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Foreword

It is my pleasure and honor to write a Foreword for this most informative book on a
technology that has become essential to the diagnosis, prognosis, and treatment of
many disorders, in particular, cardiovascular diseases. Echocardiography, the subject
of this book, has for decades been pivotal in the diagnostic and prognostic assessment
of cardiovascular diseases. In addition to its safety (lack of radiation) and portability,
it has the capability to illustrate at the bedside and in real-time cardiac anatomy while
simultaneously demonstrating all aspects of cardiac function. It is relatively user-
friendly; however, the expertise of an experienced echocardiographer is often required.
This too has recently been facilitated with the development of high-resolution picture
archiving and communication system (PACS) whereby echocardiographic images
can be transferred almost immediately to the central laboratory not just from the
operating room, but also from areas hundreds and even thousands of miles away.
Such developments have enabled the cardiologist, the anesthesiologist, and the sur-
geon to utilize it not just for diagnosis and prognosis, but also for on-site real-time
assessment of procedures in the operating room.

This book is carefully written by, not just a world renowned expert in echocardiog-
raphy but, someone with extensive experience in all aspects of cardiovascular dis-
eases over more than 3 decades. Dr. Kwan Chan has been Head of the Echocardiography
Laboratory and supervised this technology in many different settings from the operat-
ing room at University of Ottawa Heart Institute to Canada’s northland — Baffin
Island. His knowledge of cardiovascular diseases is vast and he has also had the privi-
lege of correlating echocardiographic imaging with other sophisticated imaging tech-
niques in his own Institution including Nuclear and Positron technologies. This book
is written by just two authors, very unusual in today’s era, who have worked together
in the same Institution. His coauthor (Dr. J.P. Veinot) is a renowned cardiac patholo-
gist. Dr. Chan, as Director of the Echocardiography Laboratory, has directed national
and international studies, the most recent being Aortic Stenosis Progression
Observation: Measuring Effects of Rosuvastatin (ASTRONOMER) trial. The book is
an enriched resource of high-resolution images of normal and abnormal pathology as
detected and quantified by echocardiography. The text is extremely up to date while
at the same time written in the style of a masterful teacher. Since the book is written
by only two authors, it comprehensively and seamlessly moves from one topic to the
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next in continuity without redundancy. The prose and the abundant illustrations have
been selected to be appreciated by the novice as well as the most advanced
echocardiographer.

My congratulations to Dr. Kwan Chan and Dr. John Veinot for a job well done.

Dr Robert Roberts

President and CEO

University of Ottawa Heart Institute
40 Ruskin Street,Ottawa

Ontario, Canada

Foreword



Preface

Echocardiography is a widely used imaging modality for the assessment of patients
with heart disease. It is versatile and can be performed at the bedside to promptly
provide reliable anatomic and functional information useful for the management of
the patient. It involves no ionizing radiation and is therefore ideally suited for serial
studies in the follow-up of patients with chronic heart diseases.

There have been many technological advances in echocardiography, resulting in
an improvement in image quality and new insights into cardiac mechanics. New indi-
ces such as tissue velocities, torsion, strain, and strain rate open new avenues to assess
global and regional myocardial performance. Real-time three-dimensional echocar-
diography has recently become a reality and provides unique anatomic perspectives
unobtainable heretofore. Further technological improvement will likely ensure that
three-dimensional echocardiography becomes an integral part of the echocardio-
graphic examination. In order to fully appreciate and utilize these advances, it is
crucial to have an in-depth understanding of the cardiac anatomy, which is the basis
of echocardiography. For instance, mitral valve repair is now the surgical method of
choice for the treatment of patients with degenerative mitral valve disease and severe
mitral regurgitation. Repair is also increasingly used for other etiologies of mitral
regurgitation. An excellent understanding of the mitral valvular and subvalvular anat-
omy is a prerequisite to the selection of appropriate patients and the detection of
complications associated with the surgical repair.

The aim of this book is to provide a systematic approach in the clinical application
of echocardiography, which is based on a comprehensive understanding of cardiac
anatomy and pathology. We have included many three-dimensional echocardio-
graphic images to highlight normal and abnormal findings, as well as numerous
pathologic images to provide anatomic correlates of the echocardiographic findings.
All the images are carefully selected to illustrate the key findings of the conditions
under discussion. There are a total of 680 figures, many of which are composites of
two to six images covering a wide spectrum of cardiac diseases, and therefore the
book can serve very well as an atlas and should be useful to sonographers, cardiology
trainees, internists, and cardiologists.

The book is divided into three sections. The first section discusses the cardiac
anatomy and normal variants, which need to be appreciated and differentiated from
abnormal findings. The ability to obtain optimal images requires an understanding of
the orientation of the heart in the thorax and its effect on the acoustic windows. The
impact of aging on cardiac structure and function is also included in this section. The
second section covers diseases that affect various cardiac structures such as the valves,
the myocardium, and the pericardium. The last section of the book examines specific
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clinical settings in which echocardiography plays a pivotal role in the differential
diagnosis and clinical management. One example is the role of echocardiography in
the patient suspected to have had an embolic event due to a cardiac source. An analy-
sis of the data linking the known cardiac sources to embolism is presented. Ample
examples that incorporate echocardiographic images with pathologic correlations are
included in every chapter. Regular dialogue and frequent review between the patholo-
gist and the echocardiographer are invaluable, and we have been fortunate to have a
close working relationship. The book is evidence of the success of this collaborative
approach.

We owe a huge debt to our patients who are the source of the clinical materials in
the book. Our sincere gratitude goes to our families who sustain us, our colleagues
who support us, and our students who motivate and inspire us. The sonographers,
pathology technicians, and pathologist assistants at our institute deserve recognition
for their dedication and expertise, as most of the images are the product of their hard
work. We also like to thank Donna Justus for her expert secretarial support and tire-
less enthusiasm. Any errors and omissions are our own failing and hopefully will be
corrected in the subsequent edition.

Preface
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General Anatomy
of the Heart in the Chest

The heart is located in the chest between the lungs and
in front of the esophagus (Fig. 1.1). It has four cham-
bers — two atria and two ventricles (Fig. 1.2). The right
atrium receives blood from the head and neck via the
superior vena cava, while the blood from the body and
lower limbs enters the right atrium via the inferior vena
cava. The blood passes through the tricuspid valve into
the right ventricle which pumps it to the pulmonary
trunk to the lungs. After oxygenation, the oxygenated
blood from the lungs returns to the left atrium via the
pulmonary veins. From the left atrium the blood enters
the left ventricle and is pumped out the aorta to be dis-
tributed to the entire body via the aorta and its arterial
branches.

The heart is normally in a sac of fibrous pericar-
dium (Fig. 1.3). This sac contains the entire heart and
extends into the proximal few centimeters of the great
vessels. In the base of the heart between the four pul-
monary veins there is a space termed the oblique sinus.

Fig. 1.2 The heart has been cut in a four-chamber view illustrat-
ing the right atrium (RA), left atrium (LA), right ventricle (RV)
and left ventricle (LV)

Fig. 1.1 The chest is open and the heart is seen in its pericardial
sac between the two lungs

Fig. 1.3 The heart is covered by visceral pericardium on the epi-
cardial surface and parietal pericardium which is lifted up in the
picture. The fibrous parietal pericardium forms the pericardial sac

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis, 1
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Another pericardial sinus exists, the transverse sinus,
just behind the great arteries.

The heart apex is normally present in the left chest.
This usual position is termed levocardia. If the heart is
vertical midline in the chest, this is termed mesocardia
and may be seen in tall thin individuals. If the apex
points to the right side of the chest, this is termed dex-
trocardia. The term dextrocardia has nothing to do with
the side of the chambers and does not mean the same
as situs inversus where the chambers and sometimes
viscera are “flipped” as compared to normal.

The sidedness or situs of the heart refers only to
where the right atrium is in relation to what is the nor-
mal right-sided right atrial location. If the morphologi-
cal right atrium is right sided, as is usual, this is termed
situs solitus. If the morphological right atrium is left
sided, this is termed situs inversus. If there are bilateral
morphological right atria or two morphological left
atria then it is impossible to determine which one is
correct. This is termed situs ambiguous, and subclassi-
fied as right atrial isomerism or left atrial isomerism.
Knowing what anatomically constitutes a morphologi-
cal right atrium, right ventricle, left atrium, or left ven-
tricle becomes important.

The heart does not usually lie in a vertical plane in
the body but is somewhat rotated to the left and rests
on the diaphragm. The mid to apical portion of the left
ventricle resting on the diaphragm is termed the infe-
rior wall and gives it a flat contour, as compared to the
anterior wall of the heart.

The most anterior chamber of the heart is the right
ventricle which lies under the anterior chest wall and
sternum. This explains the propensity for right ventri-
cle and tricuspid valve to sustain injury following blunt
force trauma to the anterior chest. The right atrium is a
posterior right chamber. The left ventricle is a left lat-
eral chamber. The left atrium is a posterior left-sided
chamber. Its posterior location makes it accessible for
imaging via the esophagus which is another posterior
mediastinal structure.

Atrial Anatomy

The right atrium is derived from the primitive sinus
venosus and primitive atrium of the embryological
heart. The sinus venosus gives rise to the smooth part of
the atrium between the vena caval orifices. The right
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sinus horn contributes to the formation of the right atrium
wall. The left sinus horn becomes part of the coronary
sinus which normally enters into the right atrium. The
primitive atrium becomes the rough muscular part of the
right atrium and contributes to the left atrial appendage.
The division between the two parts of the atrium is a
band of muscle on the lateral atrial wall termed the crista
terminalis or the terminal band (Fig. 1.4). This band
extends inside the heart from the region of the sinoatrial
node near the superior vena cava down the right lateral
wall. On the outside epicardium of the right atrium,
the terminal band has a corresponding epicardial
depression on the lateral right atrial wall known as the
sulcus terminalis. From this muscular band the pecti-
nate muscles, which resemble a comb, radiate out in
the same direction. At the entrance of the right atrial
appendage, there is a particularly large pectinate mus-
cle termed the taenia sagittalis. It is important to know
the existence of this structure so as not to confuse it
with a thrombus by imaging.

The free wall of the left atrium is smooth and has no
cristae terminalis or free wall pectinate muscles (Fig. 1.5).
The only pectinate muscles on the left side are small and
are located in the left atrial appendage. These appenda-
geal pectinate muscles are usually 1-2 mm in thickness
and may be confused with a space occupying atrial
thrombus if their existence is not recognized. The left
atrium derives from the primitive atrium in part, but
mostly derives its structure from a vein. The primitive
pulmonary vein develops with the lung buds and, if the
heart is in the correct position, grows downward to join
with the heart and form the left atrium with its adjacent

Fig. 1.4 The right atrial free wall with the crista terminalis (CT)
and the multiple pectinate muscles (P)
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Fig. 1.5 The left heart is opened demonstrating the left atrium
(LA) and the adjacent mitral valve (MV)

Fig. 1.6 Triangular right atrial appendage

pulmonary veins that enter the atrium. If the heart is
embryologically not in the correct position, the pulmo-
nary veins may join with other structures, thus giving
rise to the condition known as partial or total anoma-
lous pulmonary venous drainage.

The right and left atrial appendages differ in gross
external structure. The right appendage has a broad
based origin and tapers in a triangular shape (Fig. 1.6).
In contrast, the left atrial appendage has a narrower
origin and is multilobulated resembling a cock’s comb
(Fig. 1.7). These left appendage lobulations are vari-
able in number, mostly one to two, but there may be up
to five lobes normally [1].

Fig. 1.8 The right atrium is opened demonstrating the fossa
ovale (arrow). The raised edge is the limbus of the fossa (L)

The right and left sides of the inter-atrial septum also
differ substantially. The right side has an oval raised
region with a central depression termed the fossa ovale
(Fig. 1.8). This is the residua of the septum primum. In
this fossa there is often a residual hole termed the fora-
men ovale (Fig. 1.9). This is a patent structure during
fetal life that is usually closed after birth. Surprisingly,
it can remain open for many decades; up to 40% of
those under the age of 30 years have a patent foramen
ovale, while the percentage drops to 10-15 % after the
age of 50 years [2]. In the fetal life this communication
is important for blood distribution of the oxygenated
blood from the placenta until the lungs become func-
tional. Despite being patent, the foramen ovale is nor-
mally closed as the left sided atrial pressure is greater
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Fig. 1.9 A patent foramen ovale

than the right atrial pressure. If this pressure situation
reverses, in such conditions as congenital heart disease,
pulmonary hypertension, or with pulmonary throm-
boembolism, the foramen may open and shunting of
blood may occur. Paradoxical emboli traveling from the
right to left atria would also be possible. If the left atrium
greatly enlarges, the foramen ovale can become a per-
manently open hole and become an acquired secundum
atrial septal defect — a clinical condition known as
Lutembacher’s syndrome when associated with intral
stenosis. Surrounding the fossa ovalis there is a ridge
termed the limbus of the fossa (Fig. 1.8). The anterior
and posterior limbs of the limbus are important anterior
and posterior interatrial conduction pathways, as is the
cristae terminalis. The left atrial side of the interatrial
septum is usually flat, without a limbus or a fossa. A few
muscular endocardial ridges or chords may exist where
the foramen ovale communicates, or previously com-
municated, but generally the contour is relatively flat in
comparison to the right side of the septum.

Thus a morphological right atrium has a rough free
wall with pectinate muscles, a triangular appendage
and a depressed region of the fossa ovalis on the inter-
atrial septum. In contrast, the left atrium has a smooth,
free wall, a complex, multilobulated appendage, and
the inter-atrial septal contour is simple and flat.

The sinoatrial node is located at the junction of the
superior vena cava and the summit of the right atrial
appendage. It is an epicardial structure, not visible to
the naked eye, except for its occasionally visible

Fig. 1.10 The eustachian valve (E) is located near the opening
of the inferior vena cava. The Thebesian valve (7) is at the open-
ing of the coronary sinus. Between the two there is a net-like
structure termed a Chairi net

accompanying sinoatrial node artery branch. The lower
part of the right atrium receives the coronary sinus,
part of the venous system of the heart. The coronary
sinus orifice is guarded by a small Thebesian valve
(Fig. 1.10). There is often a web like structure extend-
ing from the orifice of the inferior vena cava to the
Thebesian valve. This web is known as a Chairi web.
The orifice of the inferior vena cava has a variably
sized Eustachian valve.

The atrioventricular node is located in Koch’s tri-
angle (Fig. 1.11). This triangle is bordered by the
opening of the coronary sinus on one side, and the
tricuspid valve annulus from this coronary sinus ori-
fice region to the area of the membranous septum
(above the septal posterior commissure of the tricus-
pid valve). The roof of the triangle, completed by an
oblique line between the top of the sinus and the mem-
branous septum region, corresponds to the deep ten-
don of Todaro, a structure not visible as it lies beneath
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Fig. 1.11 The right atrium and the tricuspid valve are open. The
atrioventricular node is located in Koch’s triangle depicted in the
illustration

the endocardium. Some extension of the atrioventric-
ular node extends into the coronary sinus for variable
lengths. The node lies on top of the ventricular septum
and becomes the atrioventricular bundle — the bundle
of His, at the membranous septum. The His bundle
subsequently divides into the right bundle which trav-
els to the right ventricle in the moderator band, as will
be described, and the left bundle disperses into numer-
ous subendocardial Purkinji fibers in the left ventricle
subendocardium.

The conduction pathways from the sinoatrial node
to the atrioventricular node and the left atrium include
the following potential pathways: the crista terminalis,
the anterior and posterior pathways on either side
of the atrial septum fossa ovalis and an epicardial
Bachmann’s bundle. This bundle extends from the left
side of the superior vena cava across the atrium over to
the left atrial appendage, thus allowing coordination of
both atria with conduction.

Tricuspid Valve Anatomy

The tricuspid valve is an atrioventricular valve, as is the
mitral valve. However, the similarity ends there as these
valves have completely different structures. The atrio-
ventricular valves delaminate from their ventricles, thus
the atrioventricular valves are invariably associated with
their respective underlying ventricles. The tricuspid
valve is associated with the right ventricle and the mitral
valve with the left ventricle. The ventricle is also defined

Fig. 1.12 The tricuspid valve has three leaflets — anterior (A),
posterior (P), and septal (S). These are separated by commis-
sures (arrows). Chordae tendonae connect the valve leaflets to
the septum and the papillary muscles (PM)

by its association with its atrioventricular valve. The
same relationship does not exist with the ventricle and
its atrium or with its great vessel.

The tricuspid valve has three leaflets, the anterior,
the septal, and the posterior (Fig. 1.12). The anterior
leaflet is the largest of the three. As with all cardiac
valves, there is a free edge and a line of closure,
located on the atrial side of the tricuspid valve. There
are three commissures separating the leaflets. Each
leaflet has chordae tendonae attaching to ventricular
papillary muscles. One of the defining characteristics
of a tricuspid valve is that the septal leaflet chordae
attach directly to the underlying adjacent ventricular
septum. No such relationship exists on the left side of
the heart, otherwise the left ventricle outflow tract
would be obstructed.

The anterior papillary muscle is large and has mul-
tiple heads, as is also common with the posterior mus-
cle. The septal papillary muscle is also termed the
muscle of Lanusic. The annulus of the tricuspid valve
is discontinuous and not as well formed as the mitral
annulus. The tricuspid valve delaminates from its
underlying ventricle as part of normal development. If
it fails to do so a condition known as Ebstein’s anom-
aly may exist. The anomaly is characterized by the
failure of the posterior leaflet to detach from the ven-
tricle beyond 1 cm from the atrioventricular ring. Thus
1 cm of attachment of the leaflet is considered within
normal limits. The tricuspid valve also is different than
the mitral valve as it is separate from the correspond-
ing semilunar valve, the pulmonary valve. The separa-
tion is due to the presence of the infundibular septum
of the morphological right ventricle.
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Right Ventricle Anatomy

The right ventricle is a morphological right ventricle
firstly due to its association with a tricuspid atrioven-
tricular valve with septal chordal attachments and dis-
continuity with the pulmonary valve. The normal right
ventricle is a crescent shaped chamber located anterior
and to the right in the chest (Fig. 1.13). It is behind the
sternum and it is the most anterior chamber. The ven-
tricle is usually 0.3-0.4 cm thick, but it may hypertro-
phy in pulmonary hypertension or pressure overload
situations. Therefore, the wall thickness of the ventri-
cle is not a good criterion to identify it. It characteristi-
cally has large prominent trabecular muscle termed
trabeculae carnae. Trabecular muscles also exist in the
left ventricle, but they are small compared to those of
the right ventricle. The tricuspid and the pulmonary
valves are separated by the infundibular septum. This
is an arch-like structure composed of the parietal band,
the infundibulum, and the septomarginal band, which
terminates in the moderator band. This band contains
the aforementioned right bundle branch.

Pulmonary Valve Anatomy

The pulmonary valve and the aortic valve are both semi-
lunar valves, a name derived from their half moon cusp
shape (Fig. 1.14). They both have a corona shaped annu-
lus like a crown. The pulmonary valve is separate from

Fig. 1.13 Short axis cut of the heart showing the typical right ven-
tricle (RV') crescent shape and the round left ventricle (LV) shape

Fig. 1.14 Opened right ventricle outflow tract demonstrating
the pulmonary valve (PV) cusps. The infundibular septum (IS)
lies before the valve

its atrioventricular valve, the tricuspid valve. There are
normally three cusps. These are separated from each
other at three commissures. The cusps are the anterior,
left, and right cusps. The cusps have a free edge and a
line of closure, which is along the ventricular surface.
This arrangement, as exists in all the valves, allows for
some redundancy and prevents regurgitation with nor-
mal physiological events. The cusps are thinner then the
aortic valve cusps, mainly reflecting the lower right-
sided pressures.

Mitral Valve Anatomy

The mitral valve is an atrioventricular valve. Like the
tricuspid valve it has leaflets and chordae which attach
to papillary muscles. It is invariably associated with a
left ventricle, similar to the association of the tricuspid
valve with the right ventricle. There are two leaflets —
the anterior and the posterior (Fig. 1.15). Although the
posterior occupies more of the circumference of the
annulus, the actual surface areas occupied by each of
the leaflets is about equal, as the anterior leaflet is lon-
ger in length. On either side of the leaflets there are
commissures, the posteromedial and the anterolateral.
The mitral valve has no septal chordal attachments.
The anterior leaflet is in fibrous continuity with the
aortic valve (Fig. 1.16). This defines the mitral valve
and the left ventricle and is a distinctive feature of this
ventricle. The leaflets have free edges and closing mar-
gins, approximately a few mm from the edge. These
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Fig. 1.15 Mitral valve with anterior leaflet (AL) and the poste-
rior leaflet (PL), which has been cut through with heart opening.
Two commissures are present on either side of the leaflets
(arrows). Left atrium is above (LA) the valve and the left ven-
tricle papillary muscles are below (PM), connected by the chor-
dae tendonae

Fig. 1.16 The left ventricle outflow tract opened to show the
continuity between the aortic valve (AV) and the anterior mitral
leaflet (MV)

lines are more distinctive than the closing margins on
the right sided valves due to the higher pressures on the
left side of the heart. The mitral valve annulus is better
defined and a fibrous annular band can be seen. The
posterior leaflet has three scallops that are formed to
variable degrees. These small leaflet indentations allow
some redundancy to the valve, which is important for
competency. The chordae are complex and different
anatomical or surgical classifications exist (Fig. 1.17).
Some investigators divide the chordae into first order
(attached to free edge of leaflet), second order (attached
mid leaflet), and third order (attached to papillary
muscle). Others have assigned specific names to the
chords. These include strut chords, commissural chords
(Fig. 1.18), basal chords, and rough zone chords. Only
the posterior leaflet has basal chords which run between

Fig. 1.17 Posterior mitral valve with numerous complex chordae

Fig. 1.18 Commissural chordae noted

the leaflet and the adjacent left ventricle wall. Only the
anterior leaflet has strut chords — these are two large
chords on either side of the anterior leaflet. The chords
are responsible for different functions. Some are
important for the basic integrity and structure of the
valve, some ensure good leaflet coaptation, while oth-
ers prevent leaflet prolapse. Rupture of a chord may
thus have very different consequences depending upon
the type involved.

The chords attach to two left ventricle papillary
muscles, the anterolateral and the posteromedial papil-
lary muscles (Fig. 1.15). These are much larger than the
right sided analogous structures. The anterior muscle
usually has one head while the posteromedial papillary
muscle is usually bifid. The papillary muscles contract
and ensure good opposition of the mitral valve leaflets.
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Left Ventricle Anatomy

The left ventricle is a left lateral chamber. It is cone or
bullet shaped (Fig. 1.13). It is the thickest chamber in a
normal heart, usually about 1-1.5 cm thick depending
upon the phase of the cardiac cycle. The left ventricle is
defined by its association with a mitral valve, the conti-
nuity between its atrioventricular mitral valve and its
semilunar aortic valve and its thin inner trabeculae.
Conventionally, the left ventricle is described to have an
anterior wall, a lateral wall between the papillary mus-
cles, and an inferior wall. As previously mentioned, the
inferior wall (mid to apical level) rests on the dia-
phragm, whereas the posterior or basal wall is located
toward the left atrium junction. The ventricle relaxes
during diastole and fills with blood from the left atrium.
During contraction or systole the ventricle motion is
complex. The ventricle shortens, squeezes, and wrings
itself out with a twisting motion with the apex rotating
counter clockwise and the base rotating clockwise. The
ventricular shortening can be understood as the longitu-
dinal superficial muscle fibers extend to the apex and
then do a sharp turn and form the inner papillary mus-
cles. Contraction of these sinospiral and bulbospiral
superficial layers pulls up the ventricle during systolic
contraction. The middle layer of circular scroll muscles
is responsible for the squeezing and wringing actions.
The fibers of the right and left ventricles interdigitate at
either end of the interventricular septum. The left ven-
tricular outflow tract has no obstruction as there are no
septal chordal attachments (Fig. 1.16). At the apex, due
to the abrupt changes in fiber direction, the thickness of
the muscle is usually less than a few millimeters.
Surgeons take advantage of this fact to use the apex for
an easy site to vent the ventricle and remove air after
the heart has been opened.

Aortic Valve Anatomy

The aortic valve is a semilunar valve. It has three cusps
— the right, left, and posterior or non-coronary cusp
(Fig. 1.19). The non-coronary cusp is usually slightly
larger than the other two cusps. Between each cusp and
its adjacent cusp there is a commissure which sepa-
rates them. The cusps have free edges and lines of clo-
sure which are well developed due to the higher

Fig. 1.19 Opened aortic valve with right (R), non-coronary (NC)
and left (/) cusps. Commissures separate the cusps (arrows)

Fig. 1.20 Aortic valve cusp with raised line of closure or coap-
tation, and a mid cusp nodule of Ariantus with Lambl’s excres-
cences which are whisker like (arrows)

pressure on the left side of the heart. The area between
the line of closure and the free edge of the cusp has
been termed the lunula. Near the commissures there
are often horizontal cusp defects termed fenestrations.
These are normal structures that become more promi-
nent with age. These are not normally in the line of
closure so they do not cause insufficiency unless the
valve annulus enlarges and they move into the line of
closure. In the middle of each cusp there is a well
developed nodule or protrusion on the ventricular side
along the line of closure termed the nodule of Ariantus
(Fig. 1.20). All along the closure line, and especially at
the nodule, small whisker like fronds termed Lambl’s
excrescences may develop. Beneath the right and
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non-coronary cusps, the interventricular septum is at
its thinnest point — the membranous septum. In this
septum, the atrioventricular His bundle penetrates and
the left bundle branch Purkinji fibers then extend along
the left ventricle endocardial surface.

The annulus of the aortic valve is not a simple ring
but is shaped like a crown or a corona, similar to the
annulus of the pulmonary valve. Each cusp is attached
along this fibrous crown leaving intercommissural
spaces between the cusps. At the back of each cusp,
there is an out pouched region termed the aortic sinus.
This fills with blood during diastole when the valve is
closed. The proximal aortic structure thus has large
proximal sinuses and then tapers on its way out to the
ascending aorta, similar to a vase or a flask. Just above
the aortic valve and sinus, there is a tapered area with
an intimal ridge termed the sinotubular junction. The
right and non-coronary cusps of the aortic valve are in
fibrous continuity with the anterior mitral leaflet. The
fibrous area between the aortic and mitral valves has
been termed the fibrous subaortic curtain by some
investigators. The continuity of the valves is important
in disease processes such as infective endocarditis
where an infection can easily spread between the two
adjacent valve structures.

Echocardiography Considerations

In most echocardiographic laboratories a detailed step-
wise protocol is generally followed to obtain a com-
prehensive echocardiographic assessment of cardiac
structure and function. This involves imaging the heart
from four acoustic windows namely parasternal, api-
cal, subcostal, and suprasternal windows (Fig. 1.21).
Since the early development of echocardiography, it is
recognized that the passage of ultrasound is impeded
by bone and air, such that adequate images would not
be obtained if there is intervening bone or air contain-
ing lung tissue between the transducer and heart. The
four standard acoustic windows are areas on the chest
wall that provide good passage of ultrasound and thus
diagnostic echo images in most subjects.

The parasternal window generally refers to the
fourth and fifth intercostal space just to the left of the
sternum (Fig. 1.22). It has the least distance between
the body surface and the cardiac valves. Multiple imag-
ing planes can be obtained to provide long and short-

Suprasternal

N

Parasternal

Apical

N

Subcostal

Fig. 1.21 This diagram illustrates the standard windows in the
echocardiographic assessment of the heart

axis views of cardiac structures, particularly the aortic
and mitral valves. It is also the preferred window to
assess the left ventricle, as multiple short axis views of
the left ventricle from its base to apex can frequently
be obtained. To obtain a short-axis image of the left
ventricular apex, the transducer may need to be moved
down an intercostal space and further lateral with the
patient lying in a more shallow left decubitus position
and sometime even supine (Fig. 1.23). What is not fre-
quently done, but is again feasible in most subjects, are
multiple short axis cuts of the right ventricle from this
window (Fig. 1.24). The transducer is positioned near
the sternum and angled rightward, so as to image the
entire right ventricle. A sweep from the base of the
heart to the ventricular apex with multiple short-axis
images of the right ventricle provides a comprehensive
assessment of right ventricular size and function.

The apical window is located at or near the cardiac
apical impulse (Fig. 1.25). The left and right ventricles
are well imaged from this window. Volumetric and top-
ographic assessment of the left ventricle is best obtained
using this window. The subcostal and suprasternal win-
dows may not be routinely used in some echocardio-
graphic laboratories as they yield less information and
adequate images are more difficult to obtain, as com-
pared to the parasternal and apical windows.

The subcostal window is versatile, and almost all
the standard views can be obtained in many patients
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Fig. 1.22 (a) This is the parasternal long-axis view which is used to obtain 2D measurements of the left ventricle. The excursion of
the aortic and mitral valves is well seen in this view. (b) This is the right ventricular inflow view showing the right atrium, tricuspid
valve and right ventricle. (¢) The aortic valve is the focus in the aortic short-axis view. (d) The right ventricular outflow tract, pul-
monic valve and main pulmonary artery can be imaged by scanning more superiorly from the aortic short axis view. LA left atrium,
LV left ventricle, MPA main pulmonary artery, RA right atrium, and RV right ventricle

particularly those with obstructive lung diseases
(Figs. 1.26—1.28). Four-chamber view can be obtained,
although the true left ventricular apex may be difficult
to visualize. With the patient in held inspiration, it is
feasible to obtain multiple short-axis images of the left
ventricle from the level of the mitral valve to the apex
(Fig. 1.27). This is also a preferred window to assess
the right ventricular outflow tract which is usually in
good alignment with the Doppler beam to provide
accurate assessment of pulmonary valvular or infundib-
ular stenosis (Fig. 1.28). The aortic arch and right pul-
monary artery are generally well seen in the suprasternal
window (Fig. 1.29). It can be the optimal window for
Doppler interrogation of the aortic stenotic jet velocity
in patients with aortic stenosis. Our view is that these
two windows should be routinely explored so that skills

needed to obtain images from these windows are
retained, since images from these two windows can be
essential in specific circumstances. For instance, detec-
tion of atrial septal defect is very much dependent on
visualization of the atrial septum using the subcostal
window, and the hint of patent ductus arteriosus in adult
patients may be present only in the suprasternal views.

It is our practice to routinely perform and obtain the
pulsed wave Doppler recordings of the right and left
ventricular outflow tracts to assess the stroke volumes
of the two ventricles (Fig. 1.30). In the absence of
intracardiac shunt and valvular regurgitation (aortic or
pulmonary), the stroke volumes of the two ventricles
should be identical. The systolic flow in the left ven-
tricular outflow tract has a higher peak velocity and
time integral, compared to the right ventricular outflow
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Fig. 1.23 The parasternal short axis views of the left ventricle are shown at the level of the mitral leaflets in (a), the papillary
muscles in (b), below the papillary muscle in (¢) and the apex in (d)

tract which has a large annular area. When the flow
velocity in the right ventricular outflow tract has a high
velocity or time integral, left to right shunt should be
suspected. Knowledge of the stroke volume can be
useful in patient management. A small stroke volume
in the setting of normal systolic function suggests
hypovolemia and should be considered in the assess-
ment of aortic stenosis severity in patients with low
transvalvular gradients [3] (Fig. 1.31).

Although a diagnostic study can be generated by the
acquisition of predefined imaging planes from the four
standard windows, strict adherence to such an approach
may undermine the principle underlying the develop-
ment of these conventional windows. In the early days
of two-dimensional echocardiography, imaging from
multiple surface locations provided information of the
orientation of the heart within the chest cavity. This
knowledge provided the essential framework for the
proper interpretation of the images and led to the recog-
nition that certain body surface locations were more

useful in consistently yielding adequate images and
diagnostic information. These surface locations became
the standard echocardiographic windows. However
these standard windows are by no means the only use-
ful windows. Other non-standard windows may be
critically important in specific clinical situations. They
may be particularly useful when extracardiac condi-
tions such as pectus excavatum and anterior mediasti-
nal tumors are present to cause the heart to shift from its
normal position and orientation. In subjects with severe
pectus excavatum, the heart may shift leftward. In fact,
an extreme leftward and posterior shift of the cardiac
apex is probably the best indication of the presence of
the complete absence of the pericardium.

It is essential to have a good working knowledge of
the cardiac chambers within the thoracic cavity after
one has reviewed the acquired images. Based on this
knowledge, the echocardiographer may wish to acquire
additional images using the different imaging planes
from the standard windows, together with any available
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Fig. 1.24 Multiple short axis views (a—d) of the right ventricle can be obtained from the parasternal window by tilting the image
plane more rightward from the usual orientation. LV left ventricle, RV right ventricle

images from additional non-standard windows. The
locations of non-standard imaging windows are deter-
mined by the position of the heart within the thoracic
cavity and less influenced by surface anatomy. In fact
any surface location can be, and should be, considered
a potential image window depending upon the specific
clinical question and the position of the cardiac struc-
tures within the thorax. An effective echocardiogra-
pher is one who not only can integrate the images from
multiple windows, but also has the technical ability to
perform and acquire images from conventional and
unusual windows.

There are specific clinical situations where the use
of non-conventional imaging windows should be an
integral part of the echocardiographic examinations as
there is a high likelihood of additional information
provided by these additional windows. The following
additional windows are highlighted because of their
usefulness in specific situations. Prior knowledge of

the results of other imaging investigations such as
chest x-ray, computed tomogram scan or angiogram
are useful to consider when additional imaging win-
dows should be sought and where the additional win-
dows will be obtained.

The right parasternal window should be used in sub-
jects with dilatation of the ascending aorta, which takes
a more rightward and anterior course such that the mid
and distal ascending aorta can frequently be imaged
from this window (Fig. 1.32). Imaging from the back is
feasible in the presence of pleural effusion [4, 5]
(Figs. 1.33, 1.34). When a left pleural effusion is pres-
ent, the left paraspinal window should be used as it can
provide multiple imaging planes to assess cardiac
chambers and valves. Another situation where the
left spinal window is useful is in the setting of tortu-
ous and dilated descending thoracic aorta which abuts
against the posterior chest wall [6]. Aortic aneurysms
and aortic dissection can be diagnosed using this
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Fig. 1.25 Multiple views can be obtained from the apical window with the four chamber view shown in (a), five chamber view in
(b), long axis view in (c¢), and two chamber view in (d). LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

window. In patients with chronic obstructive lung dis-
ease, the subcostal window should be exploited because
in these patients almost all the imaging planes from the
parasternal and apical windows can be obtained
(Figs. 1.26-1.28). In this clinical setting, it is important
to utilize the entire subcostal region because frequently
the transducer needs to be positioned considerably left-
ward to provide a comprehensive assessment of the left
ventricular cavity and apex.

In some patients no optimal acoustic windows can
be obtained from the body surface. These may include
obese patients, patients with severe emphysema,
patients with chest wall deformities, and patients who
have had recent cardiac surgery. Transesophageal
echocardiography provides high quality images due to
the use of a high frequency transducer and little soft
tissue separating the ultrasound transducer in the
esophagus from the cardiac chambers (Fig. 1.35). In
clinical situations such as endocarditis, the diagnostic

yield in terms of detection of vegetations and abscess is
higher with transesophageal echocardiography, which
is frequently indicated despite adequate transthoracic
images. The posterior vantage point of this imaging
approach allows a novel and detailed view of posteriorly
located structures such as the atria, atrial septum, and
mitral valve. The superior vena cava and pulmonary
veins, which cannot be imaged from the chest surface,
can be routinely assessed using the esophageal window.
This window is ideal in the intra-operative setting in
which transthoracic windows are unavailable. The indi-
cations for transesophageal echocardiography are sum-
marized in Table 1.1.

High quality echocardiographic images can be
obtained by placing the transducer directly onto the
beating heart during an open heart procedure (Fig 1.36).
This approach, epicardial echocardiography, can pro-
vide information not obtainable by other means but
essential to the management of patients with unusual
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Fig. 1.26 From the subcostal window, the inferior vena cava can be imaged as show in (a). Modified four chamber views are shown
in (b) and (c). In (c) the atrial septum is well seen. In (d) the left ventricular outflow tract and aortic valve are imaged by tilting the
imaging plane anteriorly. Ao aorta, IVC inferior vena cava, LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

cardiac anatomy and patients following complex sur-
gical repair, such as patients with complex congenital
heart disease following a complicated intracardiac pro-
cedure. Epicardial echocardiography underscores the
versatility of echocardiography in exploiting any avail-
able acoustic windows.

External Versus Internal Landmarks

The standard imaging windows are practical land-
marks for the echocardiographic examination. Images
acquired from these windows should provide a good
conceptual framework of the position of the heart in
relation to the thoracic cavity. Together with results
from other imaging modalities, images from these
standard windows are the basis for additional images
from other windows. There is an almost limitless num-
ber of imaging planes that can be obtained from the

standard and non-standard windows. A set of standard
imaging planes has been proposed and generally
adopted in the practice of echocardiography. This rela-
tively small number of imaging planes was chosen as
they have been found to be useful to illustrate specific
cardiac anatomy such as cardiac valves. As indicated
above, these imaging planes can be obtained in most
patients and provide most of the echocardiographic
data relating to cardiac structure and function.

With the body surface landmarks as the starting
point, additional landmarks are needed for the proper
framing of the individual imaging planes. The use of
internal landmarks can ensure that the cardiac structure
is properly displayed. In the parasternal long-axis view,
the imaging plane should be adjusted to maximize the
internal diameter of the left ventricle to ensure that it
transects the long-axis of the left ventricle. Although the
true long-axis of the ascending aorta and the long-axis
of the left ventricle can be imaged at the same time in
one imaging plane, this is not necessarily the case in all
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Fig. 1.27 The left ventricle can be imaged from the base to the apex (a—d) by moving the imaging plane leftward with the echocar-
diographic transducer at the subcostal region

subjects. Fine adjustment of the imaging plane to ensure
that the ascending aorta is optimally imaged is evi-
denced by achieving parallel alignment of the anterior
and posterior aortic walls in the same view. Attention to
this anatomic detail is essential when comparing the
measurement of the ascending aorta during serial fol-
low-up of patients with ascending aortic aneurysm. To
achieve these internal landmarks may require modify-
ing the transducer location from one intercostal space
to another. In the parasternal short-axis view, the papil-
lary muscles serve a useful landmark for localizing the
mid left ventricular segments. In addition, a normal
left ventricle should assume a symmetric circular
geometry in this view. There are no good internal land-
marks to guide the optimal image of the left ventricle
from the apical window, such that foreshortening the
left ventricular apex should be a constant concern. The

position of the transducer should be carefully adjusted
to maximize the length of the left ventricle (Fig. 1.37).
The recent development of three-dimensional imaging
should address this technical concern. Subcostal images
are particularly useful to image the atrial septum, but the
left ventricular apex is frequently not imaged from this
window (Fig. 1.26). Another structure that is well seen
from the subcostal window is the right ventricular out-
flow tract and the pulmonic valve (Fig. 1.27). From the
suprasternal window, the aortic arch and proximal
descending aorta are well seen particularly in young
individuals. Excessive pressure on the transducer should
be avoided so as to not compress the inominate vein
making its recognition difficult (Fig. 1.38). In subjects
with unfolded aortic arch, imaging from the right and
left supraclavicular fossae may provide better images of
the aortic arch.
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Fig. 1.28 (a) The subcostal window also provides assessment of the right ventricular outflow tract and the pulmonic valve, because
there is good alignment of these structures with the ultrasound beam. The color flow image in (b) shows mild physiological pulmonic
regurgitation. Ao aorta, PV pulmonic valve, RVOT right ventricular outflow tract
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Fig. 1.29 Both the long axis (a) and short axis (b) views of the aortic arch can be obtained from the suprasternal window. AA aortic
arch, IV innominate vein, LA left atrium, RPA right pulmonary artery, SVC superior vena cava, TS transverse sinus
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Fig. 1.30 The systolic flow in the right ventricular outflow tract by color flow imaging is shown in (a), and the pulsed wave spectral
signals in (b). The same assessments of the left ventricular outflow tract are shown in (¢) and (d). In normal individuals, the pulsed
wave spectral signals in the left ventricular outflow tract have high peak velocity and time integrals than those of the right ventricular
outflow tract which has a large annular area
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Fig. 1.31 This 94-year-old man has an increased left ventricular wall thickness and a small cavity. This is illustrated in the paraster-
nal long-axis (a), short axis (b), and apical four chamber (c) views. The flow in the left ventricular outflow tract (d) has a low velocity
and time integral, indicating a small stroke volume despite a normal ejection fraction. LA left atrium, LV left ventricle, RA right
atrium
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Fig.1.32 The right sternal border can be very useful in imaging the ascending aorta in the patients with a dilated aorta. The standard
left parasternal long axis view is shown in (a). (b) Is obtained from the right sternal border at the fourth intercostal space near the
sternum, showing the dilated ascending aorta. By moving the transducer to the right third intercostal space, the distal ascending
aorta, aortic arch and descending aorta can be imaged. (¢) The short-axis view of ascending aorta from the right sternal border is
shown in (d). AA ascending aorta, Arch aortic arch, DA descending aorta, LA left atrium, LV left ventricle, RPA right pulmonary
artery
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Fig. 1.33 The presence of a large left pleural effusion allows the use of the left paraspinal window to image the heart. In (a)
the left ventricle is imaged in long axis and in (b) in short-axis. The pericardium (arrow) is well seen due to the presence of a small
pericardial effusion. The left ventricle and the two papillary muscle are imaged in (c). The descending thoracic aorta is imaged in (d).
DA descending aorta, LV left ventricle, PE pleural effusion, RV right ventricle
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Fig. 1.34 (a) The left ventricular outflow tract and aortic valve are imaged in the view from the left paraspinal window. The aortic
flow can be assessed by pulsed wave Doppler as shown in (b). AV aortic valve, LV left ventricle, PE pleural effusion
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Fig. 1.35 Transesophageal echocardiography provides many views which can be divided into groups of views represented by the
four chamber view shown in (a), the basal aortic valve view in (b), the transgastric view in (¢) and the aortic views in (d)

Table 1.1 Indications of
transesophageal
echocardiography

Suboptimal or unavailable transthoracic images:
* Obesity, emphysema, ventilator, chest wall deformities, post sternotomy
* Intraoperative assessment

Additional anatomic details despite adequate transthoracic images:
* Mechanism of valvular regurgitation

* Detection of small vegetations

* Detection of perivalvular abscess

* Aortic plaques

Structures not imaged by transthoracic echocardiography
* Superior vena cava

* Left atrial appendage

* Pulmonary veins

* Descending thoracic aorta
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Fig. 1.36 Epicardial long-axis (a, b) and short-axis (¢, d) views of the left ventricle in a patient following mitral valve repair show
thickening of the posterior mitral leaflet consistent with repair and no mitral regurgitation. LA left atrium, LV left ventricle, RA right
atrium, RV right ventricle
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Fig. 1.37 The true apex of the left ventricle may not be imaged if the apical views are foreshortened. This patient has a small left
ventricular apical aneurysm which is missed in the foreshortened four chamber view in (a) and nicely demonstrated in (b) when the
transducer is positioned more laterally. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 1.38 The suprasternal long axis view of the aortic arch
shows the innominate vein superior to the arch. Excessive trans-
ducer pressure at the suprasternal window may obliterate the
innominate vein. AA aortic arch, IV innominate vein; LA left
atrium, RPA right pulmonary artery, 7' transverse sinus

Summary

A good understanding of the position of the heart in
relation to the thoracic cavity can be obtained from
images acquired from imaging windows on the body
surface and the results from other imaging modali-
ties. This information is helpful in the assessment of
intrinsic cardiac abnormalities and extrinsic cardiac
conditions. It also provides the necessary framework
for the use of additional non-standard windows
which can provide valuable information in specific

1 General Anatomy of the Heart in the Chest

clinical situations. The non-invasive nature and ver-
satility of echocardiography can provide almost lim-
itless number of imaging planes from many locations
on the body surface. The proper display of cardiac
structures requires careful attention to internal land-
marks. The development of 3D echocardiography
will likely further enhance the diagnostic capability
of echocardiography.
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Age-Related Cardiac Changes

Like all visceral organs, the heart ages. The fibrous
skeleton of the heart becomes sclerotic and calcifies,
the valve closing margins thicken, the aorta dilates and
tilts rightward on the interventricular septum making the
latter seem prominent, the ventricles decrease in size,
the left atrium enlarges, valves calcify and/or become
myxomatous and amyloid may deposit in the heart.

Fenestrations

Fenestrations of semilunar valve cusps are very com-
monly noted at pathology examination and at surgery
and may be detected by imaging studies. Fenestrations
are an acquired degenerative change whose frequency
increases with age. Fenestrations are typically found in
the region of the lunula, which is the portion of the
valve cusp between the line of closure and the free
edge of the cusp (Figs. 2.1, 2.2). They may extend from
the region of the commissures all the way to the nodule
of Arantius in the middle of the cusp. Fenestrations are
not usually associated with aortic regurgitation as they
are located distal to the line of closure. Acute aortic
insufficiency due to rupture of fenestrated aortic valve
cusp has been reported [1]. This occurs when the fen-
estration is large and extends beyond the line of closure
into the body of the cusp, or the fenestration is located
at the commissure and its rupture leads to cusp pro-
lapse. If dilation of the aortic root moves the line of
valve closure towards the cusp free edge, the fenestra-
tion may be incorporated into the functional portion of
the valve, and regurgitation through the fenestration
may develop [2].

Un-ruptured aortic fenestrations are not detectable
echocardiographically, because they are located in the
lunula region beyond the line of closure. Ruptured

Fig. 2.1 Opened aortic valve with fenestrations (arrow) visible.
Note they are above the line of valve closure near the commis-
sures laterally

fenestrations can be identified as long linear strands
arising from the aortic cusps. They are best seen in the
left ventricular outflow tract during aortic valve closure
(Fig. 2.2). They are differentiated from vegetations by
their long linear appearance and the absence of aortic
regurgitation as previously discussed.

Lambl’s Excresences

Lambl’s excrescences and fibrous tags are thought to
represent a common valvular degenerative or age-
related lesion, often thought to reflect wear and tear.
Some consider these to represent repetitive trauma-
related endothelial proliferations or organized thrombi.
They may occasionally be found in much younger
patients, including children. Thrombi have a tendency
to form on these areas of endocardial roughening (non-
bacterial thrombotic endocarditis). On gross examina-
tion Lambl’s excrescences commonly occur at lines of
valve closure and are most common on the left sided

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis, 27
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Fig. 2.2 The parasternal long-axis view (a) of a 43-year-old woman shows that there is long linear density (arrows) attaching to the
tip of the aortic valve and prolapsing into the left ventricular outflow tract in diastole. Color flow imaging shows no aortic regurgita-
tion (b). This linear mobile density likely represents a ruptured aortic fenestration. LA left atrium

valves, including the aortic valve near the nodulus of
Arantius. The excrescences appear as tiny tags of
fibrous material and are best visualized immersed under
water (Fig. 2.3). These morphologic features have been
observed on echocardiography (Fig. 2.4). These excres-
cences are grossly similar to papillary fibroelastoma
neoplasms, but differ in size and location. On micro-
scopic examination they are similar to papillary
fibroelastomas with endothelial covered fibroelastic
cores, sometimes associated with adherent thrombi.
They can cause turbulence, and are a site of relative sta-
sis where thrombosis may occur and thus may provide
a site for the development of infective endocarditis.
Coronary ostial obstruction and embolization of frag-
ments or excrescences have been reported. It is proba-
ble that the emboli originate from thrombus on the
Lambl’s, rather than the fibroelastic material itself.

Fig. 2.3 Close up view of an aortic valve cusp. In the center of
the cusp, midline, along the line of closure, there are multiple
small whisker like Lambl’s excrescences (arrow)
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Fig. 2.4 (a) Small whisker-like mobile densities (arrow) consistent with Lambl’s excrescences are seen on the aortic valve in this
87-year-old woman. (b) These are more clearly demonstrated (arrow) by transesophageal echocardiography. Ao aorta, LA left

atrium, LV left ventricle

Mitral Annular Calcification

Mitral annular calcification (MAC) is a common find-
ing in the hearts of elderly patients, especially females.
Although MAC has been considered to be an age-
related finding, it probably is a pathological process
due to degenerative changes in the mitral annulus. Its
incidence is low in those under the age of 50 years;
however, the incidence of MAC increases to become
common in the elderly. It is a progressive process,
albeit at a slow pace in most patients. In association
with mitral valve disease, especially mitral valve pro-
lapse (myxomatous/floppy mitral valve), the condition
may occur in younger patients. MAC occurs at an ear-
lier age, is more exaggerated and has a more rapid pro-
gression in those with calcium metabolic abnormalities
such as hyperparathyroidism and chronic renal failure,
especially in those who are dialysis dependent.

Mitral annular calcification is usually localized to
the mitral ring, invariably the most common site being
the base of the posterior mitral leaflet (Fig. 2.5).
Rarely the calcium extends onto the mitral leaflet
(Fig. 2.6). This process generally starts at the base of
the leaflets and the tips of leaflets remain mobile
(Fig. 2.7). MAC may be distinguished from post-
rheumatic changes by the lack of leaflet commissural
fusion and the fact that the leaflet is not diffusely dis-
eased. MAC may also fix or tether the posterior leaflet

Fig. 2.5 The mitral valve has been opened laterally demonstrat-
ing severe calcification of the posterior annulus between the left
atrium and the left ventricle

to the underlying calcified mass, restricting the leaflet
motion and contributing to valve insufficiency. Loss
of the normal left ventricle squeezing motion during
systole due to rigidity, also contributes to mitral insuf-
ficiency. When liquefactive degeneration of the cal-
cific mass occurs, extension to the posterior left atrial
wall has been described (Figs. 2.8, 2.9). In these
cases, the mass may mimic a valvular mass (Fig. 2.10).
MAC with liquefaction necrosis may grossly mimic a
gumma, an abscess or more commonly a necrotizing
granuloma (Fig. 2.9). MAC may also ulcerate with
thrombus deposition with the potential for emboliza-
tion (Fig. 2.11). MAC was associated with a doubled
risk of stroke, independent of traditional risk factors
for stroke, in longitudinally followed population-
based cohort (Framingham Heart Study). MAC may
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Fig. 2.6 Mitral annular calcification is demonstrated in the parasternal long- (a) and short-axis (b) views as localized, bright density
at the base of the posterior mitral leaflet (arrow). The circumferential extent is clearly shown on the short-axis view (arrows). LA left
atrium, LV left ventricle

Fig. 2.7 In this 86-year-old woman, the sclerotic changes
involve the aortic root and extend to involve the basal two

thirds of the anterior mitral leaflet. Mitral stenosis should be

suspected when both mitral annular calcification and sclerotic ~ Fig. 2.8 Liquefaction of a large mitral annular calcific deposit.
involvement of the mitral leaflets are present. LA left atrium, It extends under the left atrium (LA) wall and fixes the posterior
LV left ventricle mitral leaflet to it. LV left ventricle
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Fig. 2.9 This 88-year-old woman has a large calcific mass at the posterior mitral annulus which may be confused with an abscess
or necrotizing granuloma. The mitral annular calcification is less echo dense in keeping with liquefaction, and is shown (arrows) in
the parasternal long-axis (a) and short-axis (b) views. LA left atrium, LV left ventricle

also become ulcerated and infected, giving rise to
emboli. If infected, there is usually leaflet perforation
and myocardial abscess formation. Thus when MAC is
noted in an echocardiographic examination to assess
for a source of emboli, it should be remembered that
MAC is not only a risk factor for thromboembolism but
may have a direct causative role.

Calcific Aortic Valve Changes

Age-related “degenerative change” of aortic valves is
the most common cause of adult aortic valve stenosis
encountered in North America. Traditionally valve
“degenerative” calcification was thought to be passive
in nature representing dystrophic calcification of
degenerated material from wear and tear of the valve
tissue. Increasingly, this theory has been shown to be

incomplete. Early there is endothelial dysfunction
from wear and tear, and hemodynamic shear stresses,
followed by lipid accumulation, inflammation, altera-
tion of cytokines, growth factors and valve matrix
metalloproteinases [3]. The process of valve calcifica-
tion has much in common with atherosclerosis and
bone formation [4-6]. Progression of aortic valvular
disease in patients from the general population has
been associated with many of the traditional risk fac-
tors for atherosclerotic disease including systemic
arterial hypertension, hyperlipidemia, and diabetes
mellitus [7-10]. Stenotic aortic valves have a larger
amount of lipid compared to non-stenotic valves [11].
The lipid may oxidize and attract inflammatory cells.
Early cusp yellow discoloration and fibrosis eventually
evolves into an arch of calcium extending from the
base of each cusp like an inverted “u” (Fig. 2.12). With
repetitive valve deformation, endothelial damage,
inflammation and lipid oxidation, nodules of calcium
form and the cusp becomes sclerotic.
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Fig. 2.10 The extent of mitral annular calcification and involvement of the mitral leaflet are shown in these transesophageal echo
views (a—c). The calcification extends and limits the excursion of both leaflets. The 3D view of the mitral orifice from the left atrial
perspective (d) shows that the calcification involves the basal half of the entire anterior mitral leaflet (short arrow), and a large cal-
cific mass in the medial aspect of the annulus (long arrow). LA left atrium, RA right atrium

Fig. 2.11 There is a mobile mass (arrow) attaching to the ven-
tricular surface of the mitral annulus calcification in this 73-year-
old man with coronary artery disease. The mass is likely a thrombus
because it resolves following anticoagulation treatment. LA left
atrium, LV left ventricle, RA right atrium, RV right ventricle

Nodular thickening of one or more of the aortic
cusps is an early sign of age-related degeneration [12].
The thickening is usually located at the nodule of
Arantius or the base of the commissures (Fig. 2.13). In
a follow-up of 3-5 years, about 10% of individuals with
aortic sclerosis will progress to develop aortic stenosis.
Aortic stenosis is also a progressive process, and indi-
viduals with more extensive valvular calcification have
a more rapid rate of progression. Recent trials have
showed that cholesterol lowering with statin does not
have an effect on the progression of aortic stenosis.

When aortic valve cusp calcification is present, it is
not unusual to note calcification of the sinotubular
junction above the aortic valve (Figs. 2.14, 2.15).
Pathologically, the sinotubular calcium deposits are
similar to those observed in MAC. This calcification is
usually benign and clinically silent. However, if the
deposit becomes large it may extend to and obstruct
the coronary arterial ostia.
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Fig. 2.12 Excised aortic
valve with degenerative
calcification. The calcium is
localized and the free edge of
the cusp is relatively spared.
Small fenestrations at the
lateral area of each cusp are
also evident
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Fig. 2.13 The age-related sclerotic changes are shown in the parasternal long-axis (a) and short-axis (b) views. The aortic valve is
tricuspid with diffuse thickening of the right cusp and thickening of the nodule of Arantius of the non-coronary cusp. The left cusp
is relatively unaffected. There is mild restriction in excursion of the aortic cusps. The aortic root is also involved, as it has increased
thickness. Ao aorta, LA left atrium, LV left ventricle

Age-Related Amyloidosis

Amyloid deposition is common in the elderly heart.
Amyloidosis is a disease process, with a common
staining characteristic — eosinophilic amorphous on
routine stains, and birefringence with polarized light

using a Congo red stain. The heart may be involved by
primary amyloid, secondary amyloid, and senile or
age-related systemic and familial transthyretin types.
The prevalence of cardiac involvement and the resul-
tant clinical consequences vary considerably between
the groups. Amyloid may be clinically silent, or may
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Fig. 2.14 Calcification of the sinotubular junction (arrows)
above the aortic valve and the aortic sinuses. LV left ventricle

be associated with arrhythmias, diastolic dysfunction
and restrictive myocardial findings, asymmetrical sep-
tal hypertrophy, systolic dysfunction, conduction dis-
turbances, and coronary insufficiency [13].

Senile or age-related transthyretin amyloid is often
without clinical complication. Histologically it cannot
be distinguished on routine stains from the other

2 Age-Related Cardiac Changes

amyloid types, so immunostaining is informative.
Age-related amyloid may be found in any chamber, the
coronary arteries, the valves and the pericardium.
Commonly it deposits in a pericellular location around
the myocytes, and if significant, it may contribute to
diastolic dysfunction. Endocardial and valve amyloid
deposits may cause stiffening. Epicardial vascular
amyloid is often silent, but the small vessel disease
may cause microinfarcts. The fibrosis associated with
these infarcts aggravates the diastolic dysfunction.

Age-Related Cardiac Chamber Changes

With age, studies have found that the heart weight
remains relatively constant in men but the heart weight
increases in women, up to about the tenth decade and
then the heart weight decreases in both men and women
[14]. The heart stiffens and the volume of the left ven-
tricle decreases with a decrease in base to apex dimen-
sion [15-20]. The interventricular septum may slightly

Fig.2.15 This 84-year-old woman with aortic stenosis has calcification at the sinotubular junction (arrows) shown in the transesoph-
ageal aortic long-axis (a) and short-axis (b) views. Ao aorta, LA left atrium
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Fig.2.16 These are the parasternal long-axis (a), short-axis (b), apical four chamber (c) and apical long-axis (d) views of a 71-year-
old woman. The ventricular septum is angulated with a sigmoid shape (arrow) and the left ventricular wall thickness is mildly

increased. LV left ventricle

increase in thickness (Fig. 2.16). This needs to be con-
sidered in the assessment of patients suspected to have
hypertrophic cardiomyopathy [14, 21] The left atrium
increases in volume and dilates with age [21, 22]

With age, the aorta dilates and tilts to the right on
the interventricular septum, thus the ventricular sep-
tum under the aortic valve becomes protuberant or
prominent in the left ventricle outflow tract (Figs. 2.16,
2.17). This has been termed the “sigmoid” septum due
to the shape of the left ventricle outflow tract. It is gen-
erally not clinically significant but it can contribute to
systolic anterior motion of the mitral valve leaflet and
may contribute to left ventricle outflow obstruction in
hearts with significant left ventricular hypertrophy
(Fig. 2.18). It is sometimes removed as a surgical
myomectomy specimen during aortic valve replace-
ment (as the individuals have aortic stenosis related
left ventricular hypertrophy exacerbating the promi-
nence of the septum).

Fig. 2.17 The heart has been opened to show the left ventricle
outflow tract. The upper part of the ventricle septum is promi-
nent (arrow), as the aorta (Ao) has shifted slightly rightward
with age. LA left atrium
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Fig. 2.18 This 69-year-old woman undergoes dobutamine stress echocardiography because of exertional dyspnea and tiredness.
The parasternal long-axis view is shown in (a), apical long-axis view in (b), color flow imaging of the apical long-axis view in (c)
and continuous wave Doppler assessment of the left ventricular outflow tract in (d). During dobutamine infusion, systolic anterior
motion of the mitral valve (arrow) develops associated with a high subaortic gradient. LA left atrium, LV left ventricle

Summary

An understanding of the age-related changes is crucial
to the interpretation of echocardiographic findings. The
presence of a sigmoid septum is likely normal in an
elderly individual but should raise the possibility of
hypertrophic cardiomyopathy in a young person.
Sclerotic changes and calcification of cardiac structures
are common in the elderly, and should not be confused
with abnormalities such as tumors.

References

1. Blaszyk H, Witkiewicz AJ, Edwards WD. Acute aortic
regurgitation due to spontaneous rupture of a fenestrated
cusp: report in a 65-year-old man and review of seven addi-
tional cases. Cardiovasc Pathol. 1999 July;8(4):213-216.

. Lee AP, Walley VM, Ascah KJ, Veinot JP, Davies RA, Keon

WI. A fenestrated aortic valve contributing to iatrogenic aor-
tic insufficiency post mitral valve replacement. Cardiovasc
Pathol. 1996;5(2):81-83.

. Mohler ER III. Mechanisms of aortic valve calcification. Am

J Cardiol. 2004 Dec 1;94(11):1396-1402.

. Rajamannan NM, Subramaniam M, Rickard D, et al. Human

aortic valve calcification is associated with an osteoblast
phenotype. Circulation. 2003;107(17):2181-2184.

. Wallby L, Janerot-Sjoberg B, Steffensen T, Broqvist M. T

lymphocyte infiltration in non-rheumatic aortic stenosis: a
comparative descriptive study between tricuspid and bicus-
pid aortic valves. Heart. 2002;88(4):348-351.

. Mohler ER III, Gannon F, Reynolds C, Zimmerman R,

Keane MG, Kaplan FS. Bone formation and inflammation in
cardiac valves. Circulation. 2001;103(11):1522-1528.

. Wierzbicki A, Shetty C. Aortic stenosis: an atherosclerotic

disease? J Heart Valve Dis. 1999 July;8(4):416-423.

. Palta S, Pai AM, Gill KS, Pai RG. New insights into the

progression of aortic stenosis: implications for secondary
prevention. Circulation. 2000;101(21):2497-2502.

. Aronow WS, Ahn C, Kronzon I, Goldman ME. Association

of coronary risk factors and use of statins with progression



References

10.

11.

12.

13.

14.

15.

of mild valvular aortic stenosis in older persons. Am J
Cardiol. 2001 Sept 15;88(6):693-695.

Iivanainen AM, Lindroos M, Tilvis R, Heikkila J, Kupari M.
Calcific degeneration of the aortic valve in old age: is the
development of flow obstruction predictable? J Intern Med.
1996 Mar;239(3):269-273.

Nissen SE, Tuzcu EM, Schoenhagen P, et al. Statin therapy,
LDL cholesterol, C-reactive protein, and coronary artery
disease. N Engl J Med. 2005 Jan 6;352(1):29-38.

Sahasakul Y, Edwards WD, Naessens JM, Tajik AJ. Age-
related changes in aortic and mitral valve thickness: implica-
tions for two-dimensional echocardiography based on an
autopsy study of 200 normal human hearts. Am J Cardiol.
1988 Sept 1;62(7):424-430.

Stamato N, Cahill J, Goodwin M, Winters G. Cardiac amy-
loidosis causing ventricular tachycardia: diagnosis made by
endomyocardial biopsy. Chest. 1989;96:1431-1433.
Kitzman DW, Scholz DG, Hagen PT, Ilstrup DM, Edwards
WD. Age-related changes in normal human hearts during
the first 10 decades of life. Part II (Maturity): a quantitative
anatomic study of 765 specimens from subjects 20 to 99
years old. Mayo Clin Proc. 1988 Feb;63(2):137-146.

Okura H, Takada Y, Yamabe A, et al. Age- and gender-spe-
cific changes in the left ventricular relaxation: a Doppler
echocardiographic study in healthy individuals. Circ
Cardiovasc Imaging. 2009 Jan;2(1):41-46.

16.

17.

18.

19.

20.

21.

22.

37

Lieb W, Xanthakis V, Sullivan LM, et al. Longitudinal tracking
of left ventricular mass over the adult life course: clinical cor-
relates of short- and long-term change in the framingham off-
spring study. Circulation. 2009 June 23;119(24):3085-3092.
Salmasi AM, Alimo A, Jepson E, Dancy M. Age-associated
changes in left ventricular diastolic function are related
to increasing left ventricular mass. Am J Hypertens. 2003
June;16(6):473-4717.

Lindroos M, Kupari M, Heikkila J, Tilvis R.
Echocardiographic evidence of left ventricular hypertrophy
in a general aged population. Am J Cardiol. 1994 Aug 15;
74(4):385-390.

Shub C, Klein AL, Zachariah PK, Bailey KR, Tajik AlJ.
Determination of left ventricular mass by echocardiography
in a normal population: effect of age and sex in addition to
body size. Mayo Clin Proc. 1994 Mar;69(3):205-211.
Grandi AM, Venco A, Barzizza F, Scalise F, Pantaleo P,
Finardi G. Influence of age and sex on left ventricular anat-
omy and function in normals. Cardiology. 1992;81(1):8-13.
Kitzman DW, Edwards WD. Age-related changes in the anat-
omy of the normal human heart. J Gerontol. 1990 Mar;
45(2):M33-M39.

Waller BF, Bloch T, Barker BG, et al. The old-age heart:
aging changes of the normal elderly heart and cardiovascular
disease in 12 necropsy patients aged 90 to 101 years. Cardiol
Clin. 1984;2:753-779.



Aortic Valve

Native cardiac valves may be involved by dysfunc-
tional states, stenosis and regurgitation, or by vegeta-
tions, infective or non-infective. Valves that are surgically
excised are examined for a number of reasons: (a) to
document the indications for surgery, (b) to correlate
pathology with pre-operative clinical diagnosis, hemody-
namics, and imaging findings, (c) to document infective
endocarditis or rule this out, (d) to determine the etiology
of the valvular lesion — its natural history, post-operative
prognosis, and association with systemic disease, and
(e) to validate new diagnostic imaging techniques [1].

Dysfunction of a cardiac valve can occur with or
without concomitant structural abnormalities of the
valve. Valves that are stenotic almost always have
some anatomic abnormality — usually fibrosis or calci-
fication. In contrast, purely regurgitant valves do not
always have anatomic abnormalities present in the
excised specimen. In regurgitation, the abnormality
may be related to the valve or to the surrounding sup-
porting structures. For this reason stenotic lesions usu-
ally take years to develop, whereas regurgitant lesions
may be chronic or acute in nature.

Proper function of the aortic valve requires adequate
excursion of the aortic cusps during systole and proper
coaptation during diastole. The ways in which excursion
or coaptation are affected provide insight into the patho-
genesis of the aortic valvular dysfunction, which is par-
ticularly important in the selection of patients with aortic
regurgitation for aortic valve repair. There is an intimate
relationship between morphology and function, such
that significant valvular dysfunction should be ques-
tioned in the absence of structural abnormality of the
aortic valve. Conversely, it is uncommon to have normal
aortic valvular function when there are significant struc-
tural abnormalities involving the aortic valve. A normal
aortic valve opens with no restriction such that at maxi-
mal excursion, the valve cusps open parallel to the aortic

wall, almost abutting the aortic wall, and such that the
normal aortic valve area (AVA) approximates the area of
the aortic annulus (Figs. 3.1, 3.2). Even the slightest
degree of doming of the aortic cusp suggests that there is
restriction to the opening of the aortic cusps and a care-
ful search for its cause is indicated. During aortic valve
closure, the opposing cusps coapt proximal to the tip of
the cusp for a small distance of 1-2 mm, the line of clo-
sure (Figs. 3.3, 3.4). Due to the high quality images,
transesophageal echocardiography is frequently used to
assess aortic morphology and function (Fig. 3.5).

Aortic Stenosis

The aortic valve normally has three cusps. They are
attached to the aorta in a crown or corona like configu-
ration. The cusps are unequal in size. The right and left
are similar size, but the posterior or non-coronary cusp
is usually slightly larger than the other two. The cusps
have a free edge and a closing margin where they over-
lap and contact with each other during normal valve
function (Fig. 3.4). Each cusp is separated from the
adjacent cusps by a commissure. In the mid of each
cusp’s closing margin on the ventricular side, there is a
central protrusion termed the nodule of Arantius.
During left ventricular contraction, ejection of blood
into the aorta can be impeded by restricted excursion of
the aortic cusps, obstruction in the left ventricular out-
flow tract, and obstruction above the aortic valve. These
three types of obstruction are described as valvular, sub-
valvular, and supravalvular aortic stenosis. Coexistence
of multiple levels of obstruction is not uncommon and
should be taken into consideration when any one of
these three types of obstruction is present. By far, valvu-
lar aortic stenosis is the most common. The prevalence
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3 Aortic Valve

Fig. 3.1 A normal tricuspid aortic valve in a young individual is shown in the long-axis (a) and short axis (b) views in systole. The
aortic cusps open fully parallel to and almost abutting the aortic walls, with a circular orifice in the short-axis view. Ao aorta, LA left
atrium, RA right atrium, RVOT right ventricular outflow tract

Fig. 3.2 These are the parasternal long-axis (a) and short-axis (b) views in diastole of the same subject shown in Fig. 3.1. The three
symmetrical aortic cusps are clearly seen. LA left atrium, LV left ventricle




Aortic Stenosis

Fig. 3.3 Proper aortic cusp coaptation (arrow) in diastole is
shown in the parasternal long-axis view. The aortic cusps oppose
over a length of 1-2 mm

f

-

Fig. 3.4 Aortic valve cusp with line of closure indicated (arrows)

of aortic valve stenosis is increasing with the aging of
the population.

Stenosis of the aortic valve is usually due to pathol-
ogy of the valve cusps, most commonly cusp fibrosis,
calcification and commissural fusion. The most com-
mon causes of aortic valve stenosis include: age-related
calcificdegenerative (senile)changes, post-inflammatory
changes — usually rheumatic, and congenitally bicuspid
valve [2]. Another cause of valvular aortic stenosis is
congenitally unicuspid valve. In general, age-related
calcific degenerative disease is increasing in incidence,
congenital valve disease remains stable at about 1-2%
of the population and post-inflammatory and rheumatic
valve disease is on the decline in North America.
Rheumatic disease remains a major cause of valve dis-
ease in the developing world.

a

Age-Related Calcific Valve Stenosis

Due to the increasing age of the population, age-related
degenerative aortic valve changes might have important
implications for future health care costs. Age-related
degenerative change of aortic valves is the most com-
mon cause of adult aortic valve stenosis encountered in
North America [2]. In age-related degeneration there are
three cusps that only undergo degeneration after many
decades of normal function. The cusps are separate and
the commissures are not fused. The process probably
begins with lipid accumulation, but eventually calcium
and sometimes bone are deposited in an arch-like con-
figuration in each cusp. The lipid may oxidize and attract
inflammatory cells. The top of each arch is directed at
the free edge of the cusp with the calcium ridge extend-
ing to the base of each cusp (Figs. 3.6, 3.7). Traditionally
valve calcification was thought to be passive in nature
representing dystrophic calcification of degenerated
material. Wear and tear of the valve tissue was postu-
lated. Increasingly, this theory has been shown to be
incomplete. An early event appears to be endothelial
dysfunction from wear and tear and hemodynamic shear
stresses. After this, numerous active mechanisms ensue
including lipid accumulation, inflammation, alteration
of cytokines, growth factors, and valve matrix metallo-
proteinases [3]. The process of valve calcification has
much in common with atherosclerosis and bone forma-
tion [4-6]. Progression of aortic valvular disease in
patients from the general population has been associated
with many of the traditional risk factors for atheroscle-
rotic disease, including systemic arterial hypertension,
hyperlipidemia, and diabetes mellitus [7-9].

The calcified aortic valves commonly have variable
degrees of inflammation including macrophages, plasma
cells, and lymphocytes [6, 10]. These cells are capable
of synthesizing osteopontin, which may act to hold sur-
rounding cells to the calcified deposits [11]. Bone with
osteoblast-like cells may be observed. Aortic valve
stenosis from degenerative or age-related changes is
commonly seen in individuals over the age of 50 years.
A sclerotic valve may eventually become a stenotic cal-
cified valve given time and the right environment. Earlier
calcification is seen if the valve has been damaged, such
as previous surgical manipulation or radiation. The
internal milieu may also accelerate calcification. Patients
with hyperparathyroidism and chronic renal failure,
especially those who are dialysis dependent, have accel-
erated valve disease [12]. Finally some storage diseases,
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Fig. 3.5 The aortic cusp coaptation (a) and valve morphology (b) are shown in the transesophageal echocardiograms, showing a

normal tricuspid aortic valve

Fig. 3.6 Closed aortic valve with calcific degenerative changes —
age-related degeneration. The three cusps are of almost equal
size and the commissures are not fused (arrows)

such as certain types of Gaucher’s disease, lead to aortic
valve disease in young individuals [13].

Congenitally Bicuspid Aortic Valve

Congenitally bicuspid valve is present in 1-2% of the
population. Some of these valves calcify and are
stenotic, while others become regurgitant, as will be
discussed. The bicuspid valve forms as two of the cusps
fail to split during development. The resulting cusp is
termed the conjoined cusp. The two congenitally bicus-
pid valve cusps are usually about equal in the circum-
ference they occupy in the aorta, but are rarely identical.
They often occupy some combination of 40-60% of the
circumference each. The conjoined cusp has a flat free
edge and a ridge at the base of the cusp near the aorta.
This ridge is perpendicular to the aorta and is termed
the raphe and represents the area of failed cusp division.
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Fig. 3.7 Excised aortic valve
with age-related degenerative
changes. The valve is not
fused at the commissures and
therefore can be removed in
three pieces. The free edges
are flat and the calcification is
arch like causing cusp
rigidity

The raphe usually only reaches about half way up the
cusp and is of variable size and shape (Figs. 3.8, 3.9).
Some raphes are fibrotic and calcified. Bicuspid aortic
valve is the most common predisposing condition for
the development of aortic stenosis. It is more prevalent
than tricuspid aortic valve in patients with aortic steno-
sis who are in or below the sixth decade of life. It should
be remembered that the congenitally bicuspid valve
may be associated with an aortopathy in many cases, as
the ascending aorta and the aortic valve have the same
cells of origin and develop from the same embryologi-
cal truncus arteriosus. In a patient with a congenitally

Fig. 3.8 Congenitally bicuspid valve surgically excised. On the
conjoined cusp there is a flat free edge and a ridge at the cusp
base termed the raphe (arrow). This is the area where the cusp
failed to divide
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Fig. 3.9 Congenitally bicuspid aortic valve in situ from above.
The raphe is noted (arrow)

bicuspid valve, the aorta must be observed for dilata-
tion, as there is a risk of aneurysm or dissection [14].
Congenitally unicuspid valves are usually stenotic
and are invariably symptomatic before the third decade
of age. There is failure of the cusps to split, and one
finds a valve with a tear drop-like orifice unicuspid
unicommissural valve, or with no commissures as a
dome- or hole-shaped unicuspid acommissural valve.

Post-inflammatory
Rheumatic Aortic Stenosis

Rheumatic valve disease, a chronic result of rheumatic
fever, is the disease most associated with “post-
inflammatory” valve disease. Rheumatic disease still
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remains an important cause of valve disease in the global
perspective. The acutely involved rheumatic valve is not
seen by the pathologist, but the chronically scarred,
inflamed, and neovascularized valves are. Chronically,
rheumatic fever leads to valve neovascularization, chronic
inflammation, commissural fusion, valve thickening, and
calcification. Scarring, important in the progression of
valvular disease, is accompanied by neovascularization.
Once the valve is inflamed and there is neovasculariza-
tion, lymphocytes can infiltrate the valve, both through the
valve surface as well as through the neovascularization
channels. Even in old calcified rheumatic valves, lympho-
cytes and neovascularization are still present, indicating
progression or persistence of disease in the valve [15].

Chronic rheumatic aortic valves have three cusps
with fibrosis, with or without calcification. The com-
missures are often fused. Valves may be thickened and
show scar cusp retraction resulting in a combination of
aortic stenosis and regurgitation. If the cusps fuse into
an acquired bicuspid valve, the distinction from a con-
genitally bicuspid valve is sometimes difficult. In a
post-inflammatory fused cusp, one cusp should be twice
the circumference and size of the other cusp, as it repre-
sents fusion of two previously normally sized cusps.
The free edge of the fused cusp usually is “v” shaped
rather than flat. No raphe is seen (Fig. 3.10a, b). If there
is a ridge in the area of commissural fusion, this ridge
often extends all the way to the cusp free edge.

3 Aortic Valve

Sub-aortic Valve Stenosis

Subaortic stenosis is usually due to fibromuscular
ridges or membranes. Three pathological types are
recognized. Membranous subaortic stenosis is due to
a discrete fibrous membrane beneath the valve.
Fibromuscular obstruction may be a discrete ridge of
muscle or the process may be a diffuse muscular hyper-
trophy as a tunnel stenosis. In all cases, the aortic valve
above the area of stenosis is often damaged by the
valve turbulence and often the valve, the ridge, and the
outflow tract have to be dealt with at surgery. The sub-
aortic stenosis may slowly reoccur after surgery.
Subvalvular aortic stenosis can be categorized into
two main groups by echocardiography: fixed and dynamic
stenosis. This is best assessed using the parasternal long
axis view. There are three types of fixed subaortic steno-
sis. The subaortic membrane is the most common variety
(Figs. 3.11, 3.12). It is typically located about 1 cm from
the aortic annulus within the left ventricular outflow tract.
The severe form shows extension onto the ventricular
surface of the anterior mitral leaflet within 1 cm of the
posterior aortic annulus. The membrane is visualized as a
thin linear echo density within the left ventricular outflow
tract. In the mild form, it appears as a crescentric curtain
at the superior aspect of the left ventricular outflow tract
in the short axis view. The severe variety will have an
appearance of a circumferential curtain within the left

Fig. 3.10 (a) Chronic rheumatic aortic valve disease surgical specimen. The three commissures are fused and there is fibrosis. The
valve orifice is stenotic (and would also remain open) and the cusps are rigid. (b) An in situ aortic valve demonstrating the commis-

sural fusion of the three valve cusps in the aorta
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Fig. 3.11 Excised subaortic
fibrous membrane from a
patient with subaortic
stenosis

Fig. 3.12 The subaortic membrane is usually imaged in the parasternal long-axis view (a) and located about one centimeter from
the aortic annulus frequently extending onto the anterior mitral leaflet. The apical long-axis is view (b) is also a good view to show
the subaortic membrane which is orthogonal to the ultrasound beam in this view. The color flow image of the apical long-axis view
(c) shows flow acceleration at the site of the membrane, and the continuous wave Doppler (d) shows a peak gradient of 50 mmHg.
LA left atrium, LV left ventricle
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ventricular outflow tract. Mild aortic regurgitation is
usually present. The subaortic membrane may be bet-
ter seen from the apical window because the membrane
is orthogonal to the ultrasound beam in this window.
When a subaortic membrane is present, additional left
heart obstructive lesions such as supra-mitral valvular
ring, bicuspid aortic valve, and coarctation should be
sought. In the adult population, there is little or no pro-
gression of the subaortic membrane with time [16, 17].
Aortic regurgitation usually does not progress rapidly
and resection of subaortic membrane to preserve aortic
valvular function may not be indicated.

Fibromuscular subaortic stenosis also involves the
left ventricular outflow tract adjacent to the aortic
annulus. It has a thick profile with a larger base. It has
a higher recurrence rate following surgical resection.
Diffuse narrowing of the left ventricular outflow tract

3 Aortic Valve

giving rise to the subaortic tunnel is the least common
type of fixed subaortic stenosis. Amelioration of the
tunnel obstruction is difficult and requires complex
patch enlargement of the left ventricular outflow tract.

Dynamic Subaortic Obstruction

This type of obstruction is due the development of
dynamic obstruction related to hypertrophy and protru-
sion of the basal anterior septum. It is most commonly
seen in patients with hypertrophic cardiomyopathy in
whom systolic anterior motion of the mitral leaflet is a
common associated finding (Fig. 3.13). However, dynamic
left ventricular outflow tract obstruction is not restricted
to patients with hypertrophic cardiomyopathy. It is

Fig. 3.13 In this patient with obstructive hypertrophic cardiomyopathy, there is severe hypertrophy involving the anterior septum
clearly shown in the parasternal long-axis (a) and apical four-chamber (b) views. In the long-axis view (a), systolic anterior motion
of the mitral valve is present (arrow). The color flow image of the apical long-axis view (¢) shows flow acceleration in the left ven-
tricular outflow tract indicative of subaortic obstruction which is assessed by continuous wave Doppler (d) showing a late peak
signal with a peak velocity of exceeding 6 m/s. LA left atrium, LV left ventricle
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also seen in patients with anterior wall myocardial
infarction with sparing of the basal septum [18]. This
is an important phenomenon to recognize as proper
management with fluid replacement and beta-blockade
can frequently ameliorate the subaortic obstruction.
On the other hand, inotropic support and diuretics may
exacerbate the subaortic obstruction leading to more
profound hypotension.

Dynamic subaortic stenosis can also be detected in
the elderly, particularly in those with concentric hyper-
trophy due to longstanding hypertension (Fig. 3.14).
With age the aorta shifts right-ward making the
top of the interventricular septum prominent [19].
Hypovolemia due to dehydration or blood loss may
accentuate the subaortic stenosis and bring this to clini-
cal attention. This finding may be the basis of the devel-
opment of a heart murmur in these patients, and may be
the reason for limited physical endurance in some of
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these patients. Exercise stress echocardiography with
the bicycle protocol allows the assessment of the sever-
ity of dynamic subaortic stenosis at different stages of
exercise providing useful insights to the management
of these patients.

Supravalvular Aortic Stenosis

Supravalvular aortic stenosis may be associated with
syndromes such as Williams’s syndrome. This syn-
drome has serum calcium metabolic abnormalities, a
characteristic facies, and dysplasia and thickening of
the aorta [20]. The arterial thickening process may
even extend into the proximal coronary arteries

By echocardiography this can be recognized as
focal narrowing of the ascending aorta at the
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Fig. 3.14 This is a 76-year-old woman admitted for gastrointestinal bleeding. She was noted to have a heart murmur. The apical
long-axis view (a) shows small left ventricular cavity and the presence of systolic anterior motion of the mitral valve (arrow). Color
flow imaging (b) of the same view shows flow acceleration in the left ventricular outflow tract, confirmed by pulsed wave Doppler (c)
and continuous wave Doppler (d) shows a high subaortic gradient. She responded favorably to volume replacement. LA left atrium,
LV left ventricle
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Fig. 3.15 These transesophageal images are obtained from an 18-year-old woman with discrete supravalvular aortic stenosis (a),
and the presence of stenosis is confirmed by the color flow image in (b). Ao aorta, LA left atrium, LV left ventricle

sinotubular junction in the parasternal long axis view
(Fig. 3.15). Although this is usually a condition associ-
ated with congenital heart disease, this can be an
acquired condition in patients with familial hypercho-
lesterolemia. With the congenital variety, other cardiac
congenital anomalies are common.

Echocardiographic Assessment
of Aortic Valve Morphology

In the Western world, rheumatic aortic stenosis has
become rare. The most common underlying predisposing
condition for aortic stenosis is congenital bicuspid aortic
valve [21, 22]. In most surgical series of explanted
stenotic aortic valves, bicuspid aortic valves accounts for
about half of the cases. Under the age of 65, bicuspid
aortic valve is much more likely to be the underlying
valve morphology in patients with severe AS, whereas
tricuspid aortic valve is more common in AS patients
more than 70 years of age. The determination of aortic
morphology in patients with aortic stenosis is clinically

important, as familial clustering has been reported in
patients with bicuspid aortic valve who frequently have
associated findings which need to be looked for. In the
short axis view, the bicuspid aortic valve has a fish-mouth
appearance during systole (Figs. 3.16-3.19). A raphe is
present in many of these patients and can be confused for
acommissure. This is particularly problematic in patients
with a cleft of the conjoined cusp near the raphe. Moving
the imaging plane slightly more cephalic is important to
differentiate a raphe from a commissure, which demon-
strates opening right up to the aortic wall, as opposed to
araphe. Determination of the orientation of the commis-
sure may be useful, as associated findings such as aortic
dilatation appear to have a predilection to a particular
commissural orientation. Whether 3D imaging can
enhance ability in correctly identifying the commissural
orientation remains to be evaluated (Fig. 3.20).

In young people with aortic stenosis, unicommis-
sural unicuspid aortic valve is uncommon but not rare
[22]. It may account for 5% of the cases with aortic
stenosis under the age of 50. It is frequently confused
with bicuspid aortic valve. This condition should be sus-
pected, when the commissure of a suspected bicuspid
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Fig.3.16 The parasternal long-axis (a) and short-axis (b) views in systole show that the aortic valve demonstrates systolic doming
consistent with restricted cusp excursion and the aortic valve is bicuspid with the commissure from about 9 o’clock to 5 o’clock.
This can also be described as fusion of the right and left cusp, and is the most common commissural orientation for the bicuspid

aortic valve. LA left atrium, LV left ventricle

Fig. 3.17 The parasternal long-axis (a) and short-axis (b) views in diastole of the patient in Fig. 3.16 are shown, demonstrating the
commissural orientation of the bicuspid aortic valve. LA left atrium, LV left ventricle
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Fig. 3.18 The next common commissural orientation for the bicuspid aortic valve is shown in the long-axis (a) and short-axis (b)
views in systole. There is mild doming and the commissure runs from 2 o’clock to 6 o’clock. This can be referred to as fusion of the
right and non-coronary cusps. LV left ventricle

Fig.3.19 The same views in diastole for the patient in Fig. 3.18 are shown with the long-axis view in (a) and short-axis view in (b).
The commissure is clearly imaged in the short-axis view (b). LA left atrium, LV left ventricle
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Fig. 3.20 This is a 3D view of a bicuspid aortic valve. The free
edge of the cusps shows mild thickening giving a rolled up
appearance

aortic valve does not extend right up to the aortic wall
(Figs. 3.21, 3.22). During systole, a unicommissural
unicuspid valve has an eccentric circular opening such
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that it gives a typical appearance of a small circle, which
is the aortic valve orifice, within a larger circle, which is
the aorta root, in the short axis view. Acommissural uni-
cuspid aortic valve usually presents with severe aortic
stenosis during the prenatal or the neonatal stage. This
condition has not been observed in adults.

The parasternal window is preferred in the assess-
ment of the aortic valve. Both long axis and short axis
views are useful. The opening and closing motion of
the aortic cusps is best appreciated with the long axis
view. In aortic stenosis, restriction in aortic cusp open-
ing is invariably present. Aortic closure abnormalities
are usually present in the setting of aortic regurgitation.
These are best appreciated in the parasternal long-axis
view. In the long-axis view, the anterior cusp represents
the right coronary cusp and the posterior cusp can be
either the non-coronary cusp or the left coronary cusp
depending upon the angulation of the imaging plane. If
bicuspid aortic valve is suspected, it is appropriate to
refer to the cusps in this view as the anterior and the
posterior cusps, since the commissure orientation can-
not be determined in this view and thus it is difficult to
know the precise orientation of the commissure.

Fig. 3.21 The unicommissural unicuspid aortic valve is shown in the long-axis (a) and short-axis (b) views. The aortic valve shows
marked degree of doming indicating significant restriction to cusp excursion. The short-axis view gives a typical “circle within a
circle” appearance, as there is only one inferiorly located commissure
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Fig. 3.22 An excised unicommissural unicuspid aortic valve
with severe degenerative changes

The morphology of the aortic valve is best appreci-
ated in the parasternal short axis view. In addition to
the opening and closing motion of the aortic cusps, the
number of cusps can also be determined. Care needs to
be taken to sweep the imaging plane cephalic to fully
appreciate the extent of the commissures, which arise

3 Aortic Valve

slightly more cephalic than the coaptation line of the
cusps. Fine adjustment by careful rotation of the imag-
ing plane is essential to obtain a true short axis view in
order to visualize the commissures cleanly (Figs. 3.17,
3.19). If this view is oblique, the commissures may not
be optimally seen and a normal tricuspid aortic valve
can be mistaken for a bicuspid valve or even a quadri-
cuspid aortic valve. In our experience, it is best not to
commit to the aortic valve morphology unless a true
short axis view is obtained with clear visualization of
the commissures extending all the way to the aortic
wall. The same approach is applied when examining
the aortic valve by transesophageal echocardiography,
so that oblique section should not be used to determine
aortic valve morphology. Freeze frame is useful for a
proper appreciation of the excursion of the aortic
cusps. In young healthy individuals, the aortic valve
orifice assumes a circular shape during maximal excur-
sion (Fig. 3.1). With the aging process, the free edge of
the aortic cusp may become fibrotic with a slight
degree of restriction to excursion, and in this situation,
the aortic orifice assumes a triangular shape at maxi-
mal excursion (Fig. 3.23).

Fig. 3.23 The parasternal long-axis (a) and short-axis (b) in systole showed the typical age-related changes. In the long-axis view
(a) the ventricular septum is angulated (arrow) and there is slight restriction to aortic cusp excursion. The left atrium is also dilated.
In the short-axis view (b), the aortic valve is shown in its maximal excursion and the aortic orifice is triangular in shape indicating
that there is restriction to the excursion of all three cusps, although there is no nodular thickening of any of the three cusps. Ao aorta,
LA left atrium, LV left ventricle, RVOT right ventricular outflow tract
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Fig. 3.24 The parasternal long-axis (a) and short-axis (b) views show that the aortic valve is tricuspid with nodular thickening
involving the right coronary cusp representing a mild focal calcification. LA left atrium, LV left ventricle

Another important morphologic feature of the aor-
tic valve is the presence of localized brightness or
thickening consistent with calcification. The severity
of aortic valvular calcification has been suggested to
be a predictor of rapid progression of aortic stenosis
[23]. The severity of calcification can be semi-quantitated
by the extent of involvement of the aortic cusps
(Figs. 3.24, 3.25). Patients with moderate or severe aor-
tic valvular calcification should have more frequent fol-
low-up to check for progression of aortic stenosis.

Assessment of Aortic Stenosis Severity

There are many indices of AS, but by far the most
widely used are the transvalvular aortic velocity, peak,
and mean transvalvular gradients and aortic valve area.
The definition of severe AS is maximum velocity
>4 m/s, dimensionless index which is the peak left
ventricular outflow tract (LVOT) velocity divided by
peak AS velocity <0.25, mean gradient >40 mmHg,

aortic valve area <1.0 cm? [24, 25]. The transvalvular
aortic gradient is obtained using the modified Bernoulli
equation which is: pressure gradient = 4V?, where V is
the maximum velocity across the aortic valve. The aor-
tic valve area (AVA) is obtained using the continuity
equation:

LVOT, VTi
A VA — area x

vri

LvoT

AV

where LVOT area is the area of left ventricular outflow
tract at the annulus, VTL,  is the velocity time inte-
gral of Doppler velocity of LVOT, and VTI is the
velocity time integral of Doppler velocity at the aortic
valve (Fig. 3.26). The equation can be simplified by
substituting VTL . and VTI,  with peak velocity at
LVOT and peak AS velocity.

In order to avoid underestimating the severity of
AS, the AS velocity should be obtained from multiple
windows, particularly the apical and right sternal bor-
der windows (Fig. 3.27). Although imaging continu-
ous wave Doppler is usually adequate, non-imaging
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Fig.3.25 The parasternal long-axis (a) and short-axis (b) views show that there are multiple nodular densities involving the aortic
valve representing severe calcification. The number of cusps cannot be determined in this patient. Ao aorta, LA left atrium,

LV left ventricle

Fig.3.26 In this patient with aortic stenos
wave Doppler of the left ventricular outflow tract is shown in (b), and the continuous wave Doppler of the aortic stenosis velocity is shown
in (c). Using the continuity equation, the aortic valve area is calculated to be 0.78 cm? indicating severe aortic stenosis
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Fig. 3.27 In assessing the severity of aortic stenosis, multiple acoustic windows should be attempted. In our experience the two
most useful windows are the apical window and the right suprasternal (RSB) window. In this patient with aortic stenosis, complete
Doppler signals can be obtained from the apex (a) and from the right sternal border (b). The peak velocity from the right sternal
border is 5.2 m/s, which is considerably higher than that from the apex, which is 3.9 m/s, underscoring the importance of interrogat-
ing multiple acoustic windows even after apparently optimal aortic stenosis velocity has been obtained from one particular

window

continuous wave transducer should be used to optimize
alignment of the AS signal so as to achieve the highest
velocity. When dealing with severe AS, the highest
wall filter should be used to enhance the signal to noise
ratio. Avoidance of excessive Doppler gain is useful to
obtain clean envelopes in order to avoid obscuring the
envelope and overestimating the maximum velocity.
Other ways to enhance a weaker AS signal include
decreasing the sweep speed from 100 to 50 mm/s and
the use of echo contrast agents.

It is not uncommon that a patient may have one or
two indices suggesting severe AS and the remaining
indices suggesting less than severe AS. Indeed among
patients with AS, aortic valve area is the most likely
measure to indicate severe AS, while the other mea-
sures may indicate otherwise. When this situation

arises, it is useful to examine the aortic annulus dimen-
sion which should be 1.9-2.6 cm in diameter in most
patients. Underestimating the diameter of the aortic
annulus is a common reason for an underestimation of
the aortic valve area. We prefer using the aortic annu-
lus to the left ventricular outflow tract diameter in the
calculation of aortic valve area as the landmarks for
aortic annulus are clearly defined, while the determi-
nation of left ventricular outflow tract diameter is sub-
jective as the left ventricular outflow tract is more of a
functional entity than an anatomic structure [25]. It is
also useful to calculate the stroke volume at the left
ventricular outflow tract which is LVOT _xVTI .
and to compare with the stroke volume calculated from
the left ventricular volumes. If the former is substan-
tially less than the latter, the aortic annulus is likely
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underestimated. On the other hand, if the former is
substantially greater than the latter, the sample volume
may have been too close to the aortic annulus.

An important entity is low gradient severe AS. In
this clinical setting aortic valve area indicates severe
AS and yet both maximal velocity and transvalvular
gradients are not very elevated and the aortic annulus
diameter appears appropriate. In these patients the
dimensional index also indicates AS. Two groups of
patients have been identified to manifest this phenom-
enon [26, 27]. The first group of patients is those with
left ventricular systolic dysfunction resulting in
reduced stroke volume to account for the reduced
transvalvular gradients. Dobutamine stress-echo has
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been shown to be useful in these patients to differenti-
ate those with true severe AS from those with pseudo-
severe AS (Fig. 3.28). Patients with pseudo-severe AS
are those with aortic valves that demonstrate improved
excursion with improvement in left ventricular systolic
function during dobutamine infusion. The second
group of patients has a normal left ventricular systolic
function with paradoxic low gradients due to reduced
stroke volume as a result of decreased left ventricular
volumes. These are more likely to be elderly women
with concentric left ventricular hypertrophy leading to
reduced left ventricular volumes (Fig. 3.29). Thus,
interpretation of severity of aortic stenosis should not
be based upon a single measure alone but should be

)
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Fig. 3.28 (a) In this patient with reduced left ventricular ejection fraction, the velocity at the left ventricular outflow tract is reduced
at 0.56 m/s. (b) The peak aortic stenosis velocity is 2.26 m/s giving a peak gradient of 20 mmHg and a mean gradient of 9 mmHg.
The calculated aortic valve area based on the continuity equation is 0.78 cm? indicating severe aortic stenosis. (¢) During dobutamine
infusion, there is improvement in left ventricular systolic function with a corresponding increase in the velocity at the left ventricular
outflow tract at 1.29 m/s. (d) The peak aortic stenosis velocity is 3 m/s giving a peak gradient of 36 mmHg and a mean gradient of
18 mmHg. By the continuity equation, the aortic valve area is calculated to be 1.35 cm? (annulus diameter 2 cm). This substantial
increase in aortic valve area indicates that this patient has pseudo-severe AS and the small calculated aortic valve area at rest is due
to low cardiac output
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Fig. 3.29 In this patient with aortic stenosis, the aortic annulus measures 2 cm (a). The left ventricular cavity is relatively small and
the ejection fraction is normal (b). The Doppler velocity at the left ventricular outflow tract is shown in (c) and the aortic stenosis
velocity shown in (d). The calculated aortic valve area is 0.61 cm? based on the continuity equation, although the peak and mean
aortic stenosis gradients are modest at 51 and 31 mmHg, respectively. Patients such as this one are expected to benefit from aortic

valve replacement

based upon a careful consideration of different mea-
sures, including aortic annulus diameter and stroke
volume. Measurements such as maximal velocity,
transvalvular gradients and aortic valve area are flow
dependent and thus may be misleading in low flow
conditions such as those discussed above. Other mea-
sures such as valve resistance and stroke work loss
have been proposed to be relatively flow independent;
however they have been shown to be affected by flow
and have not gained wide acceptance.

As structure and function go hand in hand in AS,
assessment of the degree of thickening or calcification
of the aortic cusps, the excursion of the aortic cusps,
and the planimetry of the aortic orifice area are very
helpful when there is discordance among the different

indices of AS severity. Transesophageal echocardiog-
raphy provides high quality images and should be used
in this setting (Figs. 3.30, 3.31).

Left Ventricular Adaptation
to Aortic Stenosis

Development of left ventricular hypertrophy can be
quite variable among patients with AS. Patients with left
ventricular hypertrophy and presence of intracavitary
obstruction appeared to have a more complicated peri-
operative course following aortic valve replacement
[28] (Fig. 3.32). Mitral annular velocities are reduced in
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Fig.3.30 This is a transesophageal echocardiogram (a, b) of the aortic valve in a patient with low gradient severe aortic stenosis. The
aortic valve is tricuspid. Other than focal nodular calcification at the commissure between the right and non-coronary cusp, the aortic
cusps appear quite normal, suggesting that the patient has pseudo-severe aortic stenosis. LA left atrium

Fig.3.31 In this patient with severe aortic stenosis (a, b), the aortic valve is bicuspid with severe calcification restricting the excur-
sion of both cusps. The findings are in keeping with true severe aortic stenosis
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Fig. 3.32 In this patient with aortic stenosis, the parasternal long-axis view is shown in (a), the apical five chamber view in (b),
pulse wave Doppler of the left ventricular outflow tract (¢) and the aortic stenosis velocity by continuous wave Doppler in (d). The
left ventricular cavity is relatively small with an angulated ventricular septum. Pulse wave Doppler of the left ventricular outflow
tract indicates that there is an increased intracavitary velocity at this region. Myectomy of the basal ventricular septum may be indi-
cated at the time of aortic valve replacement in these patients. LA left atrium, LV left ventricle

patients with aortic stenosis and the degree of reduction
appears to be related to the severity of aortic stenosis
(Fig. 3.33). It remains unclear whether these measures
have predictive value in identifying patients who will
develop early symptoms during follow-up [29].

Aortic Valve Regurgitation

Aortic valve regurgitation may be due to abnormalities
of the aortic valve cusps or the adjacent aortic root. The
most common mechanisms that cause valve regurgita-
tion are aortic annular dilatation, valve cusp prolapse,
scar retraction of the cusps, and cusp perforation [30].
The most common valve cusp causes of aortic regurgita-
tion include: (a) rheumatic — post-inflammatory changes,

(b) infective endocarditis, (c) congenitally bicuspid
valve, (d) iatrogenic causes including balloon valvo-
tomy, and (e) cusp prolapse — such as prolapse into an
adjacent ventricular septal defect (VSD).

Congenitally Bicuspid Valve

Congenitally bicuspid aortic valves are not uncommon,
being found in 1-2% of the population. A variant type,
termed the “atypical” variant, has been described to
account for up to 3-24% of these. This variant has a
fenestrated raphe on the conjoined cusp so that there is
continuity between the conjoined cusp sinuses. The
resulting raphal chord is often only a few mm in thick-
ness and may be calcified (Fig. 3.34) [31]. Rarely such
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Fig. 3.33 In this patient with severe aortic stenosis, the peak and mean aortic gradients are 95 and 54 mmHg, respectively (a). The
mitral inflow velocities are shown in (b), and the septal and lateral annular velocities are shown in (¢) and (d) respectively. With
increasing severity of aortic stenosis, the annular tissue velocities are generally reduced. Whether these velocities have prognostic

value remains to be investigated

Fig. 3.34 Congenitally bicuspid aortic valve with atypical
raphe. The conjoined upper cusp has a thin fibrous chord like
raphe (arrow). The valve cusps are also thin and probably
myxomatous

chords may rupture giving rise to acute aortic regurgita-
tion (Figs. 3.35-3.37). In such cases, there may be
raphal remnants on the cusp, attached to the aortic wall,
or both. These remnants must be distinguished from the
residua of cusp perforations secondary to healed infec-
tive endocarditis, and from valve fenestrations which
are in different locations on the cusps and generally not
associated with aortic regurgitation. The raphe remnant
may also be misinterpreted as a valve vegetation or
thrombus since the clinical situation is acute aortic
insufficiency with a mobile valve mass.

Post-inflammatory Changes

Post-inflammatory cusp disease produces fibrosis, calci-
fication, and commissural fusion of the cusps, similar to
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Fig. 3.35 In parasternal long-axis view (a), a bright linear density appears to be attached to the aortic cusp and prolapse into the left
ventricular outflow tract during diastole. The corresponding color flow images shown in (b) demonstrates the presence of posteriorly
directed aortic regurgitation. This bright linear structure is better seen in the apical long-axis view in (c¢) and the corresponding color
flow image in (d) clearly demonstrates the presence of aortic regurgitation which is posteriorly directed

the pathology seen in stenotic rheumatic valves.
However, in these cases, the fusion and cusp immobility
fix the valve orifice open, rather than hold it closed. It
should be apparent that rheumatic disease may give a
valve that is mixed in its hemodynamics (Figs. 3.10,
3.38). However, usually either the regurgitation or the
stenosis predominates in any one case. Radiation may
produce significant cusp fibrosis and retraction of the
cusps [32]. Systemic lupus erythematous (SLE) may
scar the cusps with cusp retraction, poor opposition, and
regurgitation. Aortitis may cause root dilation and regur-
gitation but some types of aortitis, such as that seen in
syphilis and ankylosing spondylitis, may cause the cusps
to scar and cause valvular aortic insufficiency.

Other Valvular Causes of Aortic
Regurgitation

Infective endocarditis may cause destruction of the
cusps. The infected thrombi, known as vegetations,
destroy the cusps leading to defects, erosions, and
acquired aneurysms that may eventually perforate
and leave a hole in the cusp (Fig. 3.39). After the
acute episode, healed infective endocarditis may leave
large defects or valve irregularities causing poor valve
closure.

Balloon valvotomy of the aortic valve is not done
because of its limited effectiveness when it is per-
formed. By the destructive nature of the procedure, the
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Fig. 3.36 The ruptured raphe of the bicuspid valve is demonstrated in the long-axis (a) and short-axis views of the aortic valve (b)
by transesophageal echocardiography. The ruptured raphe (L) is shown to attach to the right cusp. This is the same patient as in
Fig. 3.35. LA left atrium, LV left ventricle

Fig. 3.37 The location and functional consequence of the torn raphe are demonstrated in the long-axis (a, b) and short-axis (c,
d) transesophageal views of the aortic valve. The posteriorly directed aortic regurgitant jet is clearly demonstrated by color-flow
imaging in (b) and (d). LA atrium, LV left ventricle
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Fig. 3.38 The mitral valve demonstrates thickening and restriction of the tips of both the anterior and posterior mitral leaflets which
are typical changes of rheumatic mitral stenosis (a). The aortic valve of the same patient is shown in (b). There is fusion of the com-
missure (arrow) between the right and left coronary cusps with the diffuse nodular thickening, representing typical rheumatic
changes. Rheumatic involvement of the aortic valve is usually associated with rheumatic changes of the mitral valve. LA left atrium,

LV left ventricle

Fig. 3.39 In this patient with infective endocarditis (a), there are vegetations on the aortic cusps. Despite adequate cusp coarctation
(short arrow) a perforation is seen at the base of the posterior cusp (long arrow). The corresponding color flow image (b) shows the
presence of severe aortic regurgitation mainly arising from the perforation. Ao aorta, LA left atrium, LV left ventricle
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valve cusps may tear and dehisce from the aortic root.
The treatment may lead to a severely regurgitant valve.
A normal aortic valve may prolapse into an adjacent
membranous ventricular septal defect (VSD). This is
treated by re-suspension of the valve and patch of the
hole (Trusler plication and VSD repair).

Aortic Causes of Aortic Valve
Regurgitation

The other category of conditions commonly leading
to aortic valve regurgitation has normal valve cusps to
begin with, and the chief pathology is in the aortic
root where they are attached (Fig. 3.40). These aortic
diseases include: (a) age-related and systemic arterial
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hypertension related aortic medial degeneration, (b)
connective tissue disorders such as Marfan’s and
Ehlers Danlos, (c) aortic dissection, and (d) aortitis.
Diseases that produce annular dilatation include aor-
tic cystic medial necrosis (medial degenerative
changes), forms of congenital heart disease, and aorti-
tis. Aortic medial degenerative changes may be an
age-related change, or may be related to connective
tissue diseases including Marfan’s syndrome. The
aorta progressively dilates due to loss of its normal
collagenous and elastic framework. Both systemic
arterial hypertension and connective tissue disorders
are observed in patient with aortic dissection, which
can acutely cause valve regurgitation.

Aortic root disorders and dilatation are becoming
more common. This probably has to do with improved
survival of patients with systemic arterial hypertension,

Fig. 3.40 In this patient with dilated aortic root as shown in (a), the aortic valve is tricuspid and quite normal, shown in (c). The
presence of aortic regurgitation is illustrated in (b) and (d). There is a small central regurgitant area (arrow) due to the dilatation of
the aortic annulus associated with the root enlargement. Ao aorta, LA left atrium, LV left ventricle
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Fig. 3.41 Excised aortic
valve from a patient with a
dilated aortic root and
chronic valve regurgitation.
The valve cusps are thin and
myxomatous and the free
edges are rolled and
thickened from the chronic
regurgitation

increasing population age, and improving survival of
adult congenital heart disease patients. In the latter
group, as the patients get older, we continue to discover
new complications of their congenital heart disorders
and aortic root dilatation is a common complication in
these patients.

The valve often stretches as the aorta and the aortic
root dilates. This is manifest grossly as thin or myx-
omatous cusps with rolled free edges due to chronic
hemodynamic stress (Fig. 3.41). In some aortitis con-
ditions such as ankylosing spondylitis and syphilis,
the cusp may fibrose and scar. Acute aortic dissection
may extend back to the valve area. In a type A dissec-
tion, the aortic valve may be dehisced from the aortic
root either by the dissection or the thrombus in the
false lumen.

Echocardiographic Consideration
in Aortic Regurgitation

Color Doppler imaging is a very sensitive tool in the
detection of aortic regurgitation [33]. In many patients
with mild aortic regurgitation detected by color flow
Doppler, aortic regurgitation murmur may not be
detectable. Trivial aortic regurgitation may be a nor-
mal finding, detectable in about 5% of patients with no
obvious aortic valvular abnormality. A careful exami-
nation of the aortic valve is indicated whenever aortic
regurgitation is present.

As many diseases may affect the aortic valve lead-
ing to aortic regurgitation, the underlying mechanism
leading to aortic regurgitation is more important. A
good understanding of the mechanism may allow the
selection of candidates for valve repair. Aortic valve
repair in patients with aortic regurgitation is gaining
popularity as the short to medium term results have
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steadily improved. The best imaging planes to deter-
mine the mechanism of aortic regurgitation are the
parasternal long and short axis views. Transesophageal
echocardiogram should be used to assess the mecha-
nism of regurgitation if the transthoracic images are
suboptimal.

Proper coaptation of the aortic valve requires ade-
quate coaptation along the entire area of the commis-
sures. Incomplete coaptation is present when there is
insufficient coaptation between the aortic cusps fre-
quently resulting in a central regurgitation orifice
which can be imaged (Fig. 3.42). When the regurgitant
orifice can be imaged by transthoracic echocardiogra-
phy, at least moderate aortic regurgitation is present.
Fibrosis and retraction of the aortic cusps and dilata-
tion of the aortic root, particularly at the level of the
sinotubular junction, are two common reasons for this
type of coaptation abnormality.

Aortic cusp prolapse is best detected by using the
long axis view showing excessive protrusion of the
aortic cusps into the left ventricular outflow tract
beyond the aortic annulus during diastole, interfering
with proper coaptation (Fig. 3.43). The common cause
for this type of coaptation abnormality is myxomatous
changes of the aortic valve in patients with connective
tissue disease such as Marfan syndrome and bicuspid
aortic valve. In some patients with bicuspid aortic
valve, one of the aortic cusps, usually the conjoined
cusp, can be quite large and redundant resulting in
prolapse.

Flail of the aortic cusp is present when the cusp
demonstrates excessive motion with the tip pointing
to the left ventricular outflow tract instead of the aorta
during diastole. This is caused by one or more tears
of the aortic cusp extending beyond the coaptation
zone (Fig. 3.44). Endocarditis is the most common
cause. Closed chest trauma can also result in this
abnormality.
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Fig. 3.42 The parasternal long-axis (a) and short-axis (¢) views with their corresponding color-flow images (b, d) show the pres-
ence of aortic regurgitation and the underlying mechanism for the regurgitation. There is nodular thickening involving the closing
edge of the right and non-coronary cusps. The tip of the non-coronary cusp is retracted creating a regurgitant orifice (arrow) which
is demonstrated by color-flow imaging in (b) and (d). LA left atrium, LV left ventricle

Perforation of the aortic cusp should be suspected
whenever the aortic regurgitant jet appears to arise
from the base of the cusp rather than from the site of
cusp coaptation. The actual defect can frequently be
imaged using the transesophageal window (Fig. 3.39).
This abnormality is almost exclusively due to endo-
carditis, and frequently the perforation coexists with
a diverticulum or aneurysm. These abnormalities
are further discussed in the chapter on infective
endocarditis.

Careful examination of the aortic regurgitant jet can
help identify the specific type of coaptation abnormali-
ties. Particular attention should be paid to the location of
the flow convergence within the aortic root during dias-
tole. Perforation is likely if the flow convergence is not
located at the coaptation site, but rather at the base of the

cusp. Eccentricity of the aortic regurgitant jet indicates
one specific aortic cusp may be primarily involved. A
posterior directed aortic regurgitant jet suggests that the
anterior cusp plays the dominant role, whereas an ante-
riorly directed aortic regurgitant jet suggests that the
abnormality of the posterior cusp is responsible for the
aortic regurgitation. In some patients, particularly in
those with endocarditis, multiple coaptation abnormali-
ties may coexist. Elucidation of the mechanism of aortic
regurgitation helps the planning of surgical repair. For
instance, if the mechanism is incomplete coaptation,
reconfiguration of the aortic annulus and the sinotubular
junction may eliminate aortic regurgitation and obviate
the need for aortic valve replacement. In patients with
small perforation of the aortic cusp, pericardial patch
repair of the perforation is frequently feasible.
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Fig. 3.43 In this patient with bicuspid aortic valve, aortic valve prolapse is demonstrated in (a) and the presence of severe aortic
regurgitation is shown in (b). Ao aorta, LA left atrium, LV left ventricle
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Fig. 3.44 In (a), the posterior aortic cusp is flail with the tip pointing into the left ventricular outflow tract during diastole. There is
severe aortic regurgitation which is directed anteriorly and is shown in (b). LA left atrium, LV left ventricle
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Assessment of Aortic
Regurgitation Severity

Multiple measures of aortic regurgitant severities are
available [32] (Table 3.1). Many of the measures are
non-specific and the best approach is to incorporate
multiple measures. We pay particular attention to the
jet width, which is less gain dependent and more repro-
ducible than other measures of the aortic regurgitant
jets such as intrusion distance and jet area (Figs. 3.45,
3.46) (Table 3.2). Flow convergence can be difficult
to assess in aortic regurgitation, but if present, gener-
ally indicates greater than moderate aortic regurgita-
tion (Fig. 3.47). A very short aortic regurgitant
half-time (<200 ms) indicates the presence of severe
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aortic regurgitation (Figs. 3.48, 3.49). There is signifi-
cant variability of the aortic half-time from study to
study and thus it is not a good measure for assessing
the change in severity. The presence of an A-dip in the
aortic regurgitant signal has recently been suggested to
indicate severe aortic regurgitation and in our experi-
ence has proven to be a useful sign when it is present.
Unfortunately, it is detected only in a minority of
patients with severe aortic regurgitation. Detection of
retrograde flow in diastole in the descending thoracic
aorta and abdominal aorta should be routinely per-
formed, although in many patients optimal images may
not be obtainable (Fig. 3.50).

When assessing patients with aortic regurgitation, it
needs to be underscored that there is a good correlation

Table 3.1 Qualitative and quantitative measures in the assessment of severity of aortic regurgitation

Structural parameters
LV size
Aortic leaflets

Normal*
Normal or abnormal

Doppler parameters

Jet width in LVOT — Color flow® Small in central jets
Jet density — CW

Jet deceleration rate — CW
(PHT, ms)¥

Incomplete or faint
Slow > 500

Diastolic flow reversal Brief, early diastolic
in descending aorta -PW reversal
Quantitative parameters®

VC width (cm)® <0.3

Jet width/LVOT width (%)® <25

Jet CSA/LVOT CSA (%)* <5

R Vol (mL/beat) <30

RF (%) <30

EROA (cm?) <0.10

Source: Reproduced from Zoghbi et al. [33]. With permission
“Unless there are other causes for LV dilatation

“Except in acute AR

At a Nyguist limit of 50-60 cm/s

VPressure half-time (PHT) is shortened with increasing LV diastolic pressure and may be lengthened in chronic adaptation to

severe AR

Normal or dilated
Normal or abnormal

Usually dilated**
Abnormal/flail, or wide
coaptation defect

Intermediate Large in central jets;
variable in eccentric jets

Dense Dense

Medium 500-200 Steep < 200

Intermediate Prominent holodiastolic
reversal

0.3-0.60 >0.6

25-45 46-64 >65

5-20 21-59 >60

30-44 45-59 >60

30-39 40-49 >50

0.10-0.19 0.20-0.29 >0.30

*Quantitative measures can sub-classify moderate AR into mild-to-moderate and moderate-to-severe AR



Summary

69

Fig.3.45 Mild aortic regurgitation is demonstrated in multiple views including the parasternal long-axis (a), short axis (b), apical five
chamber (c), and apical long-axis (d) views. The width of the aortic regurgitant jet is narrowed with a short protruding distance

between morphology and function. Careful assessment
of the mechanism for aortic regurgitation is paramount.
If coaptation abnormality is present, significant aortic
regurgitation is likely. Useful features of the aortic
regurgitant jet such as flow convergence and jet width
need to be carefully assessed. Finally, the impact of
aortic regurgitation on left ventricular size and func-
tion should be an integral part of the assessment of
patients with aortic regurgitation (Fig. 3.51).

Summary

Aortic stenosis is a common valvular disease and its
prevalence increases with age. Mild to moderate aortic
stenosis is generally well tolerated, but severe aortic
stenosis is associated with a high risk of cardiovascular
events. Severe aortic stenosis is usually due to calcified
and rigid aortic cusps. On the other hand, aortic regur-
gitation can be a result of several different mechanisms.
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Fig.3.46 Severe aortic regurgitation is demonstrated in this patient who has had previous aortic valve repair. Aortic valve prolapse is
seen in (a) and color-flow imaging shows a regurgitant jet with a large width shown in (b). Ao aorta, LA left atrium, LV left ventricle

Table 3.2 Advantages and limitations of echo and Doppler measures in the assessment of aortic regurgitation severity

Structural parameters
LV size

Aortic cusps alterations

Doppler parameters

Jets width or jet cross-sectional
area in LVOT —color flow

Vena contracta width

PISA method

Flow quantitation — PW

Jet density — CW

Jet deceleration rate
(PHT) - CW

Diastolic flow reversal

in descending aorta — PW

Enlargement sensitive for chronic
significant AR, important for
outcomes. Normal size virtually
excludes significant chronic AR
Simple, usually abnormal in severe
AR, Flail valve denotes severe AR

Simple, very sensitive, quick
screen for AR

Simple, quantitative, good

at identifying mild or severe AR
Quantitative. Provides both
lesion severity (EROA)

and volume overload (R Vol)

Quantitative, valid with multiple
jets and eccentric jets. Provides
both lesion severity (EROA, RF)
and volume overload (R Vol)
Simple. Faint or incomplete

jet compatible with mild AR
Simple

Simple

Source: Reproduced from Zoghbi et al. [33]. With permission

Enlargement seen in other conditions. May be normal
in acute significant AR

Poor accuracy, may grossly underestimate
or overestimate the defect

Expands unpredictably below the orifice. Inaccurate
for eccentric jets

Not useful for multiple AR jets. Small values; thus
small error leads to large % error

Feasibility is limited by aortic valve calcifications.
Not valid for multiple jets, less accurate in eccentric
jets. Provides peak flow and maximal EROA.
Underestimation is possible with aortic aneurysms.
Limited experience

Not valid for combined MR and AR, unless pulmonic
site is used

Qualitative. Overlap between moderate and severe
AR. Complementary data only

Qualitative; affected by changes in LV and aortic
diastolic pressures

Depends on rigidity of aorta. Brief velocity reversal is
normal
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Fig. 3.47 Although the aortic coaptation appears normal as shown in the long-axis view in (a), there is an eccentric aortic regurgi-
tant jet directed posteriorly shown in the color image in (b). A flow convergence area can be clearly seen indicating that the aortic
regurgitant is at least moderate in severity. LA atrium, LV left ventricle
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Fig. 3.49 This is a continu-
ous wave Doppler tracing of
a patient with combined
aortic stenosis and aortic
regurgitation. There is a rapid
decay slope of aortic
regurgitation velocity
indicating a short pressure
half time consistent with
severe aortic regurgitation
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o= 100

LU0S X 04

Fig.3.50 Multiple indices of severe aortic regurgitation are shown in this patient. There is a large jet filling the entire left ventricular
outflow tract shown in (a). A short pressure half-time is demonstrated in (b). A large retrograde diastolic flow is detected in the
descending thoracic aorta in (¢) and in the abdominal aorta in (d)
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Fig. 3.51 In this patient with chronic severe aortic regurgitation, the severely increased left ventricular volume is demonstrated in
multiple views including the parasternal long-axis (a), parasternal short-axis (b), apical four chamber (c), and apical long-axis (d)
views. The left ventricle in this setting not only increases in size but also assumes a more globular shape. In the absence of significant
increase in left ventricular volume, chronic severe aortic regurgitation is unlikely to be present. LV left ventricle

In aortic stenosis, accurate assessment of the severity
and the adaptive changes of the left ventricle is impor-
tant to the management. In aortic regurgitation, the fea-
sibility of valve repair is based on the knowledge of the
mechanism in addition to the severity or regurgitation.
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Mitral Valve

To understand mitral valve dysfunction the anatomy of
the valve must be understood. The mitral valve is an
atrioventricular valve with leaflets and chordae that
attach to papillary muscles. There are two leaflets: the
anterior and the posterior (Fig. 4.1). On either side of
the leaflets there are commissures. The mitral valve
has no septal chordal attachments. The anterior leaflet
is in fibrous continuity with the aortic valve (Fig. 4.2).
The leaflets have free edges and closing margins,
approximately a few mm from the edge. The mitral
valve annulus is better defined than the right sided
annulus, and a fibrous annular band can be grossly
seen. The posterior leaflet has three scallops that are
discernible and formed to varying degrees. These small
indentations allow redundancy to the valve, which is
important for leaflet overlap and competency.

The chordae are complex and are classified differ-
ently by different investigator groups: first order chords
(attached to free edge of leaflet), second-order chords
(attached mid leaflet), and third order chords (attached

Fig. 4.1 Mitral valve with anterior leaflet (AL) and the posterior
leaflet (PL), which has been cut through with heart opening.
Two commissures are present on either side of the leaflets
(arrows). Left atrium is above (LA) the valve and the left ven-
tricle papillary muscles are below (PM), connected by the chor-
dae tendonae

Fig. 4.2 The left ventricle outflow tract opened to show the
continuity between the aortic valve (AV) and the anterior mitral
leaflet (MV)

Fig. 4.3 Mitral valve opened with commissural chordae noted

to papillary muscle); or strut, commissural, basal
chords, and rough zone chords (Fig. 4.3). Only the pos-
terior leaflet has basal chords, which run between the
leaflet and the adjacent posterior left ventricle wall.
Only the anterior leaflet has strut chords — these are two

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis, 75
DOI: 10.1007/978-1-84996-387-9_4, © Springer-Verlag London Limited 2011
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large chords on either side of the anterior leaflet. The
chords are responsible for different functions. Some are
important in the basic integrity and structure of the
valve, some ensure good leaflet coaptation, while oth-
ers prevent leaflet prolapse. Rupture of a chord may
thus have very different consequences depending upon
the type involved. The chords attach to two left ventri-
cle papillary muscles — the anterolateral and the pos-
teromedial papillary muscles (Fig. 4.1). The anterior
muscle usually has one head, while the posteromedial
papillary muscle is usually bifid.

Chords that have both ends attached to different
regions of the left ventricular myocardium are referred
to as false chords or pseudotendons and play no role in
the proper coaptation of the mitral leaflets. False chords
are normal structures and can be found in about a half of
individuals with normal cardiac anatomy [1]. In those
with false chords, about half have multiple chords.

Elongation of the primary chords leads to mitral regur-
gitation. Redundant and elongated secondary or tertiary
chords show marked degree of motion and protrude into
the left ventricular outflow tract during systole. However,

4 Mitral Valve

they usually do not cause mitral regurgitation. A ruptured
chord is a well-known complication in patients with
myxomatous mitral valve, in which the pathological
changes not only involve the mitral leaflet but also the
subvalvular chords. Endocarditis is also a common cause
for ruptured chords, which may be a result of the vegeta-
tive process extending from the leaflet onto the chords or,
satellite vegetation on the chords as a result of aortic
regurgitation due to aortic valve endocarditis.

The subvalvular chords are attached to two papillary
muscles which are located to allow for efficient and
proper coaptation of the leaflets. Abnormal location of
the papillary muscles, frequently seen in the setting of
left ventricular dilatation or infarction, can result in
improper mitral leaflet coaptation and regurgitation. In
the short-axis view, the papillary muscles are usually
located at about 3 o’clock and 6 o’clock positions,
although minor variations of the location of the papillary
muscles are common. An additional muscle bundle run-
ning anterior to the anterolateral papillary muscle can be
present and should not be confused with the papillary
muscle as it does not have chordal insertions (Fig. 4.4).

Fig.4.4 The accessory papillary muscle is detected using both the long-axis (a) and the short-axis (b) views. The accessory muscle
(arrow) is located anterior to the anterolateral papillary muscle. In the parasternal long-axis view (a), it may be confused to be part
of the ventricular septum such that asymmetric septal hypertrophy may be misdiagnosed in this setting. LA left atrium, LV left
ventricle
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In rare circumstances, the papillary muscles are in close
proximity to each other resulting in parachute mitral
valve, which is more frequently seen when the chords
are concentrated on a single papillary muscle.

The proper coaptation of the mitral leaflets is the
culmination of the concerted effort of all the compo-
nents of the mitral apparatus. A comprehensive assess-
ment of all the different components of the mitral
apparatus identifies the mitral component responsible
for the mitral valvular dysfunction leading to the spe-
cific coaptation abnormalities. Coaptation of the mitral
leaflets should be scrutinized in both the long- and
short-axis views (Figs. 4.5, 4.6). Normal mitral leaflets
demonstrate unrestricted excursion such that the tips of
the leaflets are in close proximity to the left ventricular
walls during maximum excursion in early diastole and
apposition at the annular plane during systole (Fig. 4.5).
Although the movement of the mitral leaflets appears to
be well seen using the long-axis view, only the mid
scallops of the anterior and posterior leaflets (A, and P))
are imaged in this view. Abnormalities involving the
other scallops may not be appreciated. For instance,

77

isolated prolapse of the lateral scallop of the posterior
mitral leaflet (P)) can easily be missed (Fig. 4.7). The
short-axis view shows all the scallops of both the ante-
rior and posterior mitral leaflets. In early diastole, the
normal mitral orifice is circular, occupying almost the
entire area of the left ventricle, with the mitral curtain in
close proximity to the left ventricular wall. During sys-
tole, the coaptation region is curvilinear in appearance
in the short-axis view with multiple foldings along the
entire coaptation (the purse-string effect) (Fig. 4.6).
Excessive folding is present when the leaflets are myx-
omatous and redundant.

The closure line of the mitral leaflet is proximal to
the free edge, such that the mitral leaflets are opposed
for up to a few millimeters during normal mitral leaflet
coaptation (Fig. 4.8). Mitral regurgitation is expected
when only the very tips of the leaflets are opposed,
such as in patients with a dilated and dysfunction left
ventricle (Fig. 4.9). As previously discussed, chords
can attach to the free edge and the area beyond the free
edge (the rough zone) on the ventricular surface of the
leaflet. The chordal attachment can be assessed using

Fig. 4.5 This is a parasternal long-axis (a) and short-axis (b) views of the mitral valve in early diastole. The mitral leaflets are thin
and mobile. They almost oppose the ventricular wall and assume a circular shape. LA left atrium, LV left ventricle
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Fig. 4.6 The parasternal long-axis (a) and short-axis (b) views of the mitral valve in systole show proper coaptation of the anterior
and posterior mitral leaflet (arrows). In the short-axis view (b), multiple folding along the entire coaptation can be seen. LA left
atrium, LV left ventricle

the parasternal and apical windows (Figs. 4.10, 4.11).
In evaluating the thickness of the mitral leaflet, it is
important to recognize that the rough zone will appear
thicker due to the insertion of the chords. The papillary
muscles can be readily imaged using the parasternal
short-axis and apical views (Figs. 4.11, 4.12). The
number of papillary muscles and their individual heads
should be routinely assessed. The anterolateral papil-
lary muscle is usually imaged in the apical four-cham-
ber view, while the posteromedial papillary muscle is
seen in the apical long-axis view (Fig. 4.11).

Mitral Stenosis

Mitral stenosis is usually due to leaflet fibrosis, com-
missural fusion and calcification. Almost all cases are
post-inflammatory, rheumatic in etiology. Commonly,

rheumatic valve stenosis is also associated with some
degree of valve regurgitation. Rheumatic fever is a late
inflammatory non-suppurative complication of phar-
yngitis caused by Group A beta-hemolytic Streptococci.
This multi-system disease is characterized by involve-
ment of the heart, joints, central nervous system, sub-
cutaneous tissues and skin [2].

Rheumatic carditis is an important and frequent
acquired cardiovascular disease in children and ado-
lescents and an important cause of death from car-
diac disease in young people in developing countries.
The pathoetiology of the disease is complex and the
incidence and prevalence vary among countries.
Environmental conditions may play a factor with some
climates having an increased frequency of rheumatic
fever. Genetic determination also plays a role.
Important antigenic structures of the Streptococcus
include M, R and T proteins. Streptococcal M-protein,
which determines the serotype, extends from the cell
surface as an alpha-helix with structural homology to
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Fig.4.7 This patient has localized prolapse of the lateral scallop of the posterior mitral leaflet (P1). In the parasternal long-axis view
(a) the prolapsed scallop is not visualized as the mid scallops of the anterior and posterior mitral leaflets, but not the other scallops,
are visualized in this view. The color-flow imaging (b—d) shows a localized mitral regurgitant jet arising from the lateral aspect of
mitral leaflet coaptation and directed anteriorly consistent with prolapse of the lateral scallop of the posterior mitral leaflet. LA left

atrium, LV left ventricle

Fig. 4.8 This is a zoomed apical four chamber view showing
the proper coaptation between the anterior and posterior mitral
leaflets in systole (arrow). The two leaflets are opposed for sev-
eral millimeters in this case. LA left atrium, LV left ventricle

myosin and other alpha-helix coiled molecules [3].
The M-protein is a virulence factor with potent anti-
phagocytic activity [4]. In outbreaks, bacterial colonies
isolated from those with rheumatic fever tend to have a
mucoid morphology with thick capsules and certain
M-proteins are more common [5, 6].

The pathogenesis of rheumatic fever relates to
humoral and cellular mediated immune responses with
development of autoimmunity [7]. The clinical mani-
festations of acute rheumatic fever occur 1-3 weeks
after the onset of Streptococcal infection. After an
apparent convalescence of the pharyngitis, products of
the Streptococcus have “molecular mimicry” to human
tissue and are recognized by the immune system, thus
initiating an autoimmune response. Individuals develop
antibodies to the carbohydrate and the M protein of the
Streptococcal organism. The anti-carbohydrate anti-
bodies cross react with the valvular endothelium. This
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Fig. 4.9 This patient has dilated cardiomyopathy and the mitral leaflets are not properly opposed (a, ¢), resulting in severe mitral

regurgitation (b, d). LA left atrium, LV left ventricle

Fig. 4.10 This parasternal long-axis view shows chordal
attachment on the ventricular surface of the anterior mitral
leaflet beyond the free edge (arrows). LA left atrium, LV left
ventricle

produces valve injury or dysfunction with up regula-
tion of cell adhesion molecules facilitating lymphocyte
infiltration into the valve. The M-protein antibodies
contribute to the valve disease via molecular mimicry
with myosin. Cardiac myosin is not present in the
valve, but laminin links myosin in the valve. The anti-
myosin antibody recognizes laminin, an extracellular
matrix alpha helix coiled protein, part of the valve
basement membrane structure [3, 7].

T-cells responsive to the Streptococcal M-protein
infiltrate the valve through the valvular endothelium
activated by the binding of anti-Streptococcal carbohy-
drate antibodies cross reactive to the endothelium.
Within the valve tissue the inflammatory cells are
responsible for local cytokine release, and interstitial
cell damage with neovascularization and chronic
inflammation [7]. The T cells produce cytokines includ-
ing tumor necrosis factor and interleukins. Macrophages
are activated and attract T cells [8].
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Fig.4.11 The anterolateral papillary muscle (arrow), with its chordal attachment to the anterior mitral leaflet, is shown in the apical
four chamber view (a). The posteromedial papillary muscle (arrow) is imaged using the apical long-axis view (b). LA left atrium,

LV left ventricle, RA right atrium, RV right ventricle

Fig.4.12 The parasternal short-axis view is preferred in the assess-
ment of the papillary muscles. Both the location and the number of
heads of the papillary muscles can be assessed using this view

The acute involvement of the heart in rheumatic fever
is pancarditis with inflammation of the myocardium,
pericardium and endocardium. Endocarditis and acute

valve disease may be asymptomatic or present with a
new murmur. In the acute phase, murmurs do not indi-
cate a permanent valve defect and the murmur may be
transient. The valves most affected by rheumatic fever
are the mitral, aortic, tricuspid and pulmonary, in that
order. In acute disease, thrombi form along the lines of
valve closure. These small thrombi have been termed
“verrucous” endocarditis and do not produce valve
destruction. The leaflets may have associated edema and
inflammatory cell infiltration [4, 9]. Such acute disease
is rarely recognized by ante-mortem investigations.

The chronically scarred, inflamed and neovascular-
ized valve is most commonly encountered by the pathol-
ogist and the cardiac clinician. The mechanism of stenosis
is due to leaflet fibrosis, calcification, commissural fusion,
chordal fusion and shortening. Chronic rheumatic fever
leads to neovascularization, chronic inflammation, com-
missural fusion, valve thickening and calcification. Once
the valve is inflamed and there is neovascularization,
lymphocytes can infiltrate the valve both through the
valve surface as well as through the new vessels. Even in
old calcified rheumatic valves, lymphocytes and neovas-
cularization are still present, indicating progression or
persistence of disease in the valve.
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Grossly chronic rheumatic valves have fibrosis, with
or without calcification (Figs. 4.13—4.15). The commis-
sures are often fused. Valve leaflets may be thickened
and show scar retraction. The chordae are often thick
and shortened. The subvalvular chordal space may seem
to disappear with short thick chords attached almost
directly to the papillary muscles. The subvalvular appa-
ratus pathology can be graded by echocardiography and
the results used to plan valve surgery or interventional
procedures [10]. At the commissures of mitral valves

Fig. 4.13 Excised mitral valve with severe fibrosis of leaflets,
chordal thickening and extensive calcific deposits. Commissures
are fused

Fig. 4.14 Another excided rheumatic mitral valve with severe
fibrosis and marked chordal thickening

4 Mitral Valve

Fig. 4.15 Rheumatic valve chordae seen on end show marked
fibrous thickening

Fig.4.16 Rheumatic mitral valve with leaflet fibrosis and com-
missural fusion. At one commissure there is erosion and throm-
bus deposit

there is often loss of surface endothelium with erosion
and overlying thrombus material (Fig. 4.16). This does
not seem to be as common in the aortic position.
Histology shows neovascularization, chronic inflamma-
tion and fibrosis with alteration and damage of the
underlying valve architecture. Large fibrous endocar-
dial onlays are present on microscopic examination.
These thicken the leaflets and encase the chordae.

Other rare causes of mitral stenosis include storage
diseases and medication — related pathology especially
ergot and migraine medications. Ergotamine associ-
ated valve disease chiefly affects the mitral valve and
produces a carcinoid like gross appearance that may be
severe. Mitral stenosis and regurgitation have been
seen. Valve leaflets are typically very thick with chordal
fusion and shortening and commissural fusion. Large
“myxoid collagenous” myofibroblast rich plaques are
stuck on the underlying valve proper without underly-
ing valve leaflet destruction [11, 12].
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The secondary effects of mitral valve stenosis
upon the heart involve the left atrium and the right
heart. Chronically the left atrium enlarges. With
enlargement and stretching the interatrial septum may
open its foramen ovale leading to Lutembacher syn-
drome (an acquired secundum atrial septal defect)
and shunting. The cardiomyocytes undergo degenera-
tive changes and the atrium is prone to fibrillation.
Paroxysmal fibrillation may eventually lead to per-
manent fibrillation. The large atrial size and arrhyth-
mia lead to stasis and thrombi with risk of embolism.
The left atrial enlargement may also manifest in
unusual ways — dysphagia as it presses against the
esophagus, cough as it irritates the bronchi, and
hoarseness as the recurrent laryngeal nerve is dis-
placed (Ortner’s syndrome). The most common man-
ifestation of mitral valve stenosis is left heart failure
with orthopnea, paroxysmal nocturnal dyspnea and
dyspnea. Pleural effusions may occur. The left heart
failure may cause hemoptysis. The left heart failure
may lead to right heart failure with peripheral edema,
ascites, organomegaly and weight gain.
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Echocardiography Considerations

Mitral stenosis is described as the condition where there
is obstruction to blood flow from the left atrium into the
left ventricle during diastole. Although obstruction is
most frequently at the mitral leaflet level, obstruction at
other levels can occur. Despite the decrease in incidence
of rheumatic fever, the most common cause remains
rheumatic mitral stenosis. In the Western world, pure
rheumatic mitral regurgitation is extremely rare, as a
certain degree of mitral stenosis is invariably present.
This is not the case in the developing world where
repeated early infection can result in pure rheumatic
mitral regurgitation at a young age.

The rheumatic pathological changes are not restricted
to the mitral leaflets, although the leaflet changes are
more readily identified by echocardiography (Figs. 4.17,
4.18). The mitral leaflets are slightly thickened particu-
larly at the closing edge resulting in the typical doming
or “hockey stick” appearance. This limitation in excur-
sion is more pronounced in the posterior mitral leaflet,
which is considerably shorter than the anterior mitral

Fig. 4.17 The typical morphologic features of rheumatic mitral stenosis are shown in the parasternal long-axis (a) and short-axis
(b) views. The tips of the mitral leaflets are thickened and tethered but the bellies of the leaflets remain mobile producing a “hockey
stick” appearance. In the short-axis view (b) fusion at both commissures is present producing a fish-mouth appearance. LA left
atrium, LV left ventricle
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Fig. 4.18 This patient has rheumatic mitral stenosis and has had previous surgical commissurotomy. The mitral leaflets demonstrate
mild restriction in excursion involving the tips of both mitral leaflets (a). In the short-axis view (b), splits at both the medial and lateral
commissures are shown (arrows). Color-flow images (c, d) shows no significant flow acceleration during diastole, suggesting that there
is no significant residual mitral stenosis. Diastolic antegrade flow across the split commissures is present. LA left atrium

leaflet. The rheumatic process results in fusion of the
commissures, a pathognomonic finding. In the short-axis
view, the mitral orifice has a “fish-mouth” appearance
which is a result of commissural fusion fibrosis and
restricted excursion of the leaflets (Figs. 4.13, 4.15, 4.16,
4.19). Calcification of the mitral leaflet, particularly at
the tips of the leaflets, and at both commissures, is com-
mon. This is recognized as localized echo-dense nodules.
Thickening, retraction and fusion of the subvalvular
chords should be assessed. Scoring systems assessing
different aspects of the mitral valve have been proposed
to select patients for balloon valvotomy [10, 13]. These
scoring systems, such as the one proposed by Wilkins
et al. should be used in all patients with mitral stenosis,
even in those who have mild disease and not being con-
sidered for valvotomy. The routine use of these scoring
systems ensures that the mitral valve morphology is
comprehensively assessed. The scoring system proposed

by Wilkins provides a semi-quantitative assessment of
mitral leaflet thickness, leaflet mobility, leaflet calcifica-
tion and subvalvular involvement [13]. A low score (<8)
suggests that the patient is more likely to have a good
result from balloon valvotomy. However, this scoring
system does not assess the degree of commissural fusion
and does not differentiate fibrosis from calcification. The
assessment of leaflet thickness was based on echocardio-
graphic systems in the 1980s, so that the grading based
on the suggested thickness is certainly incorrect using
current imaging systems.

Mitral annular calcification (MAC) is sometimes
included as a cause for mitral stenosis, although most
patients with mitral annular calcification do not have
mitral stenosis. In general, mitral stenosis is present
only when the anterior mitral leaflet is also involved by
the sclerotic change (Fig. 4.20). The tip of the anterior
mitral leaflet is mobile, but the base of the anterior mitral
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Fig. 4.19 This is a three-dimensional view of the mitral orifice from the perspective of the left atrium (a) and from the perspective
of the left ventricle (b). The typical fish mouth appearance of the mitral orifice is evident. AV aortic valve

leaflet is rigid and immobile. There is no commissural
fusion which differentiates it from rheumatic mitral
stenosis. Management of these patients is problematic
as they are elderly and there is extensive calcification
involving the entire fibrous skeleton of the heart.

Non-valvular causes of mitral stenosis include
obstruction of the mitral orifice by obstructing masses
caused by endocarditis, particularly fungal endocarditis,
or tumor mass such as a prolapsing myxoma, obstruc-
tion above the mitral valve level such as cor triatriatum
and supramitral valvular ring (Fig. 4.21) and subvalvu-
lar obstruction related to papillary muscle abnormalities
such as a parachute mitral valve (Fig. 4.22).

Assessment of Severity of Mitral Stenosis

The severity of mitral stenosis can be evaluated by several
related measurements which are mitral valve area (MVA),
transmitral peak and mean gradients, and the right ven-
tricular systolic pressure. Among these measures, mitral
valve area is least affected by loading conditions, con-
comitant mitral regurgitation and alteration in left

ventricular function. There are different methods to
obtain the mitral area (Table 4.1) [14]. The orifice of the
mitral valve is best visualized in the parasternal short-
axis view. Fine adjustment is required to image the mitral
valve orifice just at the leaflet tip level where it demon-
strates the typical “fish-mouth” appearance. When ade-
quate images of the mitral valve orifice are obtained,
mitral valve area by planimetry has been shown to be
better than measurements by other methods. Three-
dimensional (3D) echocardiography appears to be even
better by virtue of its ability to obtain proper orthogonal
view of the mitral orifice, but 3D is more time consum-
ing (Fig. 4.23). The strength and limitations of these
methods are listed in Table 4.1.

Management of patients with mitral stenosis is
dependent on the inter-play between symptom, valve
morphology and intracardiac hemodynamics. The
common symptoms are fatigue and dyspnea, both of
which are non-specific and can be seen in many dis-
eases. Mild mitral stenosis is well tolerated and gener-
ally does not produce symptoms. Even in patients with
severe mitral stenosis, they often delay in seeking
medical attention because the symptoms are insidious
and non-specific. Thus, objective testing is required to
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Fig. 4.20 This 80-year-old woman has mitral annular calcification (long arrow) and thickening and restriction of the base of the
anterior mitral leaflet (short arrow) on the parasternal long-axis view shown in (a). In the parasternal short-axis view (b), the extent
of mitral annular calcification is well seen and involves the medial half of the posterior annulus (arrow). Color-flow examination
using the apical long-axis view (c) shows that there is increased flow velocity across the mitral valve which is confirmed on the
continuous wave Doppler shown in (d). The mean transmitral valvular gradient is calculated to be 6 mmHg. LA left atrium, LV left

ventricle

assess the degree of functional limitation in these
patients. The intracardiac hemodynamics in mitral
stenosis can be reliably assessed by Doppler echocar-
diography. A comprehensive assessment should
include transmitral gradients, both peak and mean,
mitral valve area and pulmonary artery pressure. The
presence of a transmitral gradient is the hemodynamic
hallmark of mitral stenosis, although it is flow depen-
dent. Mitral valve area, on the other hand, has the
advantage of being independent of flow and is the pre-
ferred index of severity in most instances. Pulmonary
artery pressure determination should be included in the
assessment as it may be a better predictor of functional
limitation.

Among the several different methods to measure
mitral valve area, planimetry is the most simple and
reliable method, provided that the mitral orifice is opti-
mally visualized (Fig. 4.24; Table 4.1). This may be

difficult in mitral valves that are heavily calcified or
have had prior commissurotomy. Excellent correla-
tion between this method and measurements by patho-
logic examination has been demonstrated. The stenotic
mitral valve is funnel shaped and it is crucial that pla-
nimetry be done at the tip of the funnel to avoid over-
estimation of the valve area. Excessive gain can lead
to under-estimation of the mitral valve area while
non-orthogonal imaging plane may lead to over-esti-
mation. This method is unaffected by the presence of
co-existing mitral regurgitation or aortic regurgitation.
The mitral pressure half-time method is based on the
observation that the pressure decay between the left
atrium and left ventricle is related to the severity of
mitral stenosis. The more severe the disease, the slower
the decay of the pressure difference, and the longer the
half-time. The mitral valve area (MVA) can be calcu-
lated using the empiric formula:
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Fig. 4.21 This is a 3D image from the perspective of the mitral valve (a) and the posterior left atrium (b), showing a large membrane
partitioning the left atrium into a posterior and an anterior chambers. There is a communication between the two chambers which is located
medially and posteriorly (arrow). This is a cor triatriatum, since it is located posterior to the left atrial appendage (not shown)

Fig. 4.22 The parasternal long-axis (a) and short-axis (b—d) views showing a parachute mitral valve with chordal insertion into a
solitary papillary muscle (arrow)
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Table 4.1 Advantages and limitations of the echocardiographic methods in assessing severity of mitral stenosis

Planimetry Simple, reliable

Pressure half-time Simple, not effected by orifice
morphology

Diameters of stenotic jet Functional orifice, not effected by MR

Flow convergence Gain independent, not effected by MR

Pulse Doppler quantitative Not effected by orifice morphology

method

3D planimetry Allows proper alignment

May be difficult in calcified valves
or valve post-commissurotomy

Variability from beat to beat, non-linear
deceleration slope, and may be unreliable
post-commissurotomy

Unusual orifice shape,
contamination by AR

Non-hemispheric shape, time
consuming, cumulative error

Not applicable if there is MR or AR,
time consuming, cumulative errors

Requires dedicated
equipment, time consuming,
needs more validation

Fig. 4.23 The 3D echocardiography can be used to provide proper alignment of the imaging plane to the mitral orifice as demon-
strated in (a) and (b). This allows the visualization of the mitral orifice at the tip of the mitral leaflets as show in (c) and (d).
Planimetry of the mitral valve area using this approach may provide a more accurate measurement, although more validation data
are required
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Fig. 4.24 The parasternal long-axis (a) and short-axis (b) views show typical features of rheumatic mitral stenosis. The mitral
valve area by planimetry is performed using the short-axis view (b) and is 1.4 cm?. The transmitral valvular gradients are assessed
by continuous wave Doppler (c¢). The peak and mean gradients are 15.9 and 8.8 mmHg, respectively. The radius of flow conver-
gence is 1 cm with an aliasing velocity of 45.2 cm/s (d). Continuous wave Doppler shows a maximum mitral stenosis velocity of
199.1 cm/s (c), and the calculated mitral valve area is 1.43 cm? which is similar to the mitral valve area by planimetry
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This is the most popular method to obtain mitral valve
area due to of its ease of use. It is also relatively indepen-
dent of the angle of interrogation and not effected by the
orifice morphology. On the other hand the slope of the
signal may not be linear making determination difficult.
There can be significant variability from beat to beat. In
patients shortly following balloon mitral valvotomy,
mitral valve area determined by the half-time method
has been shown to be unreliable. Variability of this

measurement is particularly problematic in the setting of
atrial fibrillation (Fig. 4.25). Measurement of multiple
sequential beats is required. The so-called “ski slope”
phenomenon describes a rapid slope at the beginning of
diastole followed by a gentler slope. In this situation it is
advisable to use the mean slope, rather than the initial
slope, to determine the half-time. The mitral jet area,
which is approximated by the jet area, can be calculated
by obtaining orthogonal diameters of the mitral inflow
jet. The jet area is calculated by: /4 x the product of the
two diameters. This measurement assesses the functional
mitral orifice and is unaffected by coexisting mitral
regurgitation. The flow convergence or the proximal
isovelocity surface method is based on the phenomenon
of accelerating flow exceeding the aliasing velocity and
creating multiple hemispheric isovelocity shells as it
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Fig. 4.25 The continuous
wave Doppler of the mitral
velocity from the
transesophageal window
shows beat to beat variability
as the patient is in atrial
fibrillation
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approaches an obstructing orifice. The instantaneous
flow rate at any given iso-velocity shell is the product of
the specific aliasing velocity times the surface area of the
shell, and should equal the instantaneous flow rate at the
obstructing orifice.

Thus,
MVA XV, =271r,> X V,,
and
MVA = W—XVA,
MS

where Viss is the maximal mitral stenosis velocity, r \ is
the radius and V, is the velocity of the isovelocity shell.
Correction for the angle should be made if the flow
convergence is not a perfect hemisphere (Fig. 4.26).
The advantages of this method include gain indepen-
dence, not being affected by concomitant mitral regur-
gitation, and relative independence of the 2D image
quality. The disadvantages are that it is time consum-
ing and requires multiple calculations.
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The continuity equation is also applied in the pulsed
Doppler quantitative method which requires calculating
the stroke volumes at the aortic valve and the mitral
valve.

AVAXVTI,,,
VTI

MVA =

MV

where AVA= aortic valve area or area of left ventricu-
lar outflow tract, VT, = velocity time integral at the
aortic valve and VTI, = velocity time integral at the
mitral valve. This method has the advantage that it is
not affected by the orifice shape. It is however not
applicable when there is concomitant significant aortic
regurgitation or mitral regurgitation. It is also time
consuming with multiple calculations, and the errors
in the measurements may compound themselves.
Three-dimensional (3D) appears to be a very promis-
ing method in measuring MVA, but more validation
data are needed (Figs. 4.19, 4.23). In patients in whom
multiple methods can be applied, measurements by
planimetry appears to be the most reliable method and
is technically the most straightforward to apply [14].
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Fig. 4.26 The transesophageal four-chamber view in this patient with mitral stenosis is shown in (a), and the color images in (b)
and (c). The flow convergence is not hemispheric in shape but rather occupies about a 90° angle. The continuous wave Doppler of
mitral velocity is shown in (d), and the average maximum mitral stenosis velocity is 218 cm/s. Using the continuity equation and
adjusting for a 90° angle of the convergence area, the mitral valve area is calculated to be 0.88 cm?

Exercise is useful in the evaluation of patients with
mitral stenosis (Fig. 4.27). When doing the exercise
study, it is important to obtain a comprehensive assess-
ment. The mitral gradients and the pulmonary artery
pressure should be obtained at multiple stages of exer-
cise. However, mitral pressure half-time is of limited
usefulness. A marked increase in transvalvular mitral
gradients and pulmonary systolic pressure indicates
that mitral stenosis is functionally significant.

Mitral Insufficiency

Anatomical Considerations

The mitral valve apparatus is a complicated structure
with numerous components, all of which must function

to ensure valve competence. The leaflets, annulus,
chordae, papillary muscles and even the left ventricle
all must work together to ensure normal valve function.
Different diseases may affect multiple parts of the
valve. An organized method of categorizing causes of
mitral insufficiency is to consider each anatomical
structure separately— leaflet, annulus, chordae, papil-
lary muscles and left ventricle.

Leaflet Causes of Mitral Regurgitation

Abnormalities of the leaflet causing regurgitation include:
perforation (postinfective endocarditis), scar retraction
(post-inflammatory causes, often rheumatic), medica-
tions (anorectic drugs), and importantly the degenerative
floppy mitral valve (myxomatous degeneration).
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Fig. 4.27 This is an exercise study to assess the hemodynamic changes in a 77-year-old woman with mitral stenosis and previous
mitral valve repair. The resting peak and mean mitral gradients at a heart rate of 46 beats/min are 16 and 6 mmHg, respectively (a),
and the right ventricular systolic pressure is 34 mmHg with an estimated right atrial pressure of 10 mmHg (b). At a peak heart rate
of 70 beats/min, the peak and mean mitral gradients are 25 and 14 mmHg, respectively (c), and the right ventricular systolic pressure

is 55 mmHg (d)

Myxomatous Valve Disease

Mitral valve prolapse may be seen with myxomatous
valve degeneration as a degenerative age related change
or in association with syndromes such as Marfan’s,
Ehlers Danlos or osteogenesis imperfecta. These are the
classic large redundant, thickened, “floppy” valves with
endocardial fibrous thickening and accumulation of
ground substances (glycosaminoglycans) in the valve
spongiosa layer. Mitral valve prolapse may also be seen
with Turner’s syndrome, hypertrophic cardiomyopathy,
atrial septal defect, ischemic heart disease and chest
trauma. The myxomatous change is most common in the
posterior leaflet and the process may be very marked
in just one scallop (Figs. 4.28-4.30). Anterior leaflet

degeneration occurs less commonly. The entire valve
may be severely involved with large thick redundant
leaflets— some have termed this Barlow’s syndrome
(in fact Barlow actually described mitral valve pro-
lapse of many types not just from myxomatous degen-
eration). Most myxomatous degeneration is age related
in nature and thus the incidence of this abnormality
seems to be increasing.

Myxomatous changes of the mitral valve can be
recognized by redundant or thick mitral leaflets, with
multiple folding particularly along the coaptation mar-
gin best recognized in the short-axis view. The rough
zone of the mitral leaflet, particularly the anterior mitral
leaflet, may appear thickened during diastole as the sec-
ondary chords located in this area can make the leaflet
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Fig. 4.28 Floppy myxomatous mitral valve with severe degen-
eration of the posterior leaflet tissue. The scallops of the leaflet
are exaggerated and the leaflet tissue is thickened, although soft
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Fig. 4.29 Myxomatous mitral valve prolapse, as seen through
the opened left atrium. The leaflets are thickened and redundant,
especial the mid posterior leaflet

Fig. 4.30 Excised myxomatous valve which appears thickened
and redundant. A surgically excised entire valve like this is now
rare. With valve repair less tissue is excised, if any
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look thicker than normal. Frame to frame analysis dur-
ing diastole can provide a ready differentiation between
chords and actual leaflets. The redundancy of the leaflet
can give a doming appearance of the anterior mitral leaf-
let (Figs. 4.31, 4.32). Again frame-to-frame analysis in
both the long- and short-axis view should dispel any
notion of restriction to excursion. Commissural fusion,
best seen in the short-axis view, is absent. Another com-
mon cause for mitral valve prolapse is fibroelastic defi-
ciency. In this setting, the mitral leaflets are less redundant
and on the short-axis view show far less folding com-
pared to the myxomatous mitral valves (Fig. 4.33).
Regardless of the etiology of mitral valve prolapse, rup-
tured chords leading to flail of one or more scallops of
the mitral leaflets is a common complication.

When severe prolapse is present, a flail segment
should be suspected. In our experience, a small flail
segment due to the rupture of a few chords can easily
be missed by trans-thoracic imaging, and thus
transesophageal imaging should be considered in this
setting. The sign of a flail segment is the presence of
erratic chords protruding in the left atrium during sys-
tole (the snake tongue deformity) (Figs. 4.34, 4.35).
Color flow imaging is helpful to identify the leaflets
involved. If the mitral regurgitation jet is directed ante-
riorly, the posterior mitral leaflet is the culprit. A pos-
terior directed mitral regurgitant jet suggests that an
abnormality is located on the anterior mitral leaflet. As
indicated previously, the mitral regurgitation can be
eccentric making it difficult to determine the origin
and the direction of the jet. One example is prolapse or
flail localized to either the lateral or medial commis-
sural areas of the leaflet. If the medial scallops leaflet
area is affected, the origin of the mitral regurgitant jet
is located at the medial commissure and directed later-
ally. The opposite is true when the lateral commissural
leaflet is flail (Fig. 4.36). It is important to assess the
commissural leaflet area, since isolated involvement of
this area can be readily repaired with good result.
When imaging the mitral valve in the short-axis view,
it is clear that the mitral orifice area is dynamic in
nature with a maximal opening in early diastole and
the mitral opening was circular in shape approximat-
ing the area of the mitral annulus. The anterior mitral
leaflet is continuous with the posterior mitral leaflet
forming essentially a continuous curtain draping from
the mitral annulus. Between the anterior and posterior
mitral leaflet are the commissural leaflets which should
be included in assessing the structural integrity of the
mitral valve (Fig. 4.37).
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Fig. 4.31 The parasternal long-axis (a) and short-axis (b) views of a patient with myxomatous mitral valve in systole show severe
prolapse of the posterior mitral leaflet (arrow). LA left atrium, LV left ventricle

Infective Endocarditis

Infective endocarditis may lead to leaflet and chordal
destruction. Acutely, the infection may weaken the leaf-
let tissue leading to an acquired out-pouching or aneu-
rysm. In the process of healing, or if the infection
continues, the aneurysm may become like a sieve due to
perforation (Fig. 4.38). Infected thrombi may also
destroy the chords and cause them to rupture. Chronically
the infections may lead to leaflet and chordal loss with
valve defects and holes.

Fibrotic changes involving the mitral leaflet due to
the rheumatic process or endocarditis gives rise to leaf-
lets that are truly thickened. The leaflets may be
retracted leading to incomplete coaptation and in these
cases, a mitral regurgitant orifice can usually be imaged
both from the long and short-axis views. Color imag-
ing shows that the mitral regurgitation arises from the
coaptation area and is generally directed centrally.
This should be distinguished from leaflet perforation
which is usually caused by endocarditis (Fig. 4.39).

Unusual causes of mitral leaflet perforation include
suture dehiscence following quadrangular resection of
the posterior mitral leaflet and iatrogenic damage fol-
lowing ablation near the mitral annulus.

Drug Related Causes
of Mitral Regurgitation

Medications, including anorexogenic drugs (fenflu-
ramine-phentermine), ergotamine and methysergide
(migraine medications) have been described as produc-
ing carcinoid-like valve disease. The mechanism of
valve injury is thought to be activation or agonist activ-
ity of the SHT-2B receptors. Ergot alkaloid drugs
include methysergide and ergotamine, both used for
treatment of migraine headaches. The anorectic diet
medications have previously been used as monotherapy
for short duration therapy for many years. The combi-
nation of fenfluramine and phentermine (Fen-Phen)
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Fig. 4.32 The parasternal long-axis (a) and short-axis (b) views of the same patient as in Fig. 4.31 in diastole highlight the redundant
nature of the mitral leaflets. Both leaflets appear thickened in the long-axis view (a). In the short-axis view the multiple foldings particu-
larly involving the mid scallop of the posterior mitral leaflet (arrows) can be appreciated. LA left atrium, LV left ventricle

was introduced in North America in the mid-1990s.
There was little knowledge concerning effectiveness or
chronic effects. Connolly et al. reported heart valve dis-
ease shortly thereafter in 1997 [15]. There is still
some debate as to the actual risk and incidence of the
valvulopathy associated with anorexogenic agents,
but it is probably low [16]. Susceptibility or risk may
depend upon the medication dose, the duration of
treatment and individual risk factors including the
presence of pre-existing valve disease and concomi-
tant medication use [17].

Grossly and microscopically, the valve disease or
valvulopathy associated with anorexogenic drugs has
been reported to be similar morphologically to that of
carcinoid valve disease [15, 18]. The left sided valves
are predominantly affected. White plaques are noted
grossly and there may be chordal encasement and
fusion, but not rupture. The commissures are not
fused, in contrast to rheumatic disease. Doming or
hooding of the mitral leaflets is not seen, in contrast to

floppy valve disease. By microscopic examination, the
valves have myofibroblast and glycosaminoglycan
rich endocardial lesions with preservation of the
underlying valve architecture. These lesions are onlays
of glycosaminoglycan, collagen, and myofibroblasts
that are superficial to the valve elastic membrane, but
deep to the surface endothelium. The valve proper
may have myxoid degeneration with accumulation of
glycosaminoglycans. The onlays also may contain
chronic inflammatory cells (CD3 positive lympho-
cytes and CD68 positive macrophages) and there is
neovascularization within the onlay lesions and in the
valve proper [19].

Similar carcinoid like valve disease has also been
noted recently with Pergolide, an ergot derived dop-
amine receptor agonist used for treatment of Parkinson’s
disease [20, 21]. Tricuspid and mitral valve regurgita-
tion have been reported. Pergolide is another medica-
tion that has been described to activate serotonin
SHT-2B receptors.
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Fig.4.33 This is a patient with mitral valve prolapse related to fibroelastic deficiency. Prolapse of the posterior mitral leaflet (arrow)
is demonstrated in the parasternal long-axis (a) and short-axis (b) views. The prolapse largely involves the mid scallop of the poste-
rior mitral leaflet which is shown in the short-axis view (b). Compared to the patient shown in Figs. 4.31 and 4.32, the mitral leaflets
appear to be of normal thickness with a less degree of folding during leaflet coaptation

Fig. 4.34 This is a transesophageal echocardiogram in a patient with a flail mid scallop (P2) of the posterior mitral leaflet (arrow).
The flail scallop prolapses to close behind the anterior mitral leaflet in systole (a) and a large anterior directed mitral regurgitant jet
is present (b). LA left atrium, LV left ventricle
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Chordal Causes of Mitral Regurgitation

Chordal abnormalities causing regurgitation are due to
chordal elongation, as observed in a myxomatous
floppy valve, or actual chordal rupture from a floppy
valve or after infective endocarditis. The two have
vastly different consequences. In elongation and myx-
omatous change, the regurgitation is chronic leading to
left ventricle dilatation and progressive heart failure.
In rupture, the regurgitation is sudden leading to acute
ventricle dilatation and marked left heart failure lead-
ing to dyspnea and pulmonary edema. The size of the
left atrium and its ability to adapt to the volume over-
load are key to how the patient will present. In myx-
omatous valves studies have shown structural anomalies
in not only the leaflets but also the chordae. These are
of abnormal composition and are weak and prone to

Fia. 4.35 This is 4 3D haseal view of a pati i rail elongation and rupture.
ig.4. is is a 3D transesophageal view of a patient with flai .
mid scallop (P2) of the posterior mitral leaflet, demonstrating the The presence of an elongated chord is detected by

prolapsed scallop with multiple ruptured chords flailing in the left displacement of the subservient mitral leaflet into the
atrium (arrow). AV aortic valve, LAA left atrial appendage left atrium during leaflet coaptation. The tip of the

Fig.4.36 This is a patient with localized flail involving the lateral scallop (P1) of the posterior mitral leaflet. The eccentric medially
directed mitral regurgitant jet is demonstrated in the transesophageal four-chamber view (a) and not in the two-chamber view (b).
The trans-gastric view (c) of the mitral valve shows that the mitral regurgitation originates from the lateral aspect of the leaflet coap-
tation. Transesophageal 3D image (d) is a very good way to assess mitral valve morphology and shows that there is diffuse prolapse
involving the posterior mitral leaflet but the flail segment is localized to the lateral scallop (arrow)
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Fig. 4.37 Transesophageal longitudinal view (a) of the mitral valve shows that the commissure leaflet (short arrow) is severely
involved in the myxomatous process and demonstrates marked prolapse. Severe mitral regurgitation is confirmed by color flow

imaging (b). LA left atrium, LV left ventricle

Fig. 4.38 Surgically excised anterior mitral leaflet with large
defect from destruction by bacterial infective endocarditis.
Endocarditis may cause mitral regurgitation in many ways:
endocarditis may destroy the leaflet, the chords and cause ring
and myocardial abscesses. Emboli may cause infarct and rupture
of the papillary muscle leading to a flail leaflet

involved leaflet still points into the left ventricular cavity
and chaotic motion of a ruptured chord is not present.
Elongated chords can be due to myxomatous changes of
the chords, which are prone to rupture. Rheumatic

involvement can also lead to elongation of the chords
providing one reason for the development of mitral
regurgitation in this setting (Fig. 4.40).

Ventricular Causes of Mitral
Regurgitation

Abnormal dilatation or fibrosis and calcification of the
annulus may also lead to regurgitation. A dilated mitral
annulus is a result of left atrial enlargement which is
invariably present in the setting atrial fibrillation and in
patients with mitral regurgitation. There is truth in the
saying that “mitral regurgitation begets mitral regurgi-
tation” as progressive left atrial dilatation secondary to
mitral regurgitation leads to enlargement of the mitral
annulus further contributing to the failure of proper
mitral leaflet coaptation. In addition, left ventricle dila-
tion of any cause may lead to poor opposition of the
mitral leaflets (Fig. 4.41). This is due to the annular
dilatation and also to misalignment of the papillary
muscles with leaflet “restriction” due to the geometri-
cal distortion of the ventricle. Part of mitral valve repair
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Fig. 4.39 This patient has infective endocarditis involving the mitral valve. The transesophageal view (a) in systole shows that the
mitral leaflet coaptation (short arrow) appears normal but there is a large defect (long arrow) on the anterior mitral leaflet. The color-
flow image (b) shows severe mitral regurgitation mainly from the perforation at the anterior mitral leaflet as evidenced by the large flow
convergence. LA left atrium, LV left ventricle

is to re-establish good contact between the leaflets.
Ventricular aneurysm surgery may involve ventricular
remodeling in an attempt to improve leaflet contact.

Mitral Annular Calcification

Mitral annular calcification (MAC) is a common find-
ing in the hearts of elderly patients, especially females.
MAC is probably a pathological process due to degen-
erative changes in the mitral annulus. Its incidence is
about 8-10% in those over the age of 50 years; how-
ever, the incidence of MAC increases to over 40% in
those over 90 years.

Although it is frequently considered as a cause for
mitral regurgitation, our experience suggests that it is
an associated finding rather than a cause for mitral
regurgitation. We have observed a similar prevalence

and severity of mitral regurgitation in the elderly
patients with or without MAC, after adjusting for age
and other clinical variables such as systemic hyperten-
sion. When moderate or greater mitral regurgitation is
present in a patient with MAC, it is important to look
for another cause before ascribing the mitral regurgita-
tion to the presence of mitral annular calcification.
MAC can co-exist with sclerotic changes of the
mitral leaflets, which are thickened and retracted, caus-
ing mitral regurgitation (Fig. 4.42). It is often associ-
ated with myxomatous degeneration of the mitral valve
leaflets and in fact some think the leaflet disorder puts
stress on the annulus causing it to secondarily degener-
ate. The calcium is localized to the mitral ring, the
most common site being the base of the posterior
mitral leaflet (Fig. 4.43). Rarely the calcified mass may
extend onto the leaflet, fixing it and producing leaflet
immobility. It also may liquefy and form a left atrial
posterior wall mass that can be confused with a granu-
loma or/and abscess. The annulus normally contracts
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Fig. 4.40 The parasternal long-axis view (a, b) shows mitral valve prolapse with no flail segments. In addition to the redundant
leaflets, the chords are also elongated such that the anterior leaflet is closing behind the posterior mitral leaflet. Color flow imaging
in the parasternal long-axis and apical two-chamber views (c, d) show that mitral regurgitation is directed posteriorly. LA left atrium,
LV left ventricle

with the ventricle and the ventricle squeezes and short-
ens with systole. If the annulus is rigid, the ring cannot
contract and some of the constriction and squeezing
motions of systole are lost. MAC may also ulcerate
with thrombus deposition with potential for emboliza-
tion (Fig. 4.44) [22].

Papillary Muscle Causes
of Mitral Regurgitation

The left ventricle papillary muscles may become dys-
functional and contribute to valvular regurgitation. With
myocardial ischemia the muscles may temporarily stop

contracting, a process known as stunning. With chronic
heart failure and chronic ischemia the myocytes may
undergo degenerative myocytolysis and lose their myo-
filaments reverting to a more fetal or primitive phenotype
for survival. This is known as hibernating myocardium.
This myocardium is not contractile, but is viable and sal-
vageable, so papillary muscle function may return.

In acute myocardial infarction, the muscles may
infarct and die. This dead muscle is no longer contrac-
tile. In the most dramatic manifestation, the papillary
muscle may rupture leading to acute mitral regurgita-
tion and severe congestive heart failure. Mitral valve
replacement is often necessary. Rupture of the poste-
rior medial papillary muscle is more common as it gen-
erally has a single blood supply from the right coronary
artery, whereas the anterolateral papillary muscle can
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Fig. 4.41 The parasternal long-axis view in systole (a) shows that the left ventricle is dilated and the mitral annulus is similarly
dilated. The mitral leaflet coaptation is apically displaced consistent with tethering of the leaflets due to left ventricular dilatation.
The color-flow image (b) confirms that presence of severe mitral regurgitation. LA left atrium, LV left ventricle

have dual blood supply from both the right coronary
artery and the left circumflex artery. Rupture of one
head of the papillary muscle leads to severe mitral
regurgitation, but rupture of the whole head of the pap-
illary muscle results in torrential mitral regurgitation
and cardiogenic shock. In the latter situation, the mur-
mur of mitral regurgitation may not be evident, and
when present it may appear to be short in duration and
not the typical pan-systolic murmur associated with
mitral regurgitation.

The ruptured head of the papillary muscle demon-
strates excessive movement associated with a flail
mitral leaflet (Figs. 4.45, 4.46). The ruptured head pro-
trudes into the left atrium during systole and needs to
be differentiated from a vegetation or the curled up end
of a ruptured chord. The main differentiating feature is
the presence of underlying regional wall motion abnor-

mality and the absent head of the corresponding papil-
lary muscle.

Partial rupture of the papillary muscle is illustrated
by a break in the normal contour of the papillary mus-
cle and underlying regional wall motion abnormality
(Fig. 4.47). It leads to improper coaptation of the mitral
leaflets and significant mitral regurgitation. This is an
important condition to recognize, due to the high like-
lihood of progression to complete rupture leading to
worse mitral regurgitation and severe heart failure.
Patients with papillary muscle rupture usually have no
prior myocardial infarction and relatively preserved
left ventricular systolic function. Their prognosis is
much improved with prompt surgical intervention.

When a myocardial infarct heals, the papillary mus-
cle may fibrose and become non-contractile. Scar
retraction and underlying ventricular distortion and
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Fig. 4.42 The apical four-chamber (a) and five-chamber (b) views show that this patient has extensive calcification involving the
anterior mitral leaflet in addition to the mitral annular calcification. LA left atrium, LV left ventricle, RA right atrium, RV right

ventricle

Fig. 4.43 Mitral annular calcification noted at the junction of
the left atrium and the left ventricle. This involves the posterior
annulus. The calcification restricts ventricular annular move-
ment and may attach to the overlying leaflet fixing it to the ven-
tricular wall ventricle. This involves the posterior annulus. The
calcification restricts ventricular annular movement and may
attach to the overlying leaflet fixing it to the ventricular wall

Fig.4.44 In this transesophageal view, a mobile mass is present
attaching to the ventricular surface to the ventricular surface of
the mitral annulus, which is calcified. This mass is shown to be
organized thrombus at the time of coronary bypass surgery
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Fig. 4.45 This transesophageal echocardiogram (a) shows that there is a large mass which is attached to the posterior mitral leaflet
with prolapse into the left atrium. This mass is a ruptured head of the posterior medial papillary muscle. The posterior wall in this
view is thin and akinetic. The color-flow image (b) shows the presence of anteriorly directed mitral regurgitation. LA left atrium, LV

left ventricle

Fig. 4.46 This is a transesophageal 3D image showing the rup-
ture of the papillary muscle head (arrow) prolapsing into the left
atrium. This is the same patient as in Fig. 4.45. LAA left atrial
appendage

dilatation from the infarct may distort or restrict the
normal mitral valve architecture (Figs. 4.48, 4.49).

Displacement of the papillary muscles from vari-
able causes, but usually in the setting of left ventricular
dilatation such as in patients with dilated cardiomyo-
pathy, can also cause improper mitral leaflet coapta-
tion and mitral regurgitation (Fig. 4.41). Both mitral
leaflets may have restricted motion, which has been
described as tethering. This abnormality is usually
more prominent with the posterior mitral leaflet.
Tethering of the anterior mitral leaflet in some cases
has been attributed to the presence of secondary chords
restricting full excursion of the anterior mitral leaflet
during systole. In some of these patients, improvement
of leaflet excursion and coaptation associated with
reduction in mitral regurgitation has been reported
with selective cutting of these secondary chords. So far
there is still little long term data about the durability of
this procedure.
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Fig. 4.47 In the transesophageal four-chamber view (a) the anterior mitral leaflet shows a marked degree of prolapse (arrow) asso-
ciated with posterior directed mitral regurgitation (b). In the trans-gastric left ventricular long-axis view (c), the discontinuity of the
posteromedial papillary muscle is shown (arrows). Part of the papillary muscle is still in continuity thus preventing the papillary
muscle from prolapsing into the left atrium during systole. Color-flow image of the trans-gastric view (d) confirms severe mitral
regurgitation. Patients with partial rupture of the papillary muscle should be considered for urgent surgery as they are at risk for
developing complete rupture resulting in torrential mitral regurgitation and cardiogenic shock

Post-mitral Valve Repair

Mitral valve repair has been the procedure of choice
in the surgical treatment of degenerative mitral regur-
gitation. Mitral valve repair usually consists of two
components. The first is to correct the specific com-
ponent of the mitral apparatus responsible for the
abnormal coaptation leading to MR. The second is to
remodel and stabilize the mitral annulus by the place-
ment of an annular ring or band. Asymmetric leaflet
prolapse as a result of redundant leaflet tissue or rup-
tured chords, particularly involving the posterior

mitral leaflet, can be managed by resection of more
than one-third of the posterior mitral leaflet. If the
anterior mitral leaflet is involved, chordal reconstruc-
tion using chordal transfer or artificial chords can be
performed. Some form of annuloplasty is then per-
formed to remodel the annulus and to support the
leaflet repair. A complete annular ring, be it flexible
or rigid, is widely used for this purpose. Recently, the
use of an incomplete ring or posterior band to remodel
the mitral annulus has become popular (Fig. 4.50). In
order to ensure proper coaptation of the mitral leaf-
lets, the Alfieri procedure may be performed. This
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Fig. 4.48 In this transesophageal two-chamber view, the posteromedial papillary muscle is thin and echo-dense consistent with
fibrosis secondary to previous infarction (a). The anterior mitral leaflet prolapses into the left atrium without evidence of a flail seg-
ment. Color-flow image (b) shows severe mitral regurgitation which is posteriorly directed. LA left atrium, LV left ventricle

involves suturing the tips of the mitral leaflets creat-
ing a double-orifice mitral valve (Fig. 4.51).

The mitral valve area is certainly reduced as a
result of the procedure. The mitral annulus is reduced
in size with the implantation of the annular ring or
posterior band, and resection of the posterior mitral
leaflet, which can be greater than one-third of the
leaflet, not only reduces the area of the posterior
mitral leaflet, but also frequently restricts the excur-
sion of the posterior mitral leaflet. There may also be
a tendency to use an undersized ring to increase the
degree of leaflet coaptation. These anatomic changes
should be considered in the echocardiographic follow-
up of these patients. Proper coaptation of the mitral
leaflets is the result of a successful mitral repair sur-
gery, but excursion of the leaflets should be evaluated
as well. One or both mitral leaflets may be restricted

in excursion as a result of the surgery. The mid por-
tion of the posterior leaflet following quadrangular
resection frequently appears immobile, best seen in
the parasternal long-axis view, and yet not associated
with functional significance. On the other hand
restricted excursion of the anterior mitral leaflet due
to chordal transfer from the posterior mitral leaflet
may be associated with some degree of mitral steno-
sis (Fig. 4.52). Systolic anterior mitral leaflet motion
is a dreaded complication, as it may be an indication
of dynamic subaortic stenosis which can have severe
functional consequences. The integrity of the mitral
annular ring is an essential component of the long
term success of the surgery. Dehiscence of the ring
can occur months to years after repair surgery and
should be considered in patients who develop mitral
regurgitation following mitral valve repair.
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Fig. 4.49 Transesophageal 3D image of the mitral valve from the
atrial perspective showing that the anterior mitral leaflet appears
normal, but demonstrates marked degree of prolapse into the left
atrium. This is the same patient as in Fig. 4.48. The prolapse of the
anterior mitral leaflet is related to infarcted and fibrotic posterome-
dial papillary muscle. AV aortic valve, LAA left atrial appendage

Assessment of Severity
of Mitral Regurgitation

A small degree of mitral regurgitation can frequently
be seen by color flow imaging, and thus it is important
to differentiate a small amount of physiological mitral
regurgitation from clinically significant mitral regurgi-
tation. Due to the sensitivity of color flow imaging in
the detection of mitral regurgitation, many individuals
are diagnosed to have mild mitral regurgitation which
is not clinically significant and not associated with a
systolic murmur. At the same time, significant mitral
regurgitation can be missed since the mitral regurgitant
jet is frequently eccentric and may escape detection if
only the conventional views are used. Mitral leaflet
coaptation is the key event in patients with suspected
mitral regurgitation. If proper leaflet coaptation is pres-
ent, significant mitral regurgitation is highly unlikely.
Similarly abnormal leaflet coaptation is invariably
associated with mitral regurgitation and the type of the
coaptation abnormality predicts the direction and
severity of the mitral regurgitant jet.

There are many echocardiographic findings that
have been reported to be useful in assessing the severity

4 Mitral Valve

of mitral regurgitation, but there is no one consistently
reliable measure. A comprehensive approach is essen-
tial to avoid pitfalls. Such an approach includes care-
ful assessment of the integrity of the entire mitral
apparatus due to the close relationship between struc-
ture and function. Helpful guidelines have been devel-
oped and provide useful framework on how to
approach mitral regurgitation from an echocardio-
graphic viewpoint (Table 4.2) [23]. It is crucial to rec-
ognize the strengths and limitations of all the different
measures of the severity of mitral regurgitation
(Table 4.3).

Quantitative Approach

Recent studies suggest that quantitative measures of
mitral regurgitation are preferred in the assessment of
mitral regurgitation and these predict outcome. The
proposed measures are the effective regurgitant ori-
fice area and the regurgitant volume (Table 4.2). The
continuity equation is the basis for the calculation of
regurgitant volume. The same stroke volume that
passes through the mitral valve in diastole also passes
through the aortic valve in systole, if there is no mitral
or aortic regurgitation. When there is mitral regurgi-
tation, but no aortic regurgitation, the stroke volume
through the mitral orifice during diastole exceeds the
stroke volume through the aortic valve during sys-
tole, with the difference being the mitral regurgitant
volume. Accurate assessment of the flow volumes at
the mitral and aortic valves is a prerequisite for the
calculation of the regurgitant volume. There are a
number of technical issues involved in this calcula-
tion. The mitral orifice area shows dynamic change
throughout diastole making it difficult to be quanti-
fied. Thus, the flow volume at the mitral annulus
level is used instead of the flow volume at the mitral
orifice. Outside of research studies, there is substan-
tial variability in calculating the flow volume at the
mitral annulus which may not necessarily be circular
and its dimension can be difficult to be determined
accurately.

The effective regurgitant orifice area is calculated
using the flow convergence or proximal isovelocity sur-
face area method (Fig. 4.53). This calculation is also
based on the principle that the volume flow at the isove-
locity shell equals the volume flow passing through the
regurgitant orifice at the same instant. The instantaneous
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Fig.4.50 This patient has had mitral valve repair. The pre-operative parasternal long-axis (a) and short-axis (b) views show that the
posterior mitral leaflet is myxomatous best seen in the short-axis view (arrow). The mid scallop (P2) of the posterior mitral leaflet is
predominantly involved. The postoperative parasternal long-axis (c) and short-axis (d) views show that a posterior band has been
implanted (long arrows). There is linear brightness involving the mid portion of the posterior mitral leaflet (short arrow) consistent
with quadrangular resection of the mid scallop of the posterior mitral leaflet

regurgitant flow at the isovelocity hemispheric shell is
the product of the hemispheric area (with radius r,)
times the aliasing velocity (V).

Thus, 2nr} x V, = effective regurgitant orifice area
(EROA) x maximum mitral regurgitation (MR)
velocity, and

EROA = 271',1‘A2 X Va

MR

Adjusting the color scale and baseline to achieve a
hemispheric shell can be challenging. Frequently the
isovelocity shell is not hemispheric in shape and it is

difficult to adjust for the variation in the shape in the
calculation. The largest convergence area is used but
the convergence area is dynamic and may change
throughout systole. The maximum mitral regurgitant
velocity is used in the calculation, although the maxi-
mal velocity may not necessarily coincide in timing
with convergence area chosen for this calculation. In
day-to-day practice, there is substantial variability in
these calculated measures. In order for this to be
adopted into routine practice, there needs to be data
specific to one’s own laboratory to confirm that the
inter- and intra-observer variabilities in these measures
are within the acceptable range.
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Fig. 4.51 This patient has had mitral valve repair with the Alfieri procedure. The preoperative transesophageal views (a, b) show
that there is severe mitral regurgitation. The postoperative views (¢, d) show that a posterior annular band is implanted. The short-
axis view of the mitral valve (d) shows that the mitral valve assumes a double orifice appears (arrows) due to a suture between the
anterior and posterior mitral leaflet. There is no significant residual mitral regurgitation (c)

Qualitative Approach

Among the qualitative or semi-quantitative measures,
the jet area remains the most popular. The jet area has
many pitfalls. It is gain dependent and very much
influenced by loading conditions, which explains the
consistent underestimation of mitral regurgitation
severity in intra-operative echocardiographic studies.
The jet area can also underestimate severity when the

mitral regurgitant jet is eccentric or wall hugging.
Multiple imaging planes need to be used to fully assess
the extent of the mitral regurgitant jet (Fig. 4.36). The
dimension of the flow convergence area, vena contracta
and jet width provide an estimation of the regurgitant
area. These measures are less gain dependent but are
still affected by eccentricity of the mitral regurgitant
jet. In many patients, more than one mitral regurgitant
jet is present and this needs to be taken into



Mitral Insufficiency

109

Fig. 4.52 The parasternal long-axis view (a) shows typical findings consistent with mitral valve repair. A mitral annular ring has
been implanted and the posterior mitral leaflet is thickened and restricted in excursion. Color-flow image of the parasternal long-axis
view (b) shows a restricted mitral inflow orifice. The apical four-chamber view (c) shows the presence of a complete mitral annular
ring and the corresponding color-flow image (d) shows a narrowed mitral orifice with increased transvalvular velocity which is
confirmed by continuous wave Doppler (e). The mean resting mitral gradient is 10 mmHg. There is also elevation in right ventricular
systolic pressure as evidenced by the tricuspid regurgitation velocity (f)

consideration in assessing severity. Another useful
qualitative indicator of severe mitral regurgitation is
blunted or reverse systolic flow in the pulmonary veins
(Fig. 4.54) [24]. Systolic blunting of the pulmonary
venous flow can also be seen in patients with severe
left ventricular dysfunction and is therefore not a spe-
cific sign for severe mitral regurgitation, whereas sys-
tolic flow reversal appears to be specific for severe
mitral regurgitation. Both the pulsed wave and contin-
uous wave spectral signals can be useful. Severe mitral

regurgitation is associated with a dominant E-wave
and a dense MR envelope. The MR CW signal demon-
strating late systolic blunting indicates rapid rise in left
atrial pressure which is seen in severe and acute mitral
regurgitation (Fig. 4.55).

We believe that an integrated approach using all the
structural information from 2D and hemodynamic data
from Doppler provides the best way to assess the sever-
ity of mitral regurgitation. If there is clear evidence of
abnormal leaflet coaptation such as the demonstration
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Table 4.2 Qualitative and quantitative echocardiographic measures in the assessment of mitral regurgitation severity

Structural parameters
LA size

LV size

Mitral leaflets or support
apparatus

Doppler parameters
Color flow jet area®

Mitral inflow — PW
Jet density — CW

Jet contour — CW
Pulmonary vein flow

Quantitative parameters®
VC width (cm)

R Vol (mL/beat)

RF (%)

EROA (cm?)

Normal*
Normal*
Normal or abnormal

Normal or dilated
Normal or dilated
Normal or abnormal

Usually dilated**

Usually dilated**
Abnormal/flail leaflet/ruptured
papillary muscle

Small, central jet Variable Large central jet (usually >10 cm?
(usually <4 cm? or or >40% of LA area) or variable size
<20% of LA area) wall-impinging jet swirling in LA

A wave dominant® Variable E wave dominant®(E usually 1.2 m/s)
Incomplete or faint Dense Dense

Parabolic Usually parabolic Early peaking-triangular

Systolic dominance Systolic blunting Systolic flow reversal

<0.3 0.3-0.69 >0.7

<30 3044 45-59 260

<30 30-39 4049 >50

<0.20 0.20-0.29 0.30-0.39 >0.40

Source: Reproduced by Zoghbi et al. [23]. With permission
“ unless there are other reasons for LA or LV dilatation

* except in acute mitral regurgitation

¢ usually above 50 years of age, in the absence of mitral sterosis or causes of elevated LA pressure.

$ quantitative paraneters can sub-classify morderate MR into mild-to-moderate and moderate-to-severe.

Table 4.3 Advantages and limitations of echocardiographic measures in the assessment of mitral regurgitation severity

Structural parameters
LA and LV Size

MV leaflet/support
apparatus

Doppler parameters
Jet area — color flow

Vena contracta width

PISA method

Flow quantitation — PW

Jet profile - CW

Peak mitral E velocity

Pulmonary vein flow

Enlargement sensitive for chronic
significant MR, important for
outcomes. Normal size virtually
excludes significant chronic MR
Flail valve and ruptured papillary
muscle specific for significant MR

Simple, quick screen for mild

or severe central MR; evaluates
spatial orientation of jet

Simple, quantitative, good

at identifying mild or severe MR

Quantitative; presence of flow
convergence at Nyquist limit of
50-60 cm/s alerts to significant MR.
Provides both lesion severity (EROA)
and volume overload (R Vol)
Quantitative, valid in multiple jets and

eccentric jets. Provides both lesion severity
(EROA, RF) and volume overload (R Vol)

Simple, readily available
Simple, readily available, A-wave
dominance excludes severe MR

Simple, systolic flow reversal is specific

for severe MR

Source: Reproduced by Zoghbi et al. [23]. With permission

Enlargement seen in other conditions. May be
normal in acute significant MR

Other abnormalities do not imply significant MR

Subject to technical, hemodynamic variation;
significantly underestimates severity in
wall-impinging jets

Not useful for multiple MR jets; intermediate
values require confirmation. Small values;

thus small error leads to large % error

Less accurate in eccentric jets; not valid in multiple
jets. Provides peak flow and maximal EROA

Measurement of flow at MV annulus less

reliable in calcific MV and/or annulus.

Not valid with concomitant significant

AR unless pulmonic site is used

Qualitative; complementary data

Influenced by LA pressure, LV relaxation, MV area,
and atrial fibrillation. Complementary data only,
does not quantify MR severity

Influenced by LA pressure, atrial fibrillation. Not
accurate if MR jet directed into the sampled vein
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Fig. 4.53 The parasternal long-axis views (a) in a patient with functional mitral regurgitation show that the mitral valve is normal,
but the coaptation is apically displaced resulting in a centrally directed mitral regurgitation jet, which is confirmed by the four-
chamber apical view (b). The flow convergence becomes more apparent by down-shifting the aliasing velocity to 26 cm/s (c¢). The
peak mitral regurgitation velocity is 4 m/s (d). The effective regurgitation orifice area is calculated to be 0.15 cm? which is indicative
of mild mitral regurgitation

B
|
4

8
i
E

B

Fig. 4.55 Continuous wave Doppler is used to obtain the mitral
regurgitation spectral signal in a patient with dilated cardiomyo-
pathy. The dense, triangular appearance of the mitral regurgitation
Fig.4.54 The pulmonary venous flow obtained by transesopha-  velocity is indicative of severe mitral regurgitation. The profile of
geal echocardiography shows systolic flow reversal, which is a  the mitral regurgitation velocity during the early part of systole is
specific sign for severe mitral regurgitation consistent with severe left ventricular systolic dysfunction
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of a mitral regurgitant orifice by 2D, greater than mod-
erate mitral regurgitation is usually present. There has
been major improvement in 3D technology which is
particularly useful in the assessment of the mitral valve
[25, 26]. It will likely become an essential tool in the
evaluation of patients with mitral valve disease. Multiple
measures of the regurgitation jets should be used.
We pay particular attention to the presence and size of
the flow convergence area. Quantitative measures such
as regurgitant volume and effective regurgitant orifice
area are conceptually sound but are subject to techni-
cal limitations and may be less reproducible. Caution
should be taken when using these measures in the serial
follow up of patients with mitral regurgitation.

In summary, evaluation of patients with mitral valve
disease requires an in-depth understanding of the anat-
omy of the mitral valve apparatus. Multiple echo
Doppler measures should be used to assess the func-
tional consequences of the structural abnormalities.
Three-dimensional (3D) imaging should be readily
employed to provide additional anatomic insight into
the mechanism underlying the functional abnormality.

Summary

Normal mitral valvular function involves a finely
orchestrated sequence of mitral leaflet excursion and
coaptation, with participation of all the components of
the mitral valve apparatus. All these components
should be assessed in the evaluation of patients with
mitral valvular dysfunction, particularly in the present
era of mitral valve repair. An integrated approach using
all the anatomic and functional data provided by a
comprehensive echo-Doppler examination is essential
to determine the mechanism and severity of the mitral
valvular dysfunction.
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Tricuspid and Pulmonary Valve

Anatomical Considerations

The tricuspid valve has three leaflets, the anterior, the
septal and the posterior (Fig. 5.1). The anterior leaflet is
the largest of the three. As with all cardiac valves there is
afree edge and a line of closure, located on the atrial side
of the tricuspid valve. There are three commissures sepa-
rating each leaflet. Each leaflet has chordae tendonae
attached to ventricular papillary muscles, which can vary
in number. One of the defining characteristics of a tricus-
pid valve is that the septal leaflet chordae attach directly
to the underlying, adjacent ventricular septum.

The anterior papillary muscle is usually the largest
and has multiple heads, as is also common with the
posterior muscle. The septal papillary muscle, also
termed the muscle of Lancisi, may get smaller with
age. There can be considerable variations in the papil-
lary muscles. Multiple small septal papillary muscles
are not uncommon. The annulus of the tricuspid valve
is discontinuous and not as well formed as the mitral

Fig. 5.1 Opened normal tricuspid valve with anterior (A), septal
(S), and posterior (P) leaflets. Chordae (arrows) connect the leaf-
lets to the papillary muscles and septum of the right ventricle (RV)

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

annulus. The tricuspid valve is different than the mitral
valve as it is separate from the corresponding semilu-
nar valve, the pulmonary valve. The separation is due
to the presence of the infundibular ventricular septum
of the morphological right ventricle [1].

The pulmonary valve and the aortic valve are both
semilunar valves, a name derived from their shape.
They both have corona shaped annulus like a crown.
The pulmonary valve is separate from its atrioventricu-
lar valve, the tricuspid valve. There are normally three
cusps (Fig. 5.2). These are separate from each other at
three commissures. The cusps are the anterior, and the
left and right cusps. The cusps have a free edge and a
line of closure which is along the ventricular surface.

The right-sided cardiac valves, tricuspid and pulmo-
nary valves, have received less attention compared to the
left-sided cardiac valves, even though right-sided valvu-
lar insufficiency, particularly tricuspid regurgitation, is
common in many forms of heart disease [2—4]. The tri-
cuspid and pulmonary valves may become both stenotic

Fig.5.2 Opened right ventricle outflow tract with pulmonary valve.
This is a semilunar valve with three cusps. The infundibular septum
(IS) separates the pulmonary valve from the tricuspid valve
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or regurgitant. Tricuspid regurgitation is usually related
to right ventricular dilatation and dysfunction which are
frequently related to left-sided heart disease. In the cases
with associated heart failure, the tricuspid valve is struc-
turally normal but the annulus dilates and the leaflets or
cusps do not oppose properly. There may be some ven-
tricular distortion with an element of chordal restriction
in the case of a dilated right ventricle.

Echocardiography Considerations

The tricuspid valve is made up of three leaflets namely
anterior, posterior and septal leaflets, with the anterior
leaflet being the dominant leaflet and well visualized in
most imaging planes. The septal tricuspid leaflet is best
seen using the four-chamber view. In the right ventric-
ular inflow tract view, the degree of angulation of the
transducer determines which leaflets are visualized.
With the transducer angulated slightly rightward from
the left ventricular long-axis plane such that the left
ventricle can still be present posterior to the right ven-
tricle, the tricuspid leaflets visualized are the anteriorly
placed anterior leaflet and the septal leaflet posteriorly.
With more extreme rightward and inferior tilt, the right
ventricular posterior free wall is visualized with the
disappearance of the left ventricle from the view. The
two tricuspid leaflets imaged in this fashion are the
anteriorly placed anterior leaflet and the posteriorly
placed posterior leaflet (Fig. 5.3). All three leaflets can

Fig. 5.3 The parasternal right ventricular inflow view shows the
anterior and posterior tricuspid leaflets. A anterior tricuspid leaflet,
P posterior tricuspid leaflet, RA right atrium, RV right ventricle

5 Tricuspid and Pulmonary Valve

be seen in the same imaging plane, if a true short-axis
of the tricuspid valve is obtained either from the sub-
costal window using a transthoracic approach or the
transgastric window using the transesophageal approach
(Figs. 5.4, 5.5). The number of papillary muscles is
variable. There is invariably a large anterior papillary
muscle with its base in proximity with the moderator
band. There are two to four small papillary muscles on
the septum. Thus septal attachment of the atrioventricu-
lar valve is a strong indication that the valve in question
is the tricuspid valve rather than the mitral valve.

Fig. 5.4 The transesophageal transgastric view shows all three
tricuspid leaflets. A anterior tricuspid leaflet, LV left ventricle,
P posterior tricuspid leaflet, S septal tricuspid leaflet

Fig. 5.5 Three-dimensional image of the tricuspid valve is
obtained by transesophageal echocardiography. All three tricus-
pid leaflets can be seen, and the anterior tricuspid leaflet is the
largest leaflet. AV aortic valve, AL anterior tricuspid leaflet,
PL posterior tricuspid leaflet, SL septal tricuspid leaflet
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Fig.5.6 The pulmonary valve can be well imaged using the parasternal window, although a true short-axis of the pulmonic valve usually
cannot be obtained. The pulmonic valve and the right ventricular outflow tract are shown in (a), and the main and right pulmonary arteries
in (b). Ao aorta, MPA main pulmonary artery, RPA right pulmonary artery, RVOT right ventricular outflow tract

The pulmonary valve is not well seen by echocar-
diography and its motion is difficult to assess, since it
is frequently imaged obliquely. A high left parasternal
view is generally best to show the motion of the pul-
monic valve with the main pulmonary artery imaged in
its long-axis (Fig. 5.6). Since a good short-axis view is
difficult to obtain, it is difficult to be sure about which
two cusps are displayed in the high left parasternal
view. It is of limited clinical significance to identify the
exact cusps in the imaging plane. The pulmonary valve
can also be well seen using the subcostal short-axis
imaging plane, particularly in patients with obstructive
lung disease (Fig. 5.7).

Tricuspid Valve Regurgitation

Tricuspid regurgitation is very common and indeed a
mild degree of tricuspid regurgitation is ubiquitous and
is a normal finding. It is important to note that the
severity of tricuspid regurgitation and increasing tricus-
pid regurgitation velocity do not necessarily go hand in

hand (Fig. 5.8). For instance, in patients with primary
pulmonary hypertension, the degree of tricuspid regur-
gitation may be mild or even trivial before the onset of
right ventricular dysfunction and dilatation, and yet the
velocity of tricuspid regurgitation is high indicative of
the elevated right ventricular systolic pressure.

The most common cause for pathologic degree of tri-
cuspid regurgitation, which is at least moderate, is the
presence of left heart failure leading to pulmonary hyper-
tension and right ventricular dysfunction and dilatation
(Fig. 5.9). In this setting, the tricuspid valve is morpho-
logically normal but the tricuspid annulus is enlarged
causing incomplete leaflet coaptation. Evaluated by 3D
echocardiography showed that normal tricuspid annulus
is ellipsoid and non-planar with a somewhat saddle
shape [5]. With progressive enlargement, the annulus of
the tricuspid valve becomes more planar and circular. It
is uncertain whether it is necessary to reconstitute the
non-planar shape of the annulus to ensure long term suc-
cess of tricuspid annuloplasty to reduce the severity of
tricuspid regurgitation.

Tricuspid valve prolapse has been reported in about
20% of patients with myxomatous mitral valve
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Fig.5.7 The subcostal four-chamber (a) and short-axis (b) views can frequently be obtained particularly in patients with obstructive
lung disease. The right ventricular outflow tract, pulmonary valve and main pulmonary artery can be imaged using the short-axis
view (b). Ao aorta, LA left atrium, LV left ventricle, MPA main pulmonary artery, RA right atrium, RV right ventricle, RVOT right
ventricular outflow tract

prolapse, but the diagnostic criteria for tricuspid valve
prolapse are not well defined [6]. Some degree of sys-
tolic billowing of the tricuspid leaflets is a normal find-
ing and tricuspid valve prolapse should only be diagnosed
when there is excessive billowing associated with redun-
dancy of the tricuspid leaflets (Fig. 5.10). Multiple views
should be performed to image all the three leaflets,
because prolapse may be quite focal involving only one
leaflet and sparing the other two leaflets (Fig. 5.11).

With the decreased prevalence of rheumatic valvu-
lar heart disease, rheumatic involvement of tricuspid
valve is ararity in the western world [2, 3]. Nonetheless
this should be suspected in patients with evidence of
rheumatic mitral valve disease. The changes of the tri-
cuspid leaflets resemble those of the mitral leaflets,
namely the leaflets and/or chords are thickened with
restriction in excursion and incomplete coaptation of
the leaflets leading to tricuspid regurgitation.

Flail of the tricuspid leaflet is recognized by a
ruptured chord or a ruptured papillary muscle with

excessive motion and protrusion in to the right atrium
during systole. Closed chest trauma can lead to papil-
lary muscle rupture and flail of the tricuspid leaflet
[7-10]. Another important cause is right ventricular
endomyocardial biopsy which inadvertently damages
the papillary muscle or valve chord resulting in flail of
the tricuspid leaflet (Fig. 5.12). This is an important
consideration in patients post cardiac transplant that
develop severe tricuspid regurgitation during follow-
up [11, 12]. Although pacemaker leads are well toler-
ated andnotassociated with tricuspid valve dysfunction
in most patients, they can result in severe tricuspid
regurgitation in some patients [13]. This complication
may occur when the pacemaker lead interferes with
tricuspid leaflet motion due to excessive looping of
the pacemaker lead. Other mechanisms include leaflet
adhesion, erosion or perforation. (Figs. 5.13, 5.14). In
these patients, removal or reposition of the lead needs
to be considered to reduce the severity of tricuspid
regurgitation, but this needs to be balanced with the
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Fig. 5.8 In this patient with severe idiopathic pulmonary hypertension, the parasternal long-axis (a), short-axis (b) and apical
four-chamber (c¢) views show severe dilatation of the right ventricle. There is flattened ventricular septum in keeping with pulmo-
nary hypertension. The continuous wave Doppler (d) shows that tricuspid regurgitation has a very high velocity (4.7 m/s), but the

severity of tricuspid regurgitation is only mild to moderate (c)

risk of further damage to the tricuspid leaflets during
extraction of the lead. Other causes of tricuspid regur-
gitation are infective endocarditis and Ebstein’s
anomaly. Infective endocarditis can cause tricuspid
regurgitation in many ways, including leaflet erosion,
retraction, chordal rupture, leaflet perforation, annular
dilatation and interference of leaflet coaptation by the
vegetation [14—16]. These are discussed in greater
detail in the chapter on endocarditis.

Ebstein’s Anomaly

Ebstein’s anomaly is an important cause of tricuspid
regurgitation in the young and the old. Normally, the

atrioventricular valves delaminate from their underly-
ing developing ventricle. In the case of the tricuspid
valve, the three leaflets delaminate from the out
pouched and rotating bulbus chamber. Failure to
delaminate causes the valve leaflets to become elon-
gated and only come off the wall of the ventricle close
to the apex (Figs. 5.15, 5.16). The right atrium seems
huge (in reality it usually is) and the ventricle has “atri-
alized.” Not unexpectedly the valve leaflets are not
well formed and are dysplastic [17]. The posterior and
septal leaflets are usually the ones that are chiefly
affected by the apical displacement and the anterior
leaflet often is the most dysplastic. The anterior leaflet
may be large, thick, abnormally formed and with mul-
tiple orifices and defects. The chordae are often short
and thick. Underneath the leaflets the right ventricle
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Fig. 5.9 The apical four-chamber view (a) in this 82-year-old woman with a history of hypertension and atrial fibrillation shows
severe dilatation of the tricuspid annulus with a lack of coaptation of the tricuspid leaflets. The color-flow image (b) confirms severe
tricuspid regurgitation. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

undergoes eccentric hypertrophy from volume over-
load and chronic regurgitation. The right ventricle wall
may be thin or thick and the chamber may be markedly
dilated. Due to the regurgitation the atrium is usually
markedly dilated and an associated atrial septal defect
secundum type is common.

Ebstein’s anomaly is often associated with acces-
sory atrioventricular pathways and Wolfe Parkinson
White syndrome [18]. These pathways are associated
with ventricular pre-excitation and may cause arrhyth-
mias and sudden death. In Ebstein’s anomaly the path-
ways are usually right sided, posterior on the annulus
and may be multiple. Ebstein’s anomaly may be left
sided in the case of corrected transposition [19].

The key echocardiographic findings of Ebstein’s
anomaly are displacement of the tricuspid leaflet
attachment, and dysplastic changes and dysfunction of
the tricuspid valve and the right ventricle [20]. The
diagnosis is commonly made by the apical four-

chamber view, showing excessive apical displacement
of the septal tricuspid leaflet. One commonly used cut-
off value is 8 mm/m?, which is the displacement of the
tricuspid septal leaflet in relation to the mitral annulus
indexed for the body surface area [20]. The attachment
of the septal and posterior tricuspid leaflets is preferen-
tially displaced with the maximal displacement at the
commissure between these two leaflets (Fig. 5.17) [21].
Displacement of the posterior leaflet should be care-
fully assessed with the right ventricular inflow view,
because the leaflet displacement may be localized such
that the involvement of the septal leaflet may be quite
mild (Fig. 5.18). In many cases, the leaflets are
extensively tethered or adherent to the ventricular
wall rather than truly displaced. The attachment of
the anterior tricuspid leaflet is usually not displaced,
but dysplastic changes are common. The anterior
leaflet is large, sail-shaped and frequently protruding
into the right ventricular outflow tract during diastole.
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Fig.5.10 Severe prolapse of the anterior tricuspid leaflet (arrows), is shown in the apical four-chamber view (a). Color-flow image
(b) shows eccentric tricuspid regurgitation directed to the atrial septum consistent with prolapse of the anterior tricuspid leaflet. LA
left atrium, LV left ventricle, RA right atrium, RV right ventricle

Other dysplastic changes include tethering by large
fibrous bands or abnormal chordae to the septum or
right ventricular free wall (Fig. 5.19) [22]. If the dys-
plastic changes of the anterior tricuspid leaflet are
mild, tricuspid valve repair rather than replacement
may be feasible [22]. Varying degree of tricuspid
regurgitation is invariably present due to the dysplas-
tic changes of the leaflets. The tricuspid orifice and
the tricuspid regurgitant jet are apically displaced.
The tricuspid regurgitation jet can frequently be
eccentric and typically has a low velocity (Fig. 5.20).
Tricuspid stenosis can occur but is rare in adults with
this condition [21].

Dilated right atrium is expected due to the presence
of tricuspid regurgitation and the inclusion of the atri-
alized right ventricle. The wall of the atrialized right
ventricle is thin and fibrotic. The functional right ven-
tricle may be small or dilated. In fact the functional
right ventricle is dilated in over half of the patients,
and right ventricular dysfunction is common [21].

Atrial septal defect can be detected in about 25% of the
cases and the prevalence of patent foramen ovale may
be even higher. Pulmonary stenosis has also been
reported [21].

Severe tricuspid regurgitation can result from dys-
plastic changes affecting the tricuspid leaflets without
significant displacement (Figs. 5.21, 5.22) [23]. These
patients should not be diagnosed to have Ebstein’s
anomaly, since in our experience these patients seldom
have dysplastic changes of their right ventricle and
respond favorably to valve repair.

Carcinoid Valve Disease

Carcinoid valve disease most commonly affects the tri-
cuspid and the pulmonary valves. The disease is com-
monly related to metastatic carcinoid tumor in the liver
usually from a metastatic primary in the gastrointestinal
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Fig. 5.11 (a) The transesophageal longitudinal view shows focal prolapse involving the posterior tricuspid leaflet (arrow). The
prolapse is not seen in other views. Colur-flow image (b) shows severe tricuspid regurgitation. Ao aorta, LA left atrium, RA right
atrium, RV right ventricle

tract. Carcinoid heart disease is seen in approximately
50% of patients with carcinoid syndrome [24]. Left-
sided disease may occur rarely if there is a patent fora-
men ovale. The valves are white and thickened by gross
examination (Figs. 5.23-5.25). The thickening is due to
fibromuscular plaques or endocardial onlays. The
plaques involve the cusps of the semilunar valves and
the leaflets, chords and papillary muscles of the atrio-
ventricular valves. The endocardial plaques cause valve
thickening and retraction leading to valvular regurgita-
tion and stenosis. Regurgitant valves are most common,
with mixed pulmonary stenosis and pulmonary insuffi-
ciency and tricuspid insufficiency.

The valve thickening is due to cellular proliferation
of myofibroblast like cells and accumulation of extra-
cellular matrix in the endocardial onlay plaque valvu-
lar lesions. These onlays or plaques tend to occur on
the arterial surface of the pulmonary valve and both
surfaces of the tricuspid valve, but predominantly the
ventricular side. Carcinoid plaques do not destroy the
underlying valve architecture. The plaque matrix is
rich in collagen and ground substances and some stud-
ies have found small amounts of elastin. Autopsy
studies have noted a high degree of neovascularization

and the presence of chronic inflammation. Mast cells
are variable in number. Mast cells tend to be in areas
of neovascularization and they may also be in adja-
cent valve tissue and not actually in the endocardial
plaque.

Carcinoid valve disease is classified with other
serotonin associated valve disorders. These include
carcinoid valve disease and disease associated with
serotonin agonists such as migraine and diet medica-
tions (Fen-Phen). The valvulopathy associated with
these agents is hyperplastic in nature with hyperplastic
endocardial lesions [25]. Carcinoid valve disease is
postulated to relate to increased serum levels of sero-
tonin which induces transforming growth factor (TGF)
beta expression in the valve via serotonin SHT-2A and
SHT-2B receptors [25-27]. In vitro, the addition of
serotonin to cultured valve interstitial cells increases
TGF beta expression and increased extracellular matrix
probably through this serotonin receptor mechanism
[26, 28]. TGF beta can induce valvular endothelial
cells and interstitial cells to trans-differentiate into
myofibroblasts which produce the plaques [28, 29].

Typical echocardiographic findings are diffusely
thickened tricuspid valve leaflets with restricted
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Fig. 5.12 The apical four-chamber view (a) in a patient who has had cardiac transplantation shows that the septal tricuspid leaflet
is flailed with the tip of the leaflet pointing into the right atrium during systole. The color-flow image (b) confirms eccentric tricuspid
regurgitation. The tricuspid valve abnormality is likely due to inadvertent damage of the tricuspid valve during endomyocardial
biopsy. RA right atrium, RV right ventricle

motion which is best described as “frozen in space.”
During systole, there is no coaptation of the leaflets
resulting in a large regurgitant orifice and torrential tri-
cuspid regurgitation (Figs. 5.26, 5.27). Similar changes
involving the pulmonic valve are frequently present.
There may also be diffuse thickening and brightness of
the right ventricular endocardium due to endothelial
fibrosis [30].

Severity of Tricuspid Regurgitation

Like the other heart valves, coaptation of the tricuspid
leaflets is the key to normal valve function and needs
to be carefully assessed. Proper leaflet coaptation
excludes severe tricuspid regurgitation, and conversely
lack of leaflet coaptation indicates the presence of
severe tricuspid regurgitation. Determination of the
severity of tricuspid regurgitation follows the same

principles used in assessing the severity of mitral
regurgitation.(Table 5.1) [31] Commonly used for this
purpose are measures of the tricuspid regurgitation
color flow jet, particularly the color jet area and jet
width. The presence of an easily detectable flow con-
vergence indicates at least moderate severity for the
tricuspid regurgitation (Fig. 5.28). Systolic flow rever-
sal in the hepatic vein can be detected by color flow
imaging or pulsed-wave Doppler (Fig. 5.29). Its pres-
ence indicates severe tricuspid regurgitation [32].
Confirmatory findings such as right atrial and right
ventricular enlargement should be present. The advan-
tages and limitations of these measures are summa-
rized in Table 5.1.

We use a semi-quantitative approach as recom-
mended by the American Society of Echocardiography
to classify tricuspid regurgitation into mild, moderate
and severe (Table 5.2) [31]. This determination takes
into consideration all the different measures that we
have discussed.
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Fig. 5.13 In this patient with two right ventricular pacemaker leads (arrows), there is lack of tricuspid leaflet coaptation shown in
the parasternal right ventricular inflow (a) and four-chamber (b) views, far in excess of the mild degree of tricuspid annular dilata-
tion. The color-flow image (c¢) shows severe tricuspid regurgitation of a lower velocity. This is confirmed by the continuous wave
Doppler (d). The tricuspid velocity is triangular in contour with early peaking, indicative of severe regurgitation

Tricuspid Valve Stenotic Lesions

These are uncommon valve disorders. Tricuspid steno-
sis may be due to a dysplastic valve which may be asso-
ciated with Ebstein’s anomaly [21]. Acquired stenosis
is usually rheumatic and is invariably associated with
concomitant left sided valve disease. Fungal endocardi-
tis or large vegetations from intravenous drug use may
cause valve stenosis due to the large size of the vegeta-
tions. Indwelling catheters, shunt lines, pacemaker
leads and defibrillator leads may incorporate into the
valve leaflets or chords, but unless associated with
thrombus they do not usually cause significant valve
destruction or stenosis. Some lines are associated with

calcific masses termed calcified amorphous tumors [33].
These pseudotumors probably represent calcified
thrombus and are also associated with coagulation dis-
orders such as lupus anticoagulant [34].

Tricuspid valve repair is increasingly performed in
association with other valve surgeries to reduce or
eliminate tricuspid regurgitation [35], and may emerge
as an important cause of tricuspid stenosis (Fig. 5.30).
This may be related to over-reduction of the tricuspid
annulus associated with additional procedures such as
bicuspidalization and Alfieri repair. Thus in these
patients, Doppler assessment for tricuspid stenosis
should be performed in addition to the evaluation of
the severity of residual tricuspid regurgitation.
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Fig. 5.14 The transthoracic 3D view near the crux of the heart
shows that the septal tricuspid leaflet is restricted in excursion
such that there is a large tricuspid regurgitation orifice. The
restricted excursion appears to be related to the pacemaker lead
(arrow) traversing the tricuspid valve. ATL anterior tricuspid
leaflet, AV aortic valve, MV mitral valve

Fig. 5.15 Ebstein’s anomaly of the tricuspid valve. The leaflets
are elongated and abnormally attached to the underlying ven-
tricular wall (arrow). The leaflets are also malformed. The right
ventricle is thin under the leaflets (RV)

Pulmonary Stenosis

Unicuspid and bicuspid pulmonary valves may be iso-
lated or associated with syndromes including tetralogy
of Fallot and Noonan’s syndrome (usually with an atrial

Fig.5.16 Another individual with Ebstein’s anomaly of the tricus-
pid valve. There are abnormally formed valve leaflets which also
appear to be adherent (arrow) to the underlying right ventricle (RV)

Fig. 5.17 The transesophageal four-chamber view shows the
severe apical displacement of the septal tricuspid leaflet (arrow).
The anterior leaflet is elongated and demonstrates tethering to
the ventricular wall by multiple fibrous bands (arrowheads).
LA left atrium, RA right atrium

or ventricular septal defect). Unicuspid valves are
acommissural dome shaped or unicommissural tear-
drop shaped, analogous to their aortic counterparts
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Fig. 5.18 In this patient with Ebstein’s anomaly, the apical displacement of the tricuspid leaflet is localized to the posterior leaflet
which is best shown in the apical two-chamber (b) and right ventricular inflow (d) views. In the apical four-chamber view (a), the
attachment of the septal tricuspid leaflet is normal. In the right ventricular inflow view (c) the apical displacement of the posterior
tricuspid leaflet is less severe compared to (d), highlighting the localized nature of the leaflet displacement. LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle

(Fig. 5.31). Raphes may be present in both variants.
These valves are stenotic and usually symptomatic after
a time. Traditionally they were replaced, but now are
repaired with valvuloplasty or stented (including percu-
taneous stenting) with reasonable results. Bicuspid pul-
monary valves may be asymptomatic and may be
regurgitant or stenotic. These are more common than
unicuspid valves.

In most adult patients, the pulmonary valve is not well
visualized by echocardiography. Pulmonary stenosis usu-
ally due to congenital bicuspid pulmonary valve is

generally well tolerated in the adult population (Fig. 5.32).
The pulmonary valve demonstrates doming which is a
sign of restricted excursion of the cusps (Fig. 5.33). There
is post stenotic dilation of the main pulmonary artery and
the proximal right and left pulmonary arteries
(Fig. 5.34). Typically, the left pulmonary artery is more
dilated than the right pulmonary artery. Percutaneous
pulmonary valvotomy can be considered in symptom-
atic patients or patients with severe pulmonary steno-
sis. Mild to moderate pulmonary stenosis seldom
progresses and is usually benign.
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Fig. 5.19 In this patients with Ebstein’s anomaly, part of the posterior tricuspid leaflet (arrows) is severely apically displaced (b),
while other portions of the posterior leaflet (arrow) has normal attachment (a). The anterior tricuspid leaflet is dysplastic and teth-
ered to the ventricular wall by multiple fibrous bands and abnormal chordae (c, d)

Pulmonary Regurgitation

Once again leaflet coaptation is the key finding and
should be assessed from multiple imaging windows.
Similar to tricuspid regurgitation, a slight degree of
pulmonic regurgitation is ubiquitous and is a normal
finding (Fig. 5.35). The presence of “A dip” in the pul-
monary regurgitation spectral sign is a common and
normal finding, unlike the situation in aortic regurgita-
tion (Fig. 5.36). Pathologic pulmonary regurgitation
may be caused by endocarditis, prior pulmonic valvo-
tomy for pulmonary stenosis and transannular patch of
the right ventricular outflow tract. Measures of the color
jet size are useful in estimating the severity although
complete visualization of the pulmonary regurgitation
jet may be difficult because of the orientation of the

infundibulum (Fig. 5.37). The Doppler spectral signal
of severe pulmonary regurgitation is dense compared to
the antegrade flow and demonstrates rapid deceleration
to the baseline (Fig. 5.38) [36]. In this setting right ven-
tricular dilatation is invariably present. The advantages
and limitations of these measures are summarized in
Table 5.3 [31].

In tetralogy of Fallot, the right ventricle outflow
tract stenosis may be valvular due to a dysplastic, a
unicuspid or a bicuspid pulmonary valve. However, an
infundibular tract muscular stenosis may co-exist and
may require resection of subvalvular ventricular mus-
cle at surgical repair for tetralogy.

There are also quadricuspid pulmonary valves
which are usually competent and not associated with
symptoms.
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Fig. 5.20 In this patient with Ebstein’s anomaly, the attachment of the septal tricuspid leaflet is severely displaced shown in the
apical four-chamber view (b), while the posterior leaflet has normal attachment shown in the parasternal right ventricular inflow
view (a). Moderate tricuspid regurgitation is present (c). The continuous wave Doppler (d) shows that the velocity of the tricuspid

is not high indicating normal pulmonary artery systolic pressure

Tricuspid and Pulmonary Valve Infective
Endocarditis

Right sided tricuspid or pulmonary valve infective
endocarditis may be associated with indwelling lines or
catheters, pacemakers or defibrillator lead infections, or
intravenous drug use. The valve destruction is more
likely to be clinically silent than left sided valve dis-
ease, with the development of progressive right heart
failure and pulmonary manifestations including pulmo-
nary emboli, pulmonary infarcts, pulmonary abscesses,
empyema, pleuritis and effusions (Figs. 5.39, 5.40).

Summary

A mild degree of regurgitation of the tricuspid or pul-
monary valve is common and certainly can be physio-
logical. A more severe degree of regurgitation is
abnormal and can lead to right ventricular volume
overload. The underlying mechanism responsible for
the valvular regurgitation should be understood, in
order to determine the feasibility of valve repair and
the type of surgical approach, since early invasive
intervention to eliminate regurgitation has been shown
to improve long-term outcome.
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Fig. 5.21 Preoperative transesophageal view (a) in a patient with congenital dysplastic tricuspid valve shows normal attachment of
the tricuspid leaflets and color flow image (b) shows severe tricuspid regurgitation. A prominent Eustachian valve (arrow)
is present. Post-operative images (c, d) show smaller tricuspid annulus, proper leaflet coaptation and trivial regurgitation. LA left
atrium, LV left ventricle, RA right atrium, RV right ventricle

Fig.5.23 Carcinoid disease involving the tricuspid valve causes
leaflet and chordal thickening with white fibromuscular endo-
cardial plaques. The valve structure is normal underneath, and
Fig. 5.22 Tricuspid valve dysplasia with abnormally formed the plaques deposit on the valve tissue and distort it. Such valves
valve leaflets, but no displacement are usually predominantly regurgitant
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Fig.5.24 Carcinoid disease involving the pulmonary valve with
white discoloration and cusp thickening. The fibromuscular
onlays deposit on the valve and thicken it. Such valves are usu-
ally mixed stenotic and regurgitant

Fig. 5.25 Surgically excised tricuspid valve tissue with thick-
ened leaflet and chords

muxNIO

Fig. 5.26 The diastolic images of the tricuspid valve (a) and the pulmonary valve (c¢) shows diffuse thickening and restriction in
excursion of both valves (arrows). Color-flow images shows a mild degree of tricuspid stenosis (b) and the presence of severe pul-
monic regurgitation (d) due to a lack of coaptation of the pulmonary cusps. LV left ventricle, RA right atrium, RV right ventricle,
RVOT right ventricular outflow tract
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Fig. 5.27 These are the systolic images of the tricuspid valve (a, b) and the pulmonary valve (¢, d) of the same patient in Fig. 5.21.
The tricuspid and pulmonary valves are diffusely thickened and restricted in excursion. Color-flow image shows severe tricuspid
regurgitation due to a lack of coaptation of the tricuspid leaflets (b). There is also flow acceleration at the pulmonary valve due to
restricted systolic excursion of the pulmonary cusps (d). LV left ventricle, MPA main pulmonary artery, RA right atrium, RV right
ventricle, RVOT right ventricular outflow tract
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Fig. 5.28 The apical four-chamber view (a) shows severe dilatation of the right ventricle and right atrium. Color-flow image (b)
shows a large tricuspid regurgitant jet with a prominent flow convergence and a jet width of 0.8 cm in diameter. At a Nyquist limit
of 23 cm/s, the radius of the flow convergence is 1 cm (¢). The tricuspid regurgitation spectral signal is shown in (d). The tricuspid
regurgitant orifice area is calculated to be 0.44 cm?. These parameters are consistent with severe tricuspid regurgitation. LA left
atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 5.29 Systolic flow reversal in the hepatic vein in a patient with severe tricuspid regurgitation is shown by color-flow imaging
(arrow) (a) and pulsed wave Doppler examination (b). /VC inferior vena cava

Table 5.1 Strengths and limitations of echocardiographic and Doppler parameters in the assessment of tricuspid regurgitation

RV/RA/IVC size

TV leaflet alterations

Paradoxical septal motion
(volume overload pattern)

Jet area — color flow

Vena contracta width

PISA method
Flow quantitation — PW
Jet profile - CW

Peak tricuspid E velocity

Hepatic vein flow

Enlargement sensitive for chronic
significant TR. Normal size virtually
excludes significant chronic TR

Flail valve specific for significant TR

Simple sign of severe TR

Simple, quick screen for TR

Simple, quantitative, separates
mild from severe TR

Quantitative
Quantitative
Simple, readily available

Simple, usually
increased in severe TR

Simple; systolic flow reversal is
sensitive for severe TR

Enlargement seen in other conditions.
May be normal in acute significant TR

Other abnormalities do not imply significant TR

Not specific for TR

Subject to technical and hemodynamic factors.
Underestimates severity in eccentric jets

Intermediate values require further confirmation

Validated in only a few studies
Not validated for determining TR regurgitant fraction
Qualitative, complementary data

Depends on RA pressure and RV relaxation, TV area,
and atrial fibrillation; complementary data only

Influenced by RA pressure, atrial fibrillation

CW continuous wave Doppler, EROA effective orifice regurgitant area, /VC inferior vena cava, PISA proximal isovelocity surface
area, PW pulsed wave Doppler, RA right atrium, RV right ventricle; TV tricuspid valve, TR tricuspid regurgitation
Source: Reproduced from Zoghbi et al. [31]. With permission
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Table 5.2 Semi-quantitation of severity of tricuspid regurgitation based on echocardiographic and Doppler parameters

Tricuspid valve Usually normal Normal or abnormal Abnormal/flail leaflet/poor
coaptation

RV/RA/IVC size Normal® Normal or dilated Usually dilated®

Jet area-central jets (cm?)° <5 5-10 >10

VC width (cm)? Not defined Not defined, but <0.7 >07

PISA radius (cm)® <0.5 0.6-0.9 >0.9

Jet density and contour — CW Soft and parabolic Dense, variable contour Dense, triangular
with early peaking

Hepatic vein flow" Systolic dominance Systolic blunting Systolic reversal

CW continuous wave Doppler, IVC inferior vena cava, RA right atrium, RV right ventricle, VC vena contracts width

4Unless there are other reasons for RA or RV dilation. Normal 2D measurements from the apical four-chamber view: RV medio-
lateral end-diastolic dimension < 4.3 cm, RV end-diastolic area < 35.5 cm?, maximal RA medio-lateral and supero-inferior dimen-
sions < 4.6 and 4.9 cm, respectively, maximal RA volume < 33 mL/m? (35;89)

"Exception: acute TR

°At a Nyquist limit of 50-60 cm/s. Not valid in eccentric jets. Jet area is not recommended as the sole parameter of TR severity due
to its dependence on hemodynamic and technical factors

4At a Nyquist limit of 50-60 cm/s

*Baseline shift with Nyquist limit of 28 cm/s

f{Other conditions may cause systolic blunting (e.g., atrial fibrillation, elevated RA pressure)

Source: Reproduced from Zoghbi et al. [31]. With permission

i
®ean PG = 4.1 nnlig O

Hean U = 9. B
uTl 49.9 cm
i

Fig.5.30 The apical four-chamber view (a) in a patient who had tricuspid valve repair for tricuspid regurgitation shows restriction
in excursion of the tricuspid leaflet (arrow). Tricuspid stenosis is confirmed by the continuous wave Doppler (b). The mean tricuspid
gradient is 4.1 mmHg. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 5.31 Transesophageal views of the pulmonary valve in its long-axis (a) and short-axis (b) in systole show doming of the pul-
monary valve consistent with mild pulmonary stenosis and the presence of two raphes (arrows) (b) suggesting this may be a unicus-
pid pulmonary valve. Ao aorta, LA left atrium, MPA main pulmonary artery, PV pulmonary valve

Fig. 5.32 Congenitally bicuspid pulmonary valve. Only two
cusps are present. This was clinically not apparent. Interestingly
this is the same patient as shown in Fig. 5.22, the individual with
tricuspid valve dysplasia
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Fig. 5.33 In this patient with mild pulmonary valvular stenosis, the pulmonary valve (arrow) is not well seen in the parasternal short-
axis view (a). Color-flow image (b) shows flow acceleration at the pulmonary valve consistent with pulmonary stenosis. Pulsed wave
Doppler examination (¢) shows normal systolic velocity in the right ventricular outflow tract, and continuous wave Doppler (d) shows
a peak gradient of 28 mmHg with a mean gradient of 13 mmHg across the pulmonary valve consistent with mild pulmonary stenosis.
Ao aorta, MPA main pulmonary artery, RA right atrium
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Fig. 5.34 This patient with moderate pulmonary stenosis shows severe dilatation of the main pulmonary artery and mild dilatation
involving the proximal right and left pulmonary arteries (a). Color-flow image shows flow acceleration at the pulmonary valve con-
firming valvular pulmonary stenosis (b). Doppler examination (c, d) confirms moderate pulmonary stenosis with a peak gradient of
50 mmHg and a mean gradient of 24 mmHg. Ao aorta, LPA left pulmonary artery, MPA main pulmonary artery, RPA right pulmonary
artery
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Fig. 5.35 Parasternal view of the pulmonary valve (a). Other structures visualized in this view include the right ventricular outflow
tract and the pulmonary arteries. Color-flow image (b) shows mild pulmonary regurgitation which is physiological and not an abnor-
mal finding. Ao aorta, LPA left pulmonary artery, MPA main pulmonary artery, PV pulmonic valve, RPA right pulmonary artery,
RVOT right ventricular outflow tract

Fig.5.36 Continuous wave Doppler across the pulmonary valve
showing prominent A-dip arrows) in the pulmonary regurgita-
tion velocity profile, which is a normal finding
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Fig. 5.37 The parasternal short-axis view shows that the pulmonary valve is flailed (arrows) in a patient who had pulmonary valvo-
tomy for pulmonary stenosis. Color-flow image (b) shows a large pulmonary regurgitant jet consistent with severe pulmonary
regurgitation. Ao aorta, MPA main pulmonary artery, RA right atrium, RVOT right ventricular outflow tract
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Fig. 5.38 The parasternal short-axis view (a) and the continuous wave Doppler (b) of the same patient in Fig. 5.26. There is a typi-
cal pulmonary regurgitation velocity profile of severe pulmonary regurgitation. (b) The regurgitation velocity is dense with a rapid
deceleration to the baseline. Ao aorta

Table 5.3 Strengths and limitations of echocardiographic and Doppler parameter in the assessment of pulmonary regurgitation

RV size RV enlargement sensitive for chronic Enlargement seen in other conditions
significant PR. Normal size virtually
excludes significant PR

Paradoxical septal motion Simple sign of severe PR Not specific for PR
(volume overload pattern)

Jet length — color flow Simple Poor correlation with severity of PR

Vena contracta width Simple quantitative method that works More difficult to perform; requires good images of
well for other valves pulmonary valve; lacks published validation

Jet deceleration rate — CW Simple Steep deceleration not specific for severe PR

Flow quantitation — PW Quantitates regurgitant flow and fraction ~Subject to significant errors due to difficulties of

measurement of pulmonic annulus and a dynamic
RVOT; not well validated

CW continuous wave, RV right ventricle, PR pulmonic regurgitation, RVOT right ventricular outflow tract
Source: Reproduced from Zoghbi et al. [31]. With permission
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Fig. 5.39 (a) Transesophageal echocardiogram in a patient with right-sided endocarditis shows a large vegetation (arrows) on the
tricuspid leaflet prolapsing into the right atrium during systole. The color-flow image (b) shows mild tricuspid regurgitation

Fig. 5.40 Tricuspid valve infective endocarditis. Excised piece
of tricuspid valve. Large vegetations are typical, especially with
fungal infections, Right side infections are often culture nega-
tive. Presentations with emboli, including pulmonary emboli
occur. Empyema, effusions, pulmonary infarcts and abscesses
may complicate right-sided infection
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Cardiomyopathies

Cardiomyopathies are cardiac disorders characterized
by predominant myocardial dysfunction — expressed
as diastolic or systolic ventricular dysfunction. Before
the advent of molecular biology, cardiomyopathies
were considered heart muscle disease of unknown eti-
ology. The most recently accepted definition of a car-
diomyopathy is a heterogeneous group of diseases of
the myocardium associated with mechanical or electri-
cal dysfunction that usually (but not invariably) exhibit
inappropriate ventricular hypertrophy or dilation and
are due to a variety of causes that frequently are genetic
[1]. Cardiomyopathies are either confined to the heart
(primary cardiomyopathies) or are part of generalized
systemic disorders (secondary cardiomyopathies).
Within the group of primary cardiomyopathies, some
are thought to be genetic (hypertrophic cardiomyopa-
thy), some acquired (post-myocarditis), and some
mixed (dilated cardiomyopathy) in pathoetiology [1].
Traditionally, three general cardiomyopathy groups
are widely recognized — dilated, hypertrophic, and
restrictive cardiomyopathies [2, 3]. It is expected that
these cardiomyopathy classifications will evolve and
change especially in view of the increasing knowledge
of genetic mutations and their relationship to diseases.
In the future we may classify cardiomyopathies accord-
ing to categories of mutations of cytoskeleton ele-
ments, sarcomeric proteins, and components of the
intercalated disk or ion channels [4].

Symptoms related to cardiomyopathy can be quite
variable. At the early stage of the disease, patients are
generally asymptomatic. Although there are some dif-
ferences in the pattern of symptoms among the differ-
ent cardiomyopathies, as the disease progresses, typical
symptoms of heart failure will develop, irrespective of
the type of cardiomyopathy. The common symptoms
are dyspnea, palpitations, fatigue, and peripheral edema.
The onset of heart failure predicts a poor prognosis with

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

a mortality rate of 20% at 1 year and 70-80% at 6 years
[5]. Sudden death can occur in all cardiomyopathies,
but may be particularly important in specific subsets of
patients with hypertrophic cardiomyopathy and patients
with arrhythmogenic right ventricular cardiomyopathy.

Dilated Cardiomyopathy (DCM)

Dilated cardiomyopathy (DCM) is a disease of the
myocardium characterized by dilatation and impaired
systolic contraction of one or both ventricles [6].
Dilated cardiomyopathy is the most common cardio-
myopathy, and may affect patients of any age. DCM is
characterized by dilatation of all four cardiac chambers
and biventricular hypertrophy (Figs. 6.1-6.3) [2]. The
weight of the heart may be severely increased predomi-
nantly from eccentric ventricular hypertrophy (ventric-
ular dilatation and hypertrophy together). The ventricle
wall thickness may be thin, due to stretching of the
myocytes as the ventricle dilates. This is sometimes
confusing; a dilated heart may be severely hypertrophied
in terms of increased ventricular mass, despite having
thin walls due to failure and dilatation of the chambers.
There may be atrial or ventricular thrombus in all cham-
bers, including both atrial appendages. Myocardial scars
may be noted grossly in the wall of either ventricle. It is
important that there be no significant coronary disease,
large myocardial infarcts, congenital heart disease, or
valve disease that might otherwise explain the myocar-
dial damage.

The common microscopic findings include myocyte
nuclear hypertrophy, fibrosis which can be endocardial,
interstitial, perivascular and pericellular, and often
myocyte sarcoplasmic degenerative changes with myo-
cyte clearing or vacuolization. Myofiber attenuation
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Fig. 6.1 Parasternal long-axis (a), short-axis (b), apical four-chamber (¢) and apical two-chamber (d) views of a patient with dilated
cardiomyopathy in diastole showing a dilated and globular left ventricle. LA left atrium, LV left ventricle

and stretching may be marked. Nuclei may be irregular
in shape and hyperchromatic. Interstitial fibrosis is
mostly pericellular and endocardial, but may also be
perivascular in location. Interstitial cells should not be
confused with inflammatory cells and misinterpreted
as evidence for myocarditis. However, true myocardi-
tis is not uncommon either as an underlying etiology
or as a result of treatment (catecholaminergic and
hypersensitivity myocarditis from pressor agents and
other medications).

Dilated cardiomyopathy may be complicated by
biventricular congestive heart failure, supraventricular
and ventricular arrhythmias, thromboemboli, and sud-
den death. It is common to have some degree of tricus-
pid and mitral valve regurgitation with DCM as the
ventricular dilatation and annular stretching cause poor
apposition of the valve leaflets.

To accurately diagnose primary dilated cardiomyo-
pathy, the clinical information of the individual must

be known, including knowledge of other illnesses,
toxin and drug exposures, and systemic diseases. The
correct clinical context includes the absence of signifi-
cant valvular heart disease, coronary artery disease,
and long-standing hypertension.

Myocarditis is found histologically in about 10% of
cases of DCM, hence its classification as a mixed
pathoetiology within the primary cardiomyopathy group
(Fig. 6.4) [1, 7, 8]. Myocarditis may lead to DCM as the
initial viral infection may lead to myocyte destruction,
followed by a chronic immunological attack of the myo-
cytes with autoantibodies and also involvement of the
cellular immune system. Viral proteases may cleave and
disrupt the normal dystrophin protein relationship it has
with the sarcolemmal membrane. Interestingly, dystro-
phin mutations and other cytoskeleton protein mutations
are the ones commonly associated with genetic DCM
and cardiomyopathy associated with Duchenne and
Becker muscular dystrophy.
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Fig. 6.2 Parasternal long-axis (a), short-axis (b), apical four-chamber (c) and apical two-chamber (d) views in systole in the same
patient as in Fig. 6.1 show that the left ventricle remains globular in shape with global hypokinesia. LA left atrium, LV left ventricle

Fig. 6.3 Primary dilated cardiomyopathy. The patient has
biventricular hypertrophy and dilatation. Congestive heart fail-
ure was present

Causes of secondary DCM include myopathies that
also involve the skeletal muscles, radiation, adriamycin
exposure, nutritional deficiencies, alcohol, diabetes,
human immunodeficiency virus (HIV) infection, hepa-
titis C infection, and the peripartum state [9-12].
Thought should be given to the investigation of skeletal
muscle if there is clinical fatigue. Many forms of gen-
eralized myopathy can have myocardial involvement
and the diagnosis may be more easily obtained by biop-
sying an involved peripheral muscle (Fig. 6.5).

Familial DCM represents approximately 20% of
cases of DCM [11, 13, 14]. The nonfamilial and famil-
ial forms of DCM cannot be distinguished by routine
histology or imaging [15].
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Fig. 6.4 Transesophageal views (a, b, ¢, d) in a patient with giant cell myocarditis show that the left ventricle is severely dilated with
global hypokinesia. The right ventricle is also dilated and hypokinetic. A small pericardial effusion is present. LA left atrium, LV left

ventricle, PE pericardial effusion, RV right ventricle

Fig. 6.5 Becker’s muscular dystrophy related cardiomyopathy.
This patient had congestive heart failure. Bilateral ventricular
thrombi are noted. Skeletal muscle involvement was also clini-
cally present. LV left ventricle

As the name DCM implies, the typical echocardio-
graphic finding is a dilated left ventricle with global
hypokinesia resulting in reduced stroke volume [16].
The left ventricular wall is generally of normal thick-
ness or thin. With the increased left ventricular size, the
left ventricular mass is also increased despite the nor-
mal left ventricular wall thickness (eccentric hypertro-
phy). Although global hypokinesia is the norm, some
degree of regional differences can be observed. The
basal walls and the septum are usually severely hypoki-
netic, as compared to the anterior and lateral free walls.
Myocardial scar, evidenced by a thin echodense ven-
tricular wall, is uncommon, and when it is present,
coronary artery disease should be suspected.

The degree of left ventricular dysfunction can run
the whole gamut from very mild to severe systolic
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dysfunction. The increase in left ventricular volume
may be subtle at the beginning of the disease. As the
dilatation becomes more apparent, the heart assumes a
more globular shape [17, 18]. With moderate or severe
left ventricular dysfunction, spontaneous contrast
within the left ventricular cavity can be seen, espe-
cially when a high frequency transducer is used. In this
setting, spontaneous contrast can be differentiated
from artifact by its typical swirling motion pattern.

In dilated cardiomyopathy, the myopathic process
affects both ventricles and right ventricular function
should be carefully assessed. Indeed, the presence of
right ventricular dysfunction in the setting of left
ventricular dysfunction is an indication that the etiology
of left ventricular disease is more likely to be cardiomyo-
pathy than ischemic heart disease. Right ventricular
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function is more sensitive to loading conditions than the
left ventricle. While the left ventricle can maintain nor-
mal output over a wide range of after load, right ventricu-
lar output may decrease markedly even with a relatively
small increase in after load [19]. The increase in after
load due to the increase in back pressure in a failing left
ventricle is another important reason for the presence of
right ventricular dysfunction. It is not surprising that
right ventricular dysfunction provides incremental prog-
nostic value in determining outcome, including exercise
capacity and survival in patients with heart failure [20].
Left ventricular thrombus is an uncommon complica-
tion in dilated cardiomyopathy, and anticoagulation
treatment is not routinely used in patients who remain in
sinus rhythm. The location of thrombus is most common
at the left ventricular apex (Fig. 6.6). The differentiating

Fig. 6.6 Transthoracic apical views (a, b) and transesophageal views of the left ventricular apex (¢, d) in a patient with dilated
cardiomyopathy show a large apical thrombus. The left ventricular apex is trabeculated and it can be difficult to differentiate throm-
bus from trabeculations, as demonstrated in the transthoracic image in (b). LA left atrium, LV left ventricle



150

Fig. 6.7 Mitral regurgitation is common in patients with dilated
cardiomyopathy. The continuous wave Doppler signal is intense
and triangular in contour consistent with severe mitral regurgita-
tion. The delay in reaching peak flow velocity indicates severe
left ventricular dysfunction

features between left ventricular thrombus and near gain
artifact are discussed in Chap. 7. The ventricular apex in
dilated cardiomyopathy can be quite trabeculated and
the appearance may suggest noncompaction, but ven-
tricular walls are thin and do not have a two-layered
myocardium [21]. Small laminated thrombi may be dif-
ficult to identify among the trabeculations. Mitral regur-
gitation is common as a result of mitral annular dilatation
and systolic tethering of the mitral leaflets, leading to
passive pulmonary hypertension and right ventricular
dysfunction (Fig. 6.7).

Diastolic dysfunction generally coexists with sys-
tolic dysfunction, and can be the dominant abnormal-
ity so that patients can have severe heart failure
symptoms despite only mildly reduced systolic func-
tion. Many of the diastolic echocardiographic mea-
surements are abnormal in these patients. Diastolic
filling period is usually reduced in DCM, and this is
worse in the presence of heart block. Pacing with opti-
mization of the atrioventricular interval can be helpful
[22]. Restrictive filling pattern with a short mitral
deceleration time is indicative of high left ventricular
filling pressure and predicts a poor prognosis (Fig. 6.8)
[23]. The Doppler indices can also be used to follow
the response to treatment (Fig. 6.9). A detailed
approach for the assessment of diastolic function is
described in Chap. 16.

6 Cardiomyopathies

Noncompaction of the Ventricle

Isolated noncompaction of the ventricle is grouped
with dilated cardiomyopathy. Ventricular noncompac-
tion can be familial in nature [24]. In this disorder, the
inner left ventricle has marked trabeculations giving it
a two-layered appearance. The left ventricle demon-
strates heavy trabeculations with deep crevices, an
appearance akin to the right ventricle rather than the
usually smooth endocardial surface of the left ventricle.
The trabeculations are most prominent in the inferolat-
eral wall and the apex, and a meshwork of trabecula-
tion is frequently present in the apex (Fig. 6.10) [21].
This disorder has systolic dysfunction, arrhythmias,
and propensity for endocardial thrombus formation
with embolization. The latter propensity may be due to
the increased endocardial trabecular surface area of the
ventricle and stasis as a result of ventricular dysfunc-
tion. Color flow imaging and the use of contrast can
illustrate the differences between the compact and non-
compacted layers by highlighting the deep crevices.
Small laminated thrombus is difficult to detect in this
condition.

The echocardiographic features are listed in
Table 6.1 (Figs. 6.10, 6.11). The most diagnostic fea-
ture of isolated ventricular noncompaction is the ratio
(>2:1) of the trabeculated ventricular wall component
to the non-trabeculated compact ventricular wall com-
ponent in systole [21]. Excessive ventricular trabecu-
lation may also be seen with ventricular outflow tract
obstruction and congenital heart disease, including
pulmonary atresia. Although noncompacted ventri-
cles, they are not isolated. While one or more of the
features may be present in other disease conditions
including dilated cardiomyopathy and hypertensive
heart disease, only isolated noncompaction has most,
if not all, of these findings [21]. Increased wall thick-
ness of the noncompacted wall is a good differentiat-
ing feature to exclude dilated cardiomyopathy, and the
two-layered appearance of myocardium is generally
not seen in hypertensive heart disease. Isolated non-
compaction has been associated with some systemic
neuromuscular myopathies or muscular dystrophies.
In view of the propensity for the development of
arrhythmias and thrombi, defibrillator and anticoagu-
lation may be considered.
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Fig. 6.8 The mitral inflow signal (a) shows an increased early diastolic velocity with very low late diastolic velocity. The decelera-
tion time is very short consistent with severe elevation in left ventricular filling pressure and predicts a poor prognosis. Tissue
Doppler imaging at the lateral annulus shows a severely reduced early diastolic velocity

Hypertrophic Cardiomyopathy (HCM)

Hypertrophic cardiomyopathy (HCM) is an important
clinical entity that may have both systolic and diastolic
dysfunction. It is an inherited cardiomyopathy and is
responsible for many sudden deaths, especially under
the age of 35. [25, 26]. Hypertrophic cardiomyopathy
has many synonyms including idiopathic hypertrophic
subaortic stenosis and hypertrophic obstructive cardio-
myopathy, but no single name fully captures the wide
clinical and pathological variation seen in the disorder
[27]. There may be asymmetrical septal hypertrophy,
or this may be absent. Hypertrophy itself may be absent
or only minimal. Obstruction of the ventricular out-
flow tract and ischemia may be major problems [28].
The diagnostic features of HCM have been described
for pathology, echocardiography, electrocardiology,

clinical examination, and hemodynamic studies [27,
29-31]. These features include diastolic dysfunction,
ventricular hypertrophy, and systolic motion of the
anterior mitral leaflet. Many of these features are not
unique to HCM. For instance, age-related angulation
of the ventricular septum or severe hypertension-
related left hypertrophy may give rise to systolic ante-
rior motion of the anterior mitral leaflet particularly
when the patients become hypovolemic. Genetic stud-
ies to detect typical mutations in the myosin gene have
become increasingly important in the diagnosis and
prognosis of patients with this condition.

It should also be remembered that many variants of
HCM exist, and not all are asymmetrical septal hyper-
trophy in phenotype. Many patients have symmetrical
left ventricular hypertrophy mimicking changes seen
with systemic arterial hypertension. An apical variant
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Fig. 6.9 The response to treatment in a patient with dilated cardiomyopathy and heart failure can be assessed by the Doppler assess-
ment. Before treatment, elevated left ventricular filling pressure is indicated by the mitral inflow velocities (a) and the septal tissue
annular velocities (b). The low stroke volume is evidenced by the continuous wave Doppler at the left ventricular outflow tract (c).
After treatment, there is reduction in left ventricular filling pressure such that the mitral inflow velocities (d) demonstrate an impaired
relaxation pattern. The diastolic annular tissue velocities remain unchanged (e). The stroke volume as determined by continuous
wave Doppler at the left ventricular outflow tract shows a slight improvement (f). These findings indicate a positive response to heart

failure therapy

has been described, in which the gross hypertrophy
and histological disarray of the myocytes is centered at
the LV apex. With this variant there is no outflow tract
obstruction, although obstruction at the apex can be
present.

Grossly these hearts are often severely hypertro-
phied, although the hypertrophy may not be apparent
at an early age (Fig. 6.12). This is important for child-
hood screening as a child with no hypertrophy on
imaging must be longitudinally followed in case hyper-
trophy subsequently develops. The hypertrophy is usu-
ally apparent when the child reaches physical maturity,
although recent studies suggest that in some patients
with HCM cardiac hypertrophy may develop much
later in life [25]. The left atrium is usually dilated and
the mitral valve is thickened, a problem that increases

with systolic anterior motion of the anterior leaflet
with trauma against the ventricular septum (Fig. 6.13).
Chronic congestive heart failure, which may occur in
some of these patients, may cause the right-sided
chambers to dilate or become hypertrophic.

Explanted or autopsy hearts characteristically
show myocyte hypertrophy, interstitial fibrosis, myo-
cyte disarray, and thick intramyocardial arterioles.
Disarray is actually normal in the heart and thus is not
specific for HCM. Disarray of myocytes may also be
found if a prior biopsy site is re-biopsied and in
tetralogy of Fallot, pulmonary atresia, aortic atresia,
and regressed papillary muscles after atrioventricular
valve resection. The difference with the disarray
between these entities and HCM is quantitative rather
than qualitative [32].
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Fig.6.10 There are heavy trabeculations with deep recesses in the mid-segments and apical segments of the left ventricle which are
seen in the apical long-axis (a, b) and short-axis (¢, d) views. These features are consistent with left ventricular noncompaction. LA
left atrium, LV left ventricle, RV right ventricle

Table 6.1 Diagnostic features of left ventricular noncompaction Microinfarcts with replacement type fibrosis are not
* Thickened ventricular segments uncommon. Large scars mimicking old myocardial
infarcts may occur in the “dilated” phase of the disease
where the diastolic failure is succeeded by systolic
congestive heart failure (Fig. 6.14). Only about 10% of
* Deeply perfused recesses individuals with HCM develop this complication.
¢ Prominent meshwork in mid-segments or apical segments These “burnt out” cases still have pathological myo-
cardial findings characteristic of HCM and extensive
scars are usually present, but the cause is uncertain.

* Two-layered myocardium

* Non-compacted layer to compacted layer at end systole>2:1

* Hypokinesia of affected segments
Source: Modified from Frischknecht et al. [21]
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Fig. 6.11 Parasternal short-axis views of mid-left ventricle and apical left ventricle (a, b, ¢) show prominent meshwork in mid-
segments and apical segments with deep perfused recesses demonstrated by color-flow imaging (d)

Fig. 6.12 Cross section of a heart from a young person who
died suddenly from hypertrophic cardiomyopathy (HCM).
Marked left ventricle hypertrophy that is symmetrical. Myocyte
disarray was abundant. LV left ventricle, RV right ventricle

When comparing usual HCM cases with “burnt out”
HCM ones, the major morphological difference is the
degree of scarring [33].

HCM has many mimics including amyloid, Fabry
disease, and other glycogen storage disorders [30].
Amyloid stains such as Congo red, sulfated alcian
blue, or methyl violet should be routinely performed
on heart biopsy specimens, especially if HCM is a
clinical consideration. Storage diseases such as Fabry
disease or glycogen storage disease may be detected.
Mutations of the gene encoding gamma-2 regulatory
subunit of the AMP-activated protein kinase (PRKAG)
have been described in patients with atrial fibrillation
and a cardiac phenotype that mimics primary hypertro-
phic cardiomyopathy (Fig. 6.15) [34].

Molecular biology may change the diagnosis of HCM,
as the mutations become known. The most common
abnormalities include sarcomeric mutations in the beta-
myosin heavy chain, troponin T, and alpha-tropomyosin
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Fig.6.13 Individual with hypertrophic cardiomyopathy (HCM)
with outflow tract obstruction. The mitral valve impact on the
ventricular septum has produced a ridge of fibrous endocardial
thickening — the septal contact lesion. Such lesions are seen in
HCM, but are not specific for this diagnosis

Fig. 6.14 “Burnt out” hypertrophic cardiomyopathy. This
patient had congestive heart failure. His heart had biventricular
dilatation and hypertrophy with myocardial scarring. Despite
this the characteristic myocyte disarray and small vascular dis-
ease diagnostic of hypertrophic cardiomyopathy (HCM) were
present. LV left ventricle, RV right ventricle

regions [35-37]. With the use of short tandem repeat
polymorphic (STRP) markers that are highly informa-
tive, and the polymerase chain reaction (PCR), the
mutations can now be rapidly detected [37, 38]. These
tests do not require myocardium for diagnosis but

these techniques are still largely research techniques and
not yet widely used. The phenotypic expression can be
highly variable even within families, and coexisting
disease modifiers may play a role in the phenotypic
expression of certain mutations [39].

HCM is a heterogeneous disease in terms of geno-
types, phenotypes, and natural history. The disease is
familial in about 50% of the cases and in these cases
the hereditary pattern is autosomal dominant related to
sarcomere protein mutations [40]. In up to 10% of
patients with HCM phenotype, the mutations may not
reside in the genes encoding the sarcomeric proteins,
and genetic analysis is the best way to identify these
mutations. In HCM patients with sarcomeric protein
mutations, the presentation can be quite variable.
Phenotypic expression may be absent in about 10-15%
of adult patients. Some of these patients may develop
the phenotype late in life at 50-60 years of age; and
some may stay phenotypically negative throughout
their lives [41].

Echocardiography plays an essential role in the
assessment of patients with hypertrophic cardiomyo-
pathy, as unexplained focal or diffuse hypertrophy is
the classic feature of this condition. The common
echocardiographic findings are presented in Table 6.2.
Some of these findings are only pertinent to specific
morphologic types. Different morphologic types,
based on the pattern and location of hypertrophy, have
been described. There is no single generally accepted
index of the extent and severity of hypertrophy. The
presence of extreme hypertrophy (=30 mm wall thick-
ness) in one or more myocardial segments may be a
risk factor for sudden death, particularly if it is associ-
ated with other risk factors such as family history of
sudden death, presentation at a young age, and unex-
plained syncope (Fig. 6.16) [42, 43]. Abnormal blood
pressure response to exercise and non-sustained ven-
tricular tachycardia also may increase the risk of sud-
den death [44]. It is thus important to measure the
maximal wall thickness, in addition to a comprehen-
sive assessment, for hypertrophy of all the myocardial
segments.

The classic phenotype has prominent hypertrophy
of the basal septum with relative sparing of the basal
posterior and inferior walls. There is an association
with dynamic subaortic obstruction (Fig. 6.17). The
pattern of “eject, obstruct and leak™ is a good descrip-
tion of the intracavitary left ventricular hemodynamics
in these patients [45]. During the early part of left ven-
tricular ejection, there is rapid anterior motion of the
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Fig. 6.15 Parasternal long-axis (a) and short-axis (b) views in a patient with PRKAG mutation show hypertrophy of the anterolat-
eral, posterolateral, and inferior walls. The ventricular septum is thin and akinetic. The patient was diagnosed to have hypertrophic
cardiomyopathy before he underwent genetic testing. LA left atrium, LV left ventricle

Table 6.2 Echocardiographic findings in hypertrophic cardi-
omyopathy

* LV hypertrophy (focal or diffuse)

Increase septal to posterior wall thickness ratio (>1.3)

Small LV cavity

Hyperdynamic LV contraction

RV hypertrophy

Increased LA size

Systolic anterior mutation (SAM) of mitral leaflet

Ventricular septal brightness at SAM contact

Abnormal papillary muscles

Posteriorly directed mitral regurgitation

Mid-systolic closure of aortic valve

Subaortic systolic dynamic gradient (dagger shape CW
signal)

Mid-systolic or apical systolic dynamic gradient

Relaxation asynchrony (prominent flow during IVRT)

IVRT isovolumic relaxation time, LV left ventricle, RV right ven-
tricle, LA left atrium

tips of the mitral leaflets (SAM) near the coaptation
site. This may be due to a narrow outflow tract, abnor-
mal mitral leaflet orientation, and the Venturi effect.
The mitral leaflets may make contact with the ventricu-
lar septum at mid-systole to late systole resulting in a
subaortic gradient. At the same time, the mitral leaflets
lose their proper coaptation as they turn sharply into the
outflow tract leading to the development of mitral regur-
gitation, which is posteriorly directed and increases in
severity as ejection progresses (Fig. 6.18).

A complete description of the location and severity
of hypertrophy is essential for the management of these
patients, as this information is crucial to the consider-
ation of surgical septal myectomy or alcohol septal
ablation (Fig. 6.19). These procedures can be consid-
ered in symptomatic HCM patients, with basal septal
hypertrophy (=15 mm) and a resting subaortic gradient
(>30 mmHg) or provocable gradient (>50 mmHg) [46].
When resting subaortic obstruction is absent, manipu-
lation of the left ventricular loading conditions with the
Valsalva maneuver or amyl nitrite inhalation may bring
out a provocable subaortic gradient (Fig. 6.20). Systolic
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Fig. 6.16 Parasternal long-axis (a) and short-axis (b) views of a patient with hypertrophic cardiomyopathy showing very severe
hypertrophy of the ventricular septum and anterior wall up to 33 mm in thickness. LA left atrium, LV left ventricle

anterior motion of the mitral leaflet indicates the pres-
ence of a subaortic gradient. In contrast, chordal sys-
tolic anterior motion can be present in patients without
hypertrophic cardiomyopathy and does not necessarily
indicate the presence of an intracavitary gradient. It is
present in patients with redundant chords and normal
left ventricular size and systolic function. Mid-systolic
closure of the aortic valve is also an indication of the
presence of a subaortic gradient and its presence is best
appreciated on M-mode recording of the aortic valve.
In association with SAM, mitral regurgitation is fre-
quently detected and its severity increases in late sys-
tole (Fig. 6.18). The mitral regurgitation is posteriorly
directed [45]. Minor variation of the papillary muscle
location can be seen in this condition and may predis-
pose to the development of subaortic obstruction [47].

Symmetrical or diffuse ventricular hypertrophy is
an uncommon form of HCM (Fig. 6.21) [48]. It can be
difficult to differentiate it from left ventricular hyper-
trophy related to long-standing, poorly controlled sys-
temic arterial hypertension. The presence of a family
history or molecular analysis showing a known sar-
comere protein mutation for HCM is helpful to make

the diagnosis in this situation. In this morphologic
type, subaortic dynamic obstruction is uncommon but
mid-intracavitary gradient may be present.

Apical HCM is another uncommon morphologic
type; it was first described in the Japanese population,
but has now been reported in all ethnic groups [49, 50].
Although the apical four-chamber view is apt to show
this condition with its typical “spade shaped” left ven-
tricular cavity, the apical hypertrophy may be difficult
to visualize (Fig. 6.22). Indeed the left ventricular apex
may appear akinetic and be confused for apical infarct
(Fig. 6.23). When this condition is suspected, the use of
an echo contrast agent is useful to detect this condition
(Fig. 6.24). An apical systolic gradient may be present
and can be demonstrated by color-flow imaging and
pulse wave interrogation of the left ventricular apex. A
better view to assess the hypertrophy of the left ven-
tricular apex is the short axis view of the apex with the
transducer at the fourth or fifth intercostal space near
the mid-clavicular line (Fig. 6.24). It may be helpful
with the patient at a slight left decubitus close to a
supine position instead of the standard left lateral decu-
bitus position. Apical infarct is a known complication
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Fig. 6.17 The typical features of obstructive hypertrophic cardiomyopathy are demonstrated in the parasternal long-axis (a, b),
short-axis (c), M-mode of the mitral valve (d), color-flow imaging (b, e) and continuous wave Doppler across the left ventricular
outflow tract (f). Systolic anterior motion of the mitral leaflet is present in both the long- and short-axis views (a, ¢). This is clearly
demonstrated by M-mode (arrows, d). Color-flow imaging shows flow acceleration in the left ventricular outflow tract and the pres-
ence of mitral regurgitation (arrow). The left ventricular outflow tract obstruction is confirmed by the continuous wave Doppler (f).

LA left atrium

in patients with apical hypertrophic cardiomyopathy
(Fig. 6.25a, b) [51]. Left ventricular thrombus needs to
be considered and the injection of the echo contrast
agent should be an integral part of the evaluation of
patients with apical hypertrophic cardiomyopathy sus-
pected to have apical aneurysm or thrombus.

Unusual morphological types of hypertrophic car-
diomyopathy can be seen. In some patients, the hyper-
trophy may be quite mild (Fig. 6.26). Affected family
members with a familial hypertrophic cardiomyopathy
may have different morphologic types. Extreme hyper-
trophy (=30 mm) is less common in the older than in
the younger HCM patients, suggesting a natural attri-
tion in the young HCM patients with this finding, prob-
ably due to sudden death [42, 43].

The degree of hypertrophy varies during the first 2
decades of life, and rapid changes in left ventricular
morphology and hypertrophy can occur during adoles-
cence. After physical maturity there is generally little

further increase in wall thickness. However, recent stud-
ies suggest that in a subset of HCM patients, particularly
those with myosin-binding protein C mutations, hyper-
trophy may appear late in life in the fifth or sixth decade
[41]. This has an important implication in family screen-
ing. In families with a known mutation for HCM, nega-
tive genetic studies can definitely exclude the diagnosis.
When no known mutation for HCM is identified in the
index case, echo to detect hypertrophy should be per-
formed annually in the young family members and
every 3—5 years in adult family members.

Right ventricular involvement can be quite common
in HCM. A recent study showed that the majority of
HCM patients have RV hypertrophy on cardiac mag-
netic resonance imaging [52]. The clinical significance
of this finding remains unclear.

Systolic function is normal or supranormal in HCM.
Left ventricular dysfunction can occur in about 10% of
HCM patients. This has been described as end-stage or
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Fig. 6.18 Parasternal long-axis view (a) shows systolic anterior motion of the mitral leaflet (arrow). Color-flow imaging (b) shows
flow acceleration in the left ventricular outflow tract consistent with obstruction and the presence of posteriorly directed mitral regur-
gitation. LA left atrium

“burnt-out HCM” because it predicts a poor prognosis
with a high risk of sudden death [53]. Although wall
thinning and cavity enlargement can occur, persistent
hypertrophy with non-dilated left ventricular cavity
may persist.

Diastolic abnormalities are common in patients
with hypertrophic cardiomyopathy. Measures such as
E/E’ and deceleration time that are predictive of left
ventricular filling pressure in other cardiac diseases are
not good predictors of filling pressure in hypertrophic
cardiomyopathy [54]. Determination of left ventricular
filling pressure should not be based on one or two mea-
sures, but should take in all available echo and Doppler
findings [55]. It has been reported that reduced dia-
stolic annular velocity is present in patients carrying
known mutations for the disease but are phenotypi-
cally negative for hypertrophy, and a low early dia-
stolic annular velocity may be used to identify these
patients (Fig. 6.26) [56, 57]. This interesting observa-
tion requires further validation.

Asynchrony in left ventricular relaxation is common
and can give rise to a prominent antegrade flow from
the base of the left ventricular cavity to the apex during
the isovolumic relaxation phase. This may be mistaken

for a prominent mitral E velocity if careful attention is
not paid to the timing of this flow velocity (Fig. 6.27).
The relaxation asynchrony can extend into the diastolic
filling phase such that the diastolic gradient may exist
between the basal portion of the left ventricular cavity
and the left ventricular apex (Fig. 6.28). If an apical
aneurysm is present, intriguing multiphasic flow veloc-
ity can be detected communicating between the left
ventricular aneurysm and the main cavity of the left
ventricle. To illustrate the complexity of intracavitary
flow dynamics in these patients, frame by frame assess-
ment of the color flow images and careful sequential
interrogation of different locations within the left ven-
tricular cavity using pulsed wave Doppler is essential.
M-mode of the intracardiac color flow can be very use-
ful for timing and location of these intracardiac flows.

Restrictive Cardiomyopathy

Restrictive cardiomyopathy, the least common type of
cardiomyopathy, is characterized by a heterogeneous
group of disorders with restricted diastolic ventricular
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Fig. 6.19 This patient with hypertrophic cardiomyopathy has undergone alcohol septal ablation. The parasternal long-axis
(a) and apical five-chamber (d) views before the procedure show prominent hypertrophy of the basal septum (arrow). During the
alcohol septal ablation procedure, the perfusion pattern of the septum is assessed by injection of echo contrast into the selected septal
branch. The parasternal long-axis (b) and apical four-chamber (e) views show echo enhancement of the basal anterior septum indi-
cating the appropriateness of using this septal branch for alcohol infusion. A month post-procedure, the parasternal long-axis (c¢) and
apical four-chamber (f) views show a reduction in thickness of the basal anterior septum as a result of the procedure. LA left atrium,
LV left ventricle

filling and varying degree of systolic dysfunction. In
some of these patients, systolic function may be pre-
served [58]. Included in this group are primary restric-
tive cardiomyopathy, Loffler’s fibroplastic parietal
endocarditis, endocardial fibrosis, and hypereosino-
philic syndrome. There are numerous secondary
causes of diastolic failure including common diseases
such as acute and chronic ischemia and systemic arte-
rial hypertension.

In restrictive cardiomyopathy the ventricular size is
normal, or nearly normal, and there is increased ven-
tricular filling pressure, decreased ventricular compli-
ance, normal or near normal ventricular systolic
function, and atrial dilatation [59]. The largest cham-
bers are the atria, as they are the ones that have to empty
into a noncompliant ventricle. There is usually no sig-
nificant ventricular hypertrophy. Pericardial constric-
tion needs to be excluded as the clinical presentation

may be similar and patients with constriction benefit
from pericardiectomy.

The two major primary restrictive cardiomyopathies
are the eosinophilic endomyocardial type and the non-
eosinophilic type [2]. The eosinophilic type may be
associated with hypereosinophilia, eosinophilic myo-
carditis, and endomyocardial fibrosis. The eosinophils
are thought to be toxic to the microvasculature and the
myocytes. The disease initially starts with a necrotic
eosinophilic myocarditis stage, progresses to a throm-
botic stage, and results in fibrosis of the endomyocar-
dium. In the acute phase of the eosinophilic type,
eosinophilic cationic protein and major basic protein,
lead to myocyte and microvasculature damage [60]. As
the disease progresses, the endocardial thrombus orga-
nizes causing a fibrotic rind in the endocardium that
gradually obliterates the ventricular cavities. Mitral and
tricuspid valves become tethered to the endocardium
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Fig. 6.20 The Valsalva maneuver can be used to increase the subvalvular gradient in a patient with hypertrophic cardiomyopathy.
The apical long-axis view (a) shows systolic anterior motion of the anterior mitral leaflet and the hypertrophy involving the basal
anterior septum. Color-flow imaging (b) shows flow acceleration in the left ventricular outflow tract. Doppler examination at rest (c)
shows a small subaortic gradient which increases during the strain phase of the Valsalva maneuver (d). LA left atrium, LV left
ventricle

and dysfunctional. The atria markedly enlarge and heart
failure ensues. At the later fibrotic stage, an endomyo-
cardial biopsy material yields only fibrous tissue, if the
ventricles can be biopsied at all.

The non-eosinophilic type of primary restrictive
cardiomyopathy pathologically has nonspecific myo-
cyte hypertrophy and interstitial fibrosis, similar to
most other cardiomyopathies [58]. There may be sam-
pling error when performing endomyocardial biopsy
as the disease tends to involve primarily the ventricular
inflow tracts where it may have major effects on valve
mobility [61].

Endomyocardial biopsy is often useful to determine
the cause of restrictive cardiac dysfunction. In the early
phase of eosinophilic restrictive cardiomyopathy, the
results may be diagnostic. Thrombus, eosinophils,
myocyte necrosis, and granulation-like tissue rich in
eosinophils will be present. Other causes of secondary

cardiomyopathies causing restriction may also be
detected by heart biopsy. These include storage disease,
hemochromatosis, and amyloidosis. Amyloid may
cause restrictive hemodynamics, and thus an amyloid
stain must be done. Hypertrophic cardiomyopathy may
also present with restrictive findings but usually does
not require endomyocardial biopsy to distinguish from
restrictive cardiomyopathy. Desmin myopathy, which
may be associated with skeletal myopathy and restric-
tive cardiomyopathy, could be diagnosed by endomyo-
cardial biopsy examination [62, 63].

It is essential to differentiate restrictive cardiomyo-
pathy from constrictive pericarditis. The pericardium
should be visualized by magnetic resonance imaging
(MRI) or computerized tomography (CT) to detect cal-
cification or thickening. Hemodynamic study and
echocardiography are also useful in making the distinc-
tion between restriction and constriction. Myocardial
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Fig. 6.21 In this patient with hypertrophic cardiomyopathy, the hypertrophy is quite diffuse and symmetrical as shown in the parasternal
long-axis (a) and short-axis (b) views. Systolic anterior motion of the mitral leaflets (arrow) is shown in (a). The presence of subaortic
obstruction is demonstrated by color-flow imaging (c) and continuous wave Doppler (d)

biopsy in patients with constrictive pericarditis shows
that the myocytes are normal sized or slightly atrophic.
In contrast, the biopsy in primary restrictive cardiomy-
opathy will demonstrate interstitial fibrosis and myo-
cyte hypertrophy. This is true of both the late fibrotic
phase of the eosinophilic type and of the non-eosino-
philic type [30].

The typical echocardiographic findings of restric-
tive cardiomyopathy are normal or slightly reduced
left ventricular cavity size with normal or slightly
increased left ventricular wall thickness (Fig. 6.29).
The left ventricular systolic function may be normal or
reduced. Restrictive cardiomyopathy can be reliably
differentiated from constrictive pericarditis by assess-
ing the annular velocities which are severely reduced
in restrictive cardiomyopathy but are generally normal

in patients with constriction [64]. The differentiating
features are discussed in Chap. 10.

Arrhythmogenic Right Ventricular
Dysplasia - Arrhythmogenic
Cardiomyopathy

Arrhythmogenic right ventricular dysplasia or
arrhythmogenic cardiomyopathy (ARVC) was first
described under this name in 1978 [65]. It is a fre-
quent cause of sudden death in young people and may
cause arrhythmias and congestive heart failure. ARVC
is characterized by fibrofatty atrophy of the right
ventricular myocardium with resultant electrical
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Fig. 6.22 Transesophageal views showing the typical apical involvement in a patient with apical hypertrophic cardiomyopathy.
LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Fig. 6.23 (a) The apical four-chamber view in a patient with apical hypertrophic cardiomyopathy suggests that the left ventricular
apex may be dyskinetic (arrow) consistent with left ventricular apical aneurysm. (b) The focus view with careful adjustment of the
near gain clearly shows severe apical hypertrophy. LA left atrium, LV left ventricle




6 Cardiomyopathies

Fig. 6.24 The apical four-chamber view (a) is unable to demonstrate the apical hypertrophy, which can be better seen using the
apical short-axis view (b) with careful adjustment of the near gain. The apical hypertrophy can be demonstrated using an echo con-
trast agent (c). The suspicion of an apical pathology such as apical aneurysm, thrombus or hypertrophy is a good indication for the
use of an echo contrast agent. LA left atrium; LV left ventricle, RA right atrium, RV right ventricle

Fig. 6.25 (a) Cross section of the heart showing severe concentric symmetrical hypertrophy. The patient had ventricular arrhyth-
refractory to medical therapy and had undergone ablations. Her heart weighed over 700 g and had the characteristic myocyte
disarray. (b) The left ventricular apex in this patient shows severe interstitial fibrosis and thinning, consistent with apical aneurysm

due to prior infarction
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Fig. 6.26 In this 24-year-old woman with a proven mutation for hypertrophic cardiomyopathy, the left ventricular hypertrophy is
quite mild and localized as seen in the parasternal long-axis (a), short-axis (b) and apical four-chamber (¢) views. The hypertrophy
is most pronounced in the mid-inferior wall (b). Tissue Doppler imaging (d) shows that the septal early diastolic velocity is mildly

reduced for her age

instability or myocardial dysfunction [66, 67]. Its eti-
ology is still under debate with theories of a develop-
mental abnormality, a degenerative change, apoptotic
cell death or an end result of myocarditis. Mutations
in proteins of the intercalated disk, including desmo-
plakin, desmoglobin, and plakophillin, have been
described [68]. Familial cases exist, and the disease
has been mapped to a genetic abnormality at chromo-
some 14q 23-q24 [66].

The clinical presentation consists of ventricular
arrhythmias (often recurrent and sometimes refrac-
tory), right heart failure, murmur, complete heart
block, and sudden death [69, 70]. ARVC is an impor-
tant cause of sudden unexpected death, especially in
some geographic locations. The diagnosis is often sus-
pected clinically, but the proof of the diagnosis lies
with the demonstration of transmural replacement of

the right ventricular myocardium by fibrofatty tissue
and cardiomyopathic changes in the myocardium. This
is usually possible at autopsy or surgery, although
imaging may detect abnormalities useful for the diag-
nosis. Magnet resonance imaging (MRI) is frequently
used for this purpose due to its ability to characterize
the abnormal tissue, although a recent report suggests
that the diagnostic accuracy of MRI is low [71].

The echo findings are summarized in Table 6.3.
Echocardiography has a reasonable sensitivity in the
diagnosis of this condition, with one finding present in
62% and two or more findings in 38% of the proven
cases (Fig. 6.30) [72]. Recent modification of the diag-
nostic criteria has introduced quantitative measures in
addition to the qualitative findings listed in Table 6.3.
To fulfill the major criterion based on echo, the right
ventricular outflow tract in diastole needs to be>32 mm
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Fig. 6.27 The mitral inflow velocities by pulse-wave Doppler (a) and by continuous-wave Doppler (b) show a prominent early
velocity (arrow) detected by continuous wave Doppler but not by pulse-wave Doppler, resulting from asynchrony in left ventricular
relaxation such that there is antegrade flow from the left ventricular cavity into the left ventricular apex during the isovolumic relax-
ation phase. This phenomenon is common in patients with hypertrophic cardiomyopathy as well as patients with long-standing
hypertension

in the parasternal long-axis view and>36 mm in the
short-axis view, in addition to severe right ventricular
regional abnormalities [73].

Grossly the right ventricle may be dilated and aneu-
rysmal bulging may be noted. The wall is thinned and
gross fat infiltration may be noted (Figs. 6.31, 6.32).
Anatomically, the most involved areas form the “tri-
angle of dysplasia,” extending between the right ven-
tricular infundibulum, the apex, and the diaphragmatic
surface of the right ventricle [70, 74]. The septum is
not commonly involved. Left ventricular involvement
is well described in up to 47% of cases, with typical
pathologic changes manifested as fibrofatty scarring in
the left ventricle (Fig. 6.33) [66, 75-79]. The individual
with prominent left ventricle disease may have severe

left ventricle systolic dysfunction with a clinical pic-
ture of a dilated cardiomyopathy. Since both DCM and
ARVC have heart failure and arrhythmias, imaging
becomes important in making this distinction. Directed
endomyocardial biopsy of the free wall has been pro-
posed by some. If this is performed, surgical backup is
necessary due to the risk of perforation. Imaging and
electrophysiological (EP) study guided biopsy has
been proposed to aid in biopsying the areas that are
abnormal.

By microscopic examination, the areas of involve-
ment show severe infiltration of the right ventricular wall
by mature fat cells (Fig. 6.34). These are invariably asso-
ciated with changes of cardiomyopathy including inter-
stitial fibrosis (pericellular and microscopic microinfarct
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Fig. 6.28 The color-flow image (a) in a patient with hypertrophic cardiomyopathy and severe hypertrophy of the apex shows flow
from the apex into left ventricular cavity, simultaneous with early diastolic flow from the left atrium into the left ventricular cavity.
The complex intracardiac flow dynamics are illustrated by the pulsed-wave Doppler with the sample volume near the left ventricular
apex (b). Flow from the left ventricular apex to the left ventricular cavity is present both in systolic and early diastole. These intrac-
ardiac velocities are caused by asynchrony in relaxation and contraction which is common in hypertrophic cardiomyopathy

replacement types), myocyte degeneration, and myocyte
nuclear hypertrophy. Active and borderline myocarditis
may also be noted [78]. Myocyte atrophy is also found
[69, 74]. Characteristically, the disease begins in the sub-
epicardial myocardium with preservation of the inner
trabeculae until late. This may be noted on imaging and
can be helpful for diagnosis.

Fat is normal in the epicardium of the heart and some
infiltration along the vessels and into the myocardium
invariably occurs. Endocardial fat is also present nor-
mally in small amounts. Fat is thought to increase with
age, and fat may contribute up to 52% of the heart
weight [80]. The difference between normal and ARVC

may be quantitative rather than qualitative. Studies have
quantitated the amount of fat present in biopsies and
attempted to determine what percentage is abnormal,
and over 20-50% fat in the biopsy area is considered to
be strongly suggestive of ARVC [81, 82].

In the correct clinical situation, the presence of adi-
pose tissue and cardiomyopathic changes is strongly
suggestive or supportive of the diagnosis. However, cor-
relation of the clinical situation with the imaging find-
ings is a necessity in all cases. The usual course of
diagnosis would involve correlation of a combination of
the patient’s findings on echocardiography, angiography,
hemodynamic study, electrocardiographic findings,
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Fig. 6.29 Parasternal long-axis (a), short-axis (b), apical four-chamber (c¢) and apical two-chamber (d) views in a patient with
amyloid heart disease show diffuse increase in wall thickness, non-dilated left ventricular cavity and mild global hypokinesia. A
small circumferential pericardial effusion is present. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Table 6.3 Echocardiographic findings of arrhythmogenic right  clinical history, and results of an endomyocardial biopsy.

ventricular cardiomyopathy Major and minor criteria for diagnosis have been estab-
* Severe RV dilatation with reduced function lished and incorporate the findings of the endomyocar-
* Regional RV akinesia, dyskinesia or aneurysm dial biopsy [83].

Diagnosis of this disease is of importance in counsel-
ing families of sudden death patients, and for prognosis
of survivors of ventricular fibrillation [84]. Transplantation

* Sacculations or implantable defibrillators are therapeutic options. In a
RV right ventricle clinically normal patient with a high probability of ARVC,
Source: Modified from Yoerger et al. [72] the correct treatment is uncertain.

* Hyper-reflective moderator band

¢ Excessive trabeculations
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Fig. 6.30 (a) Four-chamber view in diastole in a patient with arrhythmogenic right ventricular cardiomyopathy shows dilated right ven-
tricle with two focal areas of wall thinning. (b) Apical four-chamber view in systole confirms severe right ventricular dysfunction and
systolic outpouchings at the areas of wall thinning. LA left atrium, LV left ventricle, RA right atrium, LV left ventricle

- ’.

Fig. 6.31 Right ventricle cross section in an individual with

arrhythmogenic right ventricular cardiomyopathy. The anterior  Fig.6.32 Right ventricle free wall in an individual with arrhyth-
(arrow) and lateral walls show severe fatty replacement. The right ~ mogenic right ventricular cardiomyopathy. The wall shows thin-
ventricle is dilated. There is an implantable defibrillator lead ning and fatty replacement



170

Fig. 6.33 Left ventricle apex in a patient with arrhythmogenic
right ventricular cardiomyopathy. The myocardium has been
massively replaced with fat. The patient clinically has conges-
tive heart failure

Fig. 6.34 Histological section of right ventricle wall in an individ-
ual with arrhythmogenic right ventricular cardiomyopathy. The
myocardium has been replaced by fat with only a few residual car-
diomyocytes and small vessels (hematolylin phloxine saffron stain)

Summary

Cardiomyopathies can be broadly classified into three
major morphologic types, dilated, hypertrophic, and
restrictive. Echocardiography plays an important role not
only in the diagnosis, but can also be very helpful in the
management of these conditions. With the advent of
genetic studies, a better understanding of the genotype—
phenotype relationship will no doubt provide more
insight into the pathogenic mechanisms as well as the
management of the different types of cardiomyopathies.
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Ischemic Heart Disease

Ischemic heart disease is the most common cause of
death in developed countries and its prevalence is
increasing in developing countries. Not all ischemic
heart disease is related to atherosclerosis, although the
great majority is due to coronary artery atherosclerosis
(Table 7.1). Plaques may become complicated whether
they are mildly or severely stenotic. When one detects a
severe coronary stenosis by angiogram, there usually
are a large number of silent non-stenotic plaques that are
at risk for complications such as acute occlusion [1].

The plaque is but one component of an individual’s
vulnerability to adverse events. The other components
include abnormalities of the circulatory blood and
underlying myocardium [2, 3]. Vulnerable plaques
come in three varieties: (a) the thin cap atheroma which
is full of cholesterol, has active inflammation and is
prone to rupture; (b) the ground substance rich plaque
vulnerable to plaque erosion with overlying thrombosis
but no plaque rupture, and (c) the calcified nodular
plaque with a superficial nodule of calcium which can
cause intimal disruption and thrombosis. The thin cap
atheroma is the most common type of vulnerable
plaque. These plaques may become stenotic as a result
of plaque hemorrhage, plaque rupture and subsequent
thrombosis [4, 5].

Coronary artery disease may lead to myocardial
infarction from an imbalance between blood supply to
and demand by the myocardium. Limitation to myocar-
dial oxygen supply commonly occurs due to atheroscle-
rosis of the coronary artery limiting coronary blood flow.
Increased demand may result from ventricular hypertro-
phy and severe exertion. Myocardial ischemia begins in
the subendocardium of the heart, as this is the most down-
stream area supplied by the epicardial coronary artery.
The longer the ischemic time the more severe is the

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

ischemic injury as the “wave front” of injury gradually
moves outward from the endocardium to the epicardium
with increasing time of damage [6, 7].

Acute Ischemia

When there is sudden cessation of coronary flow, the
subserving myocardium demonstrates a cascade of find-
ings with the initiating event being intracellular changes
in response to ischemia such as intracellular accumula-
tion of calcium [6]. This is followed by the development
of diastolic dysfunction and then regional contraction
abnormalities. Electrocardiographic changes and symp-
toms are late phenomena in this cascade. In patients
with chronic coronary artery disease, wall motion abnor-
malities may not be apparent at rest unless coronary
stenosis is severe. In this setting, induction of wall
motion abnormalities with stress is a good indicator of
significant underlying coronary artery disease. As dis-
cussed above, a mild non-flow limiting coronary steno-
sis may not be detectable even with stress, but still has
the potential for complications including acute vascular
occlusion. This is a reason why many patients with acute
myocardial infarction have no prior symptoms of myo-
cardial ischemia at rest or during stress.

In acute myocardial ischemia, there is a time point
where the damage to the myocytes results in irrevers-
ible injury. Before this time point, the myocardium
remains viable although non-contractile and is termed
“stunned myocardium” [8]. Recovery of function is
possible with rapid re-establishment of coronary blood
flow. Beyond this time point, the damage becomes
irreversible with cell death, apoptosis, contraction

173

DOI: 10.1007/978-1-84996-387-9_7, © Springer-Verlag London Limited 2011



174

Table 7.1 Non-atherosclerotic causes of myocardial ischemia

Dissection
* Primary coronary artery dissection
 Dissection related to aortic dissection

Coronary Embolism
» Endocarditis, paradoxic embolism, cardiac tumors

Trauma
* Blunt chest trauma
* Jatrogenic coronary arterial trauma during angiography

Coronary Arterial thrombosis due to pro-thrombotic state
* Polycythemia vera

* Thrombocytosis

* Erythrocytosis

Metabolic disease leading to abnormal coronary arteries
* Mucopolysaccharidosis
* Fabry disease

Increased demand-supply relationship

* Left ventricular hypertrophy

* Hypotension, severe anemia

* Aortic regurgitation

Congenital coronary artery anomalies
Coronary ostial stenosis

* Calcification of the sinotubular junction
* Vasculitis — syphilis, Takayasu disease
Cocaine

band necrosis and coagulative necrosis [7]. In the
absence of collaterals, irreversible myocardial injury
occurs after 20 min of coronary occlusion. With
necrotic myocyte death, there is reactive inflammation
to the necrotic fibers. The myocardial wall becomes
non-contractive and may not move during contraction
or it may paradoxically bulge out during systole. These
changes are manifest on imaging as akinesia, dyskine-
sia or aneurysmal wall motion abnormalities. There is
also diastolic dysfunction which is invariably present
when there is significant systolic dysfunction.

Grossly infarcted myocardium may be dark and
hemorrhagic if significant reperfusion occurs (Fig. 7.1).
Otherwise there is pallor, edema and peripheral conges-
tion of the infarcted area. Over a few days, the infarct
edema lessens, the infarct becomes mottled and tanned,
and the wall thins (Figs. 7.2-7.4). Ventricular wall thin-
ning is seen early in the time course of an infarction, but
it becomes most marked after about 5 days [9].

7 Ischemic Heart Disease

Fig. 7.1 Cross section of a heart with a large reperfused trans-
mural hemorrhagic anteroseptal wall myocardial infarct. There
is also a smaller old transmural infarct seen as a transmural
white scar (arrow)

Fig. 7.2 Cross section of a heart with a recent subendocardial
myocardial infarct involving the lateral and inferior left ventricle
walls. The infarct is still mostly in the inner third of the ventricle
wall. Mild reperfusion has occurred

Global and Regional Function

The coronary arteries can be directly visualized using
current echo equipment both from the chest wall and
from the esophagus, although only the proximal arte-
rial segments are usually imaged (Figs. 7.5-7.7). From
the chest wall, color-flow imaging is an essential aid to
locate the coronaries. The imaging of coronary arteries
has not gained wide acceptance as it is time consuming
and requires operator experience [10].

The foundation of echocardiography in patients with
coronary artery disease is the assessment of global
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Fig. 7.3 Cross section of heart with a recent anterior anteroseptal
transmural myocardial infarct. The infarct is healing with mottling
and peripheral congestion. Note the wall thinning of the infarct
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Fig. 7.5 Parasternal short-axis view showing the origin of the
left main coronary artery (arrow) which can usually be imaged
by the transthoracic approach. LA left atrium, RA right atrium

Fig. 7.4 Cross section of a heart in a patient with a large reper-
fused circumferential left ventricular myocardial infarct. There
was significant multivessel coronary artery disease

ventricular function and the detection of regional wall
motion abnormalities. There are multiple measures of
left ventricular global function, but ejection fraction
(EF) remains the most widely used despite being
preload and after load dependent. It has been shown to
be a strong predictor of mortality during follow-up
[11, 12]. It has incremental prognostic value beyond
symptoms, extent of coronary artery narrowing and
perfusion defect [13, 14]. There are multiple methods
to calculate EF. Visual estimate is widely used and has
been shown to have good correlation with the measured

Fig. 7.6 Parasternal short-axis view showing the proximal right
coronary artery (arrow). The imaging plane needs to be angled
more superiorly from the plane used to image the left main coro-
nary artery. Ao aorta, LA left atrium

EF [15]. Nonetheless we believe that EF should be rou-
tinely measured to allow for easy comparison during
follow-up and routine practice should help to reduce
the study to study variability. Our preference is to use
the modified Simpson method when there is adequate
endocardial visualization of the left ventricle in the api-
cal views, and the combined echo-Doppler method
when the endocardial visualization is suboptimal. The
latter method is based upon calculating the stroke
volume at the left ventricular outflow tract and the left
ventricular diastolic volume by the Teicholz method,
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Fig. 7.7 Biplane transesophageal views showing the left main coronary artery (arrow) in the transverse plane (a) and the proximal
left anterior descending artery (arrow) in the longitudinal plane (b). LA left atrium, MPA main pulmonary artery

provided that there is no concomitant moderate to
severe mitral regurgitation. EF obtained by this method
has been shown to have good correlations with EF
obtained by radionuclide imaging [16]. The calculated
EF should be compared with the EF estimate based
upon wall motion score index (see below) and the
visual estimate. If a substantial discrepancy is present,
EF measurement by other means such as radionuclear
imaging should be considered.

Tissue Doppler imaging is a new and easy method
to assess systolic and diastolic function. The systolic
velocity (S wave) appears to correlate with systolic
function and indeed may be a more sensitive measure
as it may be able to detect occult systolic dysfunction.
More validation data are needed [17].

Although there are many different ways to detect wall
motion using echo, the two most practical approaches are
endocardial excursion and wall thickening. Endocardial

excursion refers to the motion of the endocardium from
end diastole to end systole. When the endocardium is
poorly visualized, epicardial motion is frequently used as
a substitute. Although there are quantitative methods uti-
lizing off-line endocardial tracing with either a fixed cen-
troid or a floating centroid model, visual assessment is
widely used in the clinical setting. In general, assessment
of endocardial motion is more sensitive, but less specific,
in the detection of coronary artery disease as compared to
wall thickening, since wall motion can be passive and
easily affected by the translational motion of the heart.
Wall thickening is a better measure of regional sys-
tolic function than endocardial excursion as the
increase in thickness of the myocardium from end
diastole to end systole is a more specific measure of
myocardial contraction [18, 19]. Although quantitative
measures dividing the left ventricular myocardium into
multiple regions have been proposed to assess regional
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function, visual assessment remains the most clinically
relevant approach. There is heterogeneity in wall thick-
ening among myocardial segments with the basal infe-
rior wall and posterior wall showing less systolic
thickening as compared to the other walls. Furthermore,
the mid and apical segments in general demonstrate
more wall thickening as compared to the basal walls.
The exception is in the patient with an apical cleft in
whom the apical wall thickening is less compared to
the other segments. The normal range for wall thicken-
ing is quite wide but in general an increase in>30% in
wall thickness from end diastole to end systole is con-
sidered normal.

When there is an absence of wall thickening from
end diastole to end systole, the wall is considered aki-
netic. From 0% to 30% thickening, the wall is judged
to be hypokinetic. Hyperkinesia refers to thickening
more than 30%, usually associated with increased
endocardial excursion. When there is paradoxic excur-
sion (that is the wall moves away from the centroid
during systole) associated with no thickening, the wall
is considered dyskinetic, and an aneurysmal wall is
one that demonstrates obvious diastolic bulging with
further expansion during systole. A scoring system has
been proposed and widely used to assess the severity
of wall motion abnormalities (Table 7.2) [20, 21].

Since wall motion abnormalities form the basis of
echocardiographic diagnosis of myocardial ischemia
or infarction, it is not surprising that transmural myo-
cardial infarcts can be detected by echocardiography in
over 90% of the cases, while 50% of the non-transmu-
ral myocardial infarcts may escape detection [22, 23].
The location and extent of wall motion abnormality are

Table 7.2 Wall motion score to assess regional myocardial
contraction abnormalities

1 Normal >30% Normal
2 Hypokinetic <30% Normal or reduced
3 Akinetic 0% Reduced or absent
4 Dyskinetic 0% Paradoxic motion
5 Dyskinetic 0% Paradoxic motion
associated with
diastolic bulge
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good predictors of the involvement of specific coronary
arteries. Wall motion abnormalities restricted to the
anterior wall and apex are likely related to disease
involving the left anterior descending artery. Similarly
wall motion abnormalities of the inferior wall and infe-
rior septum indicate that the right coronary artery is
likely the culprit.

The basal inferior wall often appears hypokinetic, and
this is a normal finding. In some patients, the basal and
mid inferior or posterior walls may appear dyskinetic
simulating an inferior wall infarction (Figs. 7.8, 7.9). Yet,
wall thickening remains normal and can be recognized
by frame-to-frame analysis. This “pseudodyskinesis”
may be due to an elevated diaphragm and should not be
mistaken for inferior wall infarction [19].

To quantitate the extent of left ventricular involve-
ment, the left ventricle may be divided into 16 or 17
segments with the wall motion of each segment graded
from normal to aneurysmal, as previously described
(Fig. 7.10). An overall wall motion score can be
obtained by dividing the total score of all segments
visualized by the number of visualized segments to
arrive at a wall motion score index, which is an indicator
of the overall involvement of the left ventricle [20, 21].
The wall motion score index has been shown to predict
short and medium term outcomes, including death and
re-hospitalization [24, 25]. The higher the score, the
more is the severity and extent of myocardial ischemia
and the worse is the outcome. Furthermore there is a
relationship between left ventricular global function,
such as ejection fraction, and the wall motion score
index [26, 27]. In general a wall motion score index
less than 1.5 is unlikely to be associated with signifi-
cant left ventricular systolic dysfunction. At the same
time a patient with a wall motion score index greater
than 2 is highly likely to have an abnormal EF; and a
score index >2.5 indicates severely depressed systolic
function with EF<30% [27].

Strain and strain rate imaging are new methods to
assess global and regional functions. It is easy to use
and quite reproducible. Both strain and strain rate
assess the deformation of the myocardium during sys-
tole (Fig. 7.11). They are less affected by cardiac
motion or tethering [28]. The strain and strain rate can
be displayed in a format that allows comparison
between myocardial segments to promptly detect
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Fig. 7.8 Parasternal long-axis (a) and short-axix (b) views in diastole show that the posteroinferior wall (arrows) appears to be flat-
tened. LA left atrium, LV left ventricle

abnormal walls (Fig. 7.12). In a study of 222 consecu-
tive patients with myocardial infarction or ischemic
cardiomyopathy, Delgado et al. compared global lon-
gitudinal strain in these patients with that of 20 age
matched normal controls [29]. Global longitudinal
strain was obtained in all patients and controls with an
inter-observer variability of 0.3+0.6%. They reported
a good correlation between EF and global longitudinal
strain (Fig. 7.13). Strain and strain rate are very prom-
ising measures in the assessment of global and regional
function in patients with ischemic heart disease, and
more validation studies are forth-coming.

Chest Pain Assessment

Echocardiography has proven useful in the assess-
ment of patients presenting with chest pain at the
Emergency Room. The detection of regional wall

motion abnormality in patients without a prior history
of myocardial infarction indicates that there is a high
likelihood of coronary artery disease and that the
chest pain is due to myocardial ischemia. In patients
with no wall motion abnormalities, the prognosis is
good, although the possibility of a myocardial infarc-
tion is not completely excluded. In these patients,
echo is much more useful in excluding serious condi-
tions that mimic myocardial infarction.

Acute pulmonary embolism, particularly of mas-
sive or submassive nature, can be identified by the
presence of right ventricular enlargement and dysfunc-
tion. In rare cases, the actual pulmonary embolus can
be visualized in the proximal pulmonary arteries.

Aortic dissection is another critically important
diagnosis to consider, since prompt surgical interven-
tion is frequently necessary to ensure survival
(Fig. 7.14). The echocardiographic features of aortic
dissections are discussed in Chap. 9. This is an impor-
tant and sometimes confusing diagnosis, since the
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Fig.7.9 Parasternal long-axis (a) and short-axis (b) views in systole in the same patient as in Fig. 7.7.7 show that the posteroinferior
wall has a paradoxic outward movement during systole but the endocardial thickening (arrows) is normal. This finding has been
termed pseudodyskinesia which may be related to an elevated left hemidiaphragm and should not be confused with myocardial
infarction involving the posteroinferior wall. LV left ventricle
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Fig. 7.10 Schematic diagram showing the 17 segment model to assess left ventricular regional wall motion abnormalities
(Reproduced with permission from Lang et al. [21])
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Fig. 7.11 Global and regional longitudinal strain measurements in the apical long-axis (a), four-chamber (b) and two-chamber
(c) view are shown in a patient with no coronary artery disease. The summary strain data is shown in (d)

aortic dissection flap can occlude one of the coronary
ostia, particularly the right coronary ostium, resulting
in electrocardiographic changes of acute inferior wall
myocardial infarction. Infarct and acute dissection can
thus co-exist.

In patients with intermittent chest pain and no rest-
ing wall motion abnormalities, the diagnosis of coro-
nary artery disease can be supported by the demonstration
of stress induced regional wall motion abnormality. In
the diagnosis of coronary artery disease, the use of
echocardiographic imaging to detect wall motion
increases the sensitivity of the stress test to 70-80% and
specificity to 80-90%, which are similar to radionuclide
stress test [30-33].

Exercise is the preferred stress modality in patients
who can exercise. There are two main modalities in
exercise stress echo, namely treadmill exercise and
supine bicycle exercise tests, with similar sensitivity
and specificity for the diagnosis of coronary artery dis-
ease [33]. The latter has the advantage of assessing

wall motion at different stages of exercise. In patients
who are unable to exercise, pharmacologic agents such
as dobutamine, arbutamine and dipyridamole have
been used to bring out reversible wall motion abnor-
malities. In stress echocardiography, the echo images
during stress are more likely to be suboptimal due to
increased respiration and body movement during
stress. Echo contrast agents have been successfully
used to improve the image quality and thus the diag-
nostic confidence in the assessment of stress induced
wall motion abnormalities (Fig. 7.15).

Myocardial Infarction

In patients with prolonged chest pain consistent with
myocardial ischemia, the presence of regional wall
motion abnormalities is diagnostic of acute myocardial
infarction in those with no history of prior myocardial
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Fig. 7.12 The global (a) and regional longitudinal strain data (b, ¢, d) in the apical two-chamber view show reduced strain at the
apex consistent with apical myocardial infarction. The global strain is reduced as a result of reduced strain at the apex
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Fig. 7.13 Correlation between global longitudinal strain and
left ventricular ejection fraction showing a close relationship
between these two values (Reproduced with permission from
Delgado et al. [29])

infarction. The location of regional wall motion abnor-
malities is a good indicator of the culprit coronary
lesion (Figs. 7.16-7.18). As previously discussed wall
motion abnormalities involving the anterior wall are
indicative of obstructive lesion of in the left anterior
descending artery. Conversely, wall motion abnormali-
ties in the inferior wall indicate the presence of right
coronary artery disease.

The extent of the wall motion abnormalities is a
good reflection of the extent of the affected myocar-
dium and can help to identify patients with multivessel
disease from those with single vessel disease (Figs. 7.4,
7.19). In patients with single vessel disease, such as
obstructive lesions of the left anterior descending
artery, there is hypokinesia or akinesia of the anterior
wall but also hyperkinesia of the inferior wall. The
absence of hyperkinesia in the inferior wall in these
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Fig. 7.14 Parasternal long-axis (a) and short-axis (b) views show a large intimal flap in the aortic root diagnostic of type A aortic
dissection. LA left atrium, LV left ventricle

patients suggests that there is concomitant right coro-
nary artery disease. In patients with suboptimal echo
images, echo contrast agent can be used to diagnose
the wall motion abnormalities (Fig. 7.20).

The absence of wall motion abnormality in patients
with prolonged chest pain lowers the likelihood of myo-
cardial infarction, although small non-transmural myo-
cardial injury can be present with no significant wall
motion abnormalities. Therefore in patients with equiv-
ocal history and non-diagnostic electrocardiographic
findings, echocardiography can be very useful in the
diagnosis or exclusion of acute myocardial infarction.

Acute infarct complications may be mechanical or
non- mechanical [34]. Some of the non- mechanical
ones are quite common including diastolic dysfunc-
tion, congestive heart failure, atrial and ventricular
arrhythmias, deep venous thrombosis and depression.
Fibrinous pericarditis is common immediately after
myocardial infarction and this may be complicated by
apericardial effusion. After several weeks post- infarct,
Dressler’s phenomenon, an autoimmune pericarditis,
may develop and may be associated with a pericardial
effusion.

The role of echocardiography is particularly impor-
tant in dealing with patients with acute myocardial

infarction complicated by shock (Table 7.3). Shock
complicating myocardial infarction carries a high mor-
tality and needs to be aggressively managed to improve
the prognosis. Echocardiography provides prompt and
accurate diagnosis in these critically ill patients.

The conditions giving rise to shock in this setting
can be divided into those associated with or without a
new cardiac murmur. A word of caution is that the
murmur in this setting may be soft and difficult to
detect with certainty in view of the hypotension and
tachycardia in these patients. Acute mechanical com-
plications include ventricular free wall rupture and
hemopericardium, papillary muscle rupture and ven-
tricular septal rupture. These can occur in any combi-
nation, even all three complications in the same
individual. These mechanical complications can be
accurately assessed by echocardiography.

Papillary Muscle Rupture

The ventricular papillary muscles may be ischemic or
infarcted and become immobile and stunned [35]. This
may lead to transient mitral valve regurgitation. If the
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Fig. 7.15 Contrast stress-echocardiograms comparing the resting apical four-chamber (a) and apical two-chamber (b) views with
the peak stress apical four-chamber (c) and two-chamber (d) views show that the anterolateral walls (arrowheads) become akinetic
at peak exercise, consistent with diseases in the left anterior descending and left circumflex arteries. The use of an echo contrast
agent has been shown to increase the diagnostic confidence of stress echocardiography. LV left ventricle, RV right ventricle

papillary muscles rupture, this usually occurs at 4-5
days post infarct when the affected myocardium is
maximally necrotic and inflamed. Rupture of a part of
the muscle or the entire muscle may occur leading to
severe mitral regurgitation and heart failure (Figs. 7.21—
7.23) [9]. Echocardiography is an accurate means to
diagnose this complication [36]. Papillary muscle rup-
ture can occur with either subendocardial or transmu-
ral infarction. All the other mechanical complications
require transmural infarction. Rupture or partial rup-
ture of the papillary muscle can lead to severe mitral
regurgitation. This usually occurs in the setting of
inferior wall infarction when the posteromedial papil-
lary muscle is involved. The posteromedial papillary
muscle is generally supplied by the right coronary
artery, while the anterolateral papillary muscle has a
dual blood supply from both the right coronary artery

and left circumflex artery and therefore rupture of the
anterior papillary muscle is less common. The typical
setting of this complication is an elderly patient with
first myocardial infarction and a history of systemic
hypertension.

The overall systolic function may be preserved or
only mildly reduced with focal regional wall motion
abnormalities involving the inferior wall. If this condi-
tion is suspected, close examination of the papillary
muscle is required to ensure that both heads are intact.
In complete rupture of the papillary muscle, the
affected mitral leaflet demonstrates a flail portion with
the papillary muscle protruding into the left atrium dur-
ing systole. In partial rupture, obvious flail is not seen,
but there would be a marked degree of prolapse of the
affected mitral leaflet, and partial disruption of the base
of the affected papillary muscle (Figs. 7.24, 7.25). This
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Fig. 7.16 Parasternal long-axis (a), short-axis (b), apical long-axis (¢) and apical two-chamber (d) views show that the mid and
apical anterior wall and anterior septum are thinned out and akinetic consistent with anterior wall myocardial infarction. LA left
atrium, LV left ventricle

condition requires prompt attention as it is a prelude to
complete rupture resulting in more severe mitral regur-
gitation. When the entire papillary muscle is ruptured,
there is usually torrