extends toward the interatrial groove, and
the tail extends toward the orifice of IVC.In adults, the sinus node
measures 10 to 20 mm long and 2 to 3 mm wide and thick.!5

The sinus node consists of densely packed specialized myo-
cytes of no definite orientation within a background of extracel-
lular connective tissue matrix.? The nodal margins can be discrete
with fibrous separation from the surrounding atrial myocardium
or interdigitate though a transitional zone. Commonly, prongs of
nodal (P) cells and transitional (T) cells extend from the nodal
body into the atrial myocardium, but actual cell-to-cell interaction
is uncertain.

The sinus node is in reality a region, which is functionally larger
and less well defined than initially believed.It is composed of nests
of principal pacemaker cells (referred to as P cells because of
their relatively pale appearance on electron micrography), which
spontaneously depolarize.In addition to this principal nest of cells,
other nests contain cells with slower intrinsic depolarization rates
and serve as backup pacemakers in response to changing physi-
ological and pathological conditions. Normal conduction veloci-
ties within the sinus node are slow (2 to 5 cm/sec),thus increasing
the likelihood of intranodal conduction block.

The pacemaker activity is not confined to a single cell in the
sinus node; rather, sinus node cells function as electrically cou-
pled oscillators that discharge synchronously because of mutual
entrainment. In fact, it is likely that sinus rhythm results from
impulse origin at widely separated sites, with two or three indi-
vidual wavefronts created that merge to form a single, widely
disseminated wavefront. The sinus node is insulated electrically
from the surrounding atrial myocytes, except at a limited number
of preferential exit sites. Neural and hormonal factors influence
both the site of pacemaker activation, likely via shifting points of
initial activity, and the point of exit from the sinus node complex.
At faster rates, the sinus impulse originates in the superior portion
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of the sinus node, whereas at slower rates, it arises from a more
inferior portion.” High-density simultaneous endocardial unipolar
mapping studies demonstrated the frequent occurrence of spon-
taneous variations in the P wave and sinus activation sequence in
normal individuals. These findings suggested that the sinus node
complex in normal hearts displays a dynamic range of activation
sites along the posterolateral RA. Furthermore, preferential path-
ways of conduction were also found to exist between the sinus
node and the atrial exit sites, thus potentially contributing to the
multicentricity of the sinus node complex.1>8

The blood supply to the sinus node region is variable and is
therefore vulnerable to damage during operative procedures. The
blood supply predominantly comes from a large central artery,the
sinus nodal artery,which is a branch of the right coronary artery in
55% to 60% of patients, and from the circumflex artery in 40% to
45%.The sinus nodal artery typically passes centrally through the
length of the sinus body,and it is disproportionately large, which is
considered physiologically important in that its perfusion pressure
can affect the sinus rate. Distention of the artery slows the sinus
rate, whereas collapse causes an increase in rate.!

The sinus node is densely innervated with postganglionic adren-
ergic and cholinergic nerve terminals (threefold greater density of
beta-adrenergic and muscarinic cholinergic receptors than adja-
cent atrial tissue),both of which influence the rate of spontaneous
depolarization in pacemaker cells and can cause a shift in the prin-
cipal pacemaker site within the sinus node region, which is often
associated with subtle changes in P wave morphology. Enhanced
vagal activity can produce sinus bradycardia, sinus arrest, and
sinoatrial exit block, whereas increased sympathetic activity can
increase the sinus rate and reverse sinus arrest and sinoatrial exit
block.Sinus node responses to brief vagal bursts begin after a short
latency and dissipate quickly;in contrast, responses to sympathetic
stimulation begin and dissipate slowly. The rapid onset and offset
of responses to vagal stimulation allow dynamic beat-to-beat vagal
modulation of the heart rate, whereas the slow temporal response
to sympathetic stimulation precludes any beat-to-beat regulation
by sympathetic activity:!

Periodic vagal bursting (as may occur each time a systolic pres-
sure wave arrives at the baroreceptor regions in the aortic and
carotid sinuses) induces phasic changes in the sinus cycle length
(CL) and can entrain the sinus node to discharge faster or slower
at periods identical to those of the vagal burst.?> Because the peak
vagal effects on sinus rate and atrioventricular node (AVN) con-
duction occur at different times in the cardiac cycle, a brief vagal
burst can slow the sinus rate without affecting AVN conduction or
can prolong AVN conduction time and not slow the sinus rate.!

Pathophysiology of Sinus Node Dysfunction

The cause of sinus node dysfunction (SND) can be classified as
intrinsic (secondary to a pathological condition involving the
sinus node proper) or extrinsic (caused by depression of sinus



node function by external factors such as drugs or autonomic
influences).

INTRINSIC SINUS NODE DYSFUNCTION

Idiopathic degenerative disease is probably the most common
cause of intrinsic SND.2 Ischemic heart disease can be responsible
for one third of cases of SND.Transient slowing of the sinus rate or
sinus arrest can complicate acute myocardial infarction, which is
usually seen with acute inferior wall infarction and is caused by
autonomic influences. Possible mechanisms for sinus bradycardia
after an acute myocardial infarction include neurological reflexes
(Bezold-Jarisch reflex),coronary chemoreflexes (vagally mediated),
humoral reflexes (enzymes, adenosine, potassium [K*]), oxygen-
conserving reflex (“diving” reflex),and infarction or ischemia of the
sinus node or the surrounding atrium (e. g.,secondary to proximal
occlusion of the right or the circumflex coronary artery).

Cardiomyopathy, long-standing hypertension, infiltrative disor-
ders (e.g.,amyloidosis and sarcoidosis), collagen vascular diseases,
and surgical trauma can also result in SND.210 Orthotropic cardiac
transplantation with atrial-atrial anastomosis is associated with a
high incidence of SND in the donor heart (likely because of sinus
nodal artery damage).Musculoskeletal disorders such as myotonic
dystrophy or Friedreich ataxia are rare causes of SND. Congenital
heart disease, such as sinus venosus and secundum atrial septal
defects, can be associated with SND, even though no surgery has
been performed.!! Surgical trauma is responsible for most cases of
SND in the pediatric population. Most commonly associated with
this complication is the Mustard procedure for transposition of the
great arteries and repair of atrial septal defects, especially of the
sinus venosus type.!!

Furthermore, atrial tachyarrhythmias can precipitate SND, likely
secondary to remodeling of sinus node function. Although early
studies implicated anatomical structural abnormalities in the sinus
node, which suggested a fixed SND substrate, more recent evi-
dence implicated a functional, and potentially reversible, compo-
nent involving remodeling of sinus node ion channel expression
and function.This finding was supported clinically by the observa-
tion that successful catheter ablation of atrial fibrillation (AF) and
atrial flutter can be followed by significant improvements in sinus
node function. In particular, downregulation of the funny current
(Ip and malfunction of the calcium (Ca%*) clock (characterized by
reduced sarcoplasmic reticulum Ca2* release and downregulated
ryanodine receptors in the sinus node) seem to account largely
for atrial tachycardia—induced remodeling of sinus node. The
remodeled atria are associated with more caudal activation of the
sinus node complex, slower conduction time along preferential
pathways,and only modest shifts within the functional pacemaker
complex.>12.13

On the other hand, SND has been associated with an increased
propensity of atrial tachyarrhythmias, AF in particular. The mecha-
nism leading to AF in patients with SND is unlikely to be bradycardia-
dependent because AF was found to develop despite pacing in
these patients. Importantly, patients with SND appear to have more
widespread atrial changes beyond the sinus node, a finding indicat-
ing atrial myopathy, as evidenced by increased atrial refractoriness,
prolonged P wave duration, delayed conduction, slowing electro-
gram fractionation, regions of low voltage and scar, and caudal
shift of the pacemaker complex with loss of normal multicentric
pattern of activation. Furthermore,abnormal atrial electromechani-
cal properties, chronic atrial stretch,and neurohormonal activation
are likely contributors to SND and its related atrial myopathy. The
diffuse atrial myopathy potentially underlies the increased propen-
sity to AE The cause of these diffuse atrial abnormalities remains
unknown, but there appears to be a relationship between atrial
remodeling that predisposes to AF and sinus node remodeling that
results in SND.5.14

Genetic defects in ion channels and structural proteins have
been shown to contribute to SND, manifesting as sinus bradycar-
dia, sinus arrest, sinoatrial block, or a combination. Mutations in

the SCN5A gene (which encodes the alpha subunit of the cardiac
sodium [Na*] channel [Iy,]), the HCN4 gene (which encodes the
protein that contributes to formation of I; channels), the KCNQ1
gene (which encodes the alpha subunit of the voltage-gated
slowly activating delayed rectifier K+ channel responsible for Ii;),
the GJA5 gene (which encodes for connexin 40, a gap junction
protein), the ANK2 gene (which encodes for ankyrin, which links
the integral membrane proteins to the underlying cytoskeleton),
and the EMD gene (which encodes the nuclear membrane protein
emerin) have been associated with familial forms of SND, many of
which also exhibit an increased propensity to AE!518

EXTRINSIC SINUS NODE DYSFUNCTION

In the absence of structural abnormalities, the predominant causes
of SND are drug effects and autonomic influences. Drugs can alter
sinus node function by direct pharmacological effects on nodal
tissue or indirectly by neurally mediated effects.’® Drugs known
to depress sinus node function include beta blockers, calcium
channel blockers (verapamil and diltiazem), digoxin, sympatho-
lytic antihypertensive agents (e.g., clonidine), and antiarrhythmic
agents (classes IA,IC,and III).

SND can sometimes result from excessive vagal tone in indi-
viduals without intrinsic sinus node disease. Hypervagotonia can
be seen in hypersensitive carotid sinus syndrome and neurocar
diogenic syncope. Well-trained athletes with increased vagal tone
occasionally may require some deconditioning to help prevent
symptomatic bradyarrhythmias.20 Surges in vagal tone also can
occur during Valsalva maneuvers, endotracheal intubation, vomit-
ing,and suctioning.Sinus slowing in this setting is characteristically
paroxysmal and may be associated with evidence of AV conduc-
tion delay,secondary to effects of the enhanced vagal tone on both
the sinus node and AVN. Less common extrinsic causes of SND
include electrolyte abnormalities such as hyperkalemia, hypother
mia, increased intracranial pressure (the Cushing response), sleep
apnea, hypoxia, hypercapnia, hypothyroidism, advanced liver dis-
ease, typhoid fever, brucellosis,and sepsis.

Clinical Presentation

More than 50% of the patients with SND are older than 50 years.
Patients often are asymptomatic or have symptoms that are mild
and nonspecific, and the intermittent nature of these symptoms
makes documentation of the associated arrhythmia difficult at
times.Symptoms,which may have been present for months or years,
include paroxysmal dizziness, presyncope, or syncope, which are
predominantly related to prolonged sinus pauses. Episodes of syn-
cope are often unheralded and can manifest in older patients as
repeated falls. The highest incidence of syncope associated with
SND probably occurs in patients with tachycardia-bradycardia
syndrome, in whom syncope typically occurs secondary to a long
sinus pause following cessation of the supraventricular tachy-
cardia (usually AF). Occasionally, a stroke can be the first mani-
festation of SND in patients presenting with paroxysmal AF and
thromboembolism.3:1921

Patients with sinus bradycardia or chronotropic incompetence
can present with decreased exercise capacity or fatigue (Fig.8-1).
Chronotropic incompetence is estimated to be present in 20% to
60% of patients with SND.2223 Other symptoms include irritability,
nocturnal wakefulness,memory loss,lightheadedness,and lethargy.
More subtle symptoms include mild digestive disturbances, peri-
odic oliguria or edema,and mild intermittent dyspnea.Additionally;
symptoms caused by the worsening of conditions such as conges-
tive heart failure and angina pectoris can be precipitated by SND.

Natural History

The natural history of SND can be variable, but slow progression
(over 10 to 30 years) is expected. The prognosis largely depends
on the type of dysfunction and the presence and severity of the
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FIGURE 8-1 Chronotropicincompetence. A, A 24-hour Holter recording in a normal subject showing normal sinus rate diurnal variation and response to activity. B, A
24-hour Holter recording in a different patient with chronotropic incompetence and activity intolerance. Note the blunted response of the sinus rate to activity during

waking hours and the slow average heart rate.

underlying heart disease. The worst prognosis is associated with
the tachycardia-bradycardia syndrome (mostly because of the risk
for thromboembolic complications),whereas sinus bradycardia is
much more benign.The incidence of new-onset AF in patients with
SND is about 5.2% per year. New atrial tachyarrhythmias occur
with less frequency in patients who are treated with atrial pacing
(3.9%) compared with a greatly increased incidence of similar
arrhythmias in patients with only ventricular pacing (22.3%).2*
Furthermore, thromboembolism occurs in 15.2% among unpaced
patients with SND versus 13% among patients treated with only
ventricular pacing versus 1.6% among those treated with atrial
pacing.192125

The incidence of advanced AV conduction system disease in
patients with SND is low (5% to 10%), and, when present, its pro-
gression is slow.At the time of diagnosis of SND, approximately 17%
of the patients have some degree of AV conduction system disease
(PR interval longer than 240 milliseconds, bundle branch block,
His bundle-ventricular (HV) interval prolongation, AV Wencke-
bach rate less than 120 beats/min, or second- or third-degree AV
block). New AV conduction abnormalities develop at a rate of
approximately 2.7% per year. The incidence of advanced AV block
during long-term follow-up is low (approximately 1% per year).2!

Diagnostic Evaluation

Generally, the noninvasive methods of ECG monitoring, exercise
testing,and autonomic testing are used first. However, if symptoms

are infrequent and noninvasive evaluation is unrevealing, invasive
electrophysiological (EP) testing may be pursued.
ELECTROCARDIOGRAM AND AMBULATORY MONITORING.
A 12-lead electrocardiogram (ECG) needs to be obtained in symp-
tomatic patients. However, the diagnosis of SND as the cause of the
symptoms is rarely made from the ECG. In patients with frequent
symptoms, 24- or 48-hour ambulatory Holter monitoring can be
useful. Cardiac event monitoring or implantable loop recorders
may be necessary in patients with less frequent symptoms.%” Doc-
umentation of symptoms in a diary by the patient while wearing
the cardiac monitor is essential for correlation of symptoms with
the heart rhythm at the time. In some cases, ambulatory monitor-
ing can exclude SND as the cause of symptoms if normal sinus
rhythm (NSR) is documented at the time of symptom occurrence.
In contrast, recorded sinus pauses may not be associated with
symptoms.

AUTONOMIC MODULATION. An abnormal response to carotid
sinus massage (pause longer than 3 seconds) can indicate SND,
but this response can also occur in asymptomatic older indi-
viduals. Heart rate response to the Valsalva maneuver (normally
decreased) or upright tilt (normally increased) can also be used
to verify that the autonomic nervous system itself is intact. Com-
plete pharmacological autonomic blockade is used to determine
the intrinsic heart rate (see later).?

EXERCISE TESTING. Exercise testing to assess chronotropic
incompetence is of value in patients with exertional symptoms
(see later).



ELECTROPHYSIOLOGICAL TESTING. Noninvasive testing is
usually adequate in establishing the diagnosis of SND and guiding
subsequent therapy. However, invasive EP testing can be of value
in symptomatic patients in whom SND is suspected but cannot be
documented in association with symptoms. In addition to assess-
ing SND, EP testing can be useful in evaluating other potential
causes for symptoms of syncope and palpitations (e.g., AV block,
supraventricular tachycardia, and ventricular tachycardia).!9-2!

Electrocardiographic Features

SINUS BRADYCARDIA. Sinus bradycardia (less than 60 beats/
min) is considered abnormal when it is persistent, unexplained,
and inappropriate for physiological circumstances. Sinus brady-
cardia slower than 40 beats/min (not associated with sleep or
physical conditioning) is generally considered abnormal.?
SINUS PAUSES. Sinus arrest and sinoatrial exit block can result
in sinus pauses, and they are definite evidence of SND.

SINUS ARREST. The terms sinus arrest and sinus pause are often
used interchangeably; sinus arrest is a result of total cessation of
impulse formation within the sinus node. The pause is not an
exact multiple of the preceding P-P interval but is random in dura-
tion (Fig. 8-2). Although asymptomatic pauses of 2 to 3 seconds
can be seen in up to 11% of normal individuals and in one third of
trained athletes, pauses longer than 3 seconds are rare in normal
individuals and may or may not be associated with symptoms, but
they are usually caused by SND.?

SINOATRIAL EXIT BLOCK. Sinoatrial exit block results when
a normally generated sinus impulse fails to conduct to the atria
because of delay in conduction or block within the sinus node
itself or perinodal tissue. Sinoatrial exit block produces a pause
that is eventually terminated by a delayed sinus beat or an atrial
or junctional escape beat.28 In theory, sinoatrial exit block can be
distinguished from sinus arrest because the exit block pause is an
exact multiple of the baseline P-P interval. However, sinus arrhyth-
mia causing normal beat-to-beat variations in the sinus rate often
makes the distinction impossible. Furthermore, establishing the
diagnosis of sinoatrial exit block versus sinus arrest is often of aca-
demic interest only.?

Exit block is classified into three types, analogous to those of
AV block: first-degree, second-degree, and third-degree exit block.28
First-degree sinoatrial exit block is caused by abnormal prolonga-
tion of the sinoatrial conduction time (SACT).It occurs every time
a sinus impulse reaches the atrium,but it is conducted with a delay

1860

at a fixed interval. This type of sinoatrial exit block is concealed
on the surface ECG and can be diagnosed only by direct sinus
node recording or indirect measurement of SACT during an EP
study. Second-degree sinoatrial exit block is marked by intermittent
failure of the sinus impulse to exit the sinus node. Type I block is
viewed as Wenckebach periodicity of the P wave on the surface
ECG, and it manifests as progressive delay in conduction of the
sinus-generated impulse through the sinus node to the atrium,
finally resulting in a nonconducted sinus impulse and absence of
a P wave on the surface ECG.Because the sinus discharge is a silent
event on the surface ECG, this arrhythmia can be inferred only,
because of a missing P wave and the signs of Wenckebach period-
icity seen with this type of arrhythmia. The increment in delay in
impulse conduction through the sinus node tissue is progressively
less; thus, the P-P intervals become progressively shorter until a P
wave fails to occur. The pauses associated with this type of sino-
atrial exit block are less than twice the shortest sinus cycle. Type
Il block manifests as an abrupt absence of one or more P waves
because of failure of the atrial impulse to exit the sinus node, with-
out previous progressive prolongation of SACT (and without pro-
gressive shortening of the P-P intervals). Sometimes, two or more
consecutive sinus impulses are blocked within the sinus node, thus
creating considerably long pauses. The sinus pause should be an
exact multiple of the immediately preceding P-P interval. However,
normal variations in the sinus rate caused by sinus arrhythmia can
obscure this measurement.Third-degree or complete sinoatrial exit
block manifests as absence of P waves, with long pauses resulting
in lower pacemaker escape rhythm. This type of block is impos-
sible to distinguish from sinus arrest with certainty without invasive
sinus node recordings.21:29:30
TACHYCARDIA-BRADYCARDIA SYNDROME. Tachycardia-
bradycardia syndrome, frequently referred to as sick sinus syn-
drome, is a common manifestation of SND, and it refers to the
presence of intermittent sinus or junctional bradycardia alternat-
ing with atrial tachyarrhythmias (Fig. 8-3). The atrial tachyarrhyth-
mia is most commonly paroxysmal AF, but atrial tachycardia,
atrial flutter, and occasionally AVN reentrant tachycardia or AV
reentrant tachycardia can also occur.3

Apart from underlying sinus bradycardia of varying severity,
these patients often experience prolonged sinus arrest and asys-
tole on termination of the atrial tachyarrhythmia, resulting from
overdrive suppression of the sinus node and secondary pacemak-
ers by the tachycardia.Long sinus pauses that occur following elec-
trical cardioversion of AF constitute another manifestation of SND.
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FIGURE 8-2 Sinus pause is shown in two monitor leads. Although the sinus rate is slightly irregular, the pause significantly exceeds any two P-P intervals (excluding

sinus exit block). MCL = modified chest-lead.
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FIGURE 8-3 Tachycardia-bradycardia syndrome. Two surface ECG leads showing atrial fibrillation that spontaneously terminates followed by a 5.9-second pause

before sinus rhythm resumes. The patient became lightheaded during this period.
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Therapeutic strategies to control the tachyarrhythmias often result
in the need for pacemaker therapy (Fig. 84). On the other hand,
atrial tachyarrhythmias can be precipitated by prolonged sinus
pauses.233132 SND is often caused by functional remodeling from
the tachycardia and can be reversible in some patients, thus obviat-
ing the need for pacing.

ATRIAL FIBRILLATION WITH SLOW VENTRICULAR
RESPONSE. Persistent AF with a slow ventricular response in the
absence of AVN blocking drugs is often present in patients with
SND. These patients can demonstrate very slow ventricular rates
at rest or during sleep and occasionally have long pauses. Occa-
sionally, they can develop complete AV block with a junctional
or ventricular escape rhythm. They can also conduct rapidly and
develop symptoms caused by tachycardia during exercise. In
some cases, cardioversion results in a long sinus pause or junc-
tional escape rhythm before the appearance of sinus rhythm.
Although a combination of sinus node and AV conduction dis-
ease can be present in many cases, examples of rapid ventricular
responses during atrial tachyarrhythmias are frequently found.?
PERSISTENT ATRIAL STANDSTILL. Atrial standstill is a rare
clinical syndrome in which there is no spontaneous atrial activity
and the atria cannot be electrically stimulated. The surface ECG
usually reveals junctional bradycardia without atrial activity. The
atria are generally fibrotic and without any functional myocar-
dium. Lack of mechanical atrial contraction poses a high risk for
thromboembolism in these patients.33.34

CHRONOTROPIC INCOMPETENCE. Treadmill exercise test-
ing can be of substantial value in assessing the chronotropic
response (“‘competence”) to increases in metabolic demands in
patients with sinus bradycardia who are suspected of having SND.
Although the resting heart rate can be normal, these patients
may be unable to increase their heart rate during exercise or
may have unpredictable fluctuations in the heart rate during

activity. Some patients can initially experience a normal increase
in the heart rate with exercise, which then plateaus or decreases
inappropriately.22.23.29.30

The definition of chronotropic incompetence is not agreed on,
but it is reasonable to designate it as an abnormally slow heart rate
response to exercise manifesting as a less than normal increase in
the sinus rate at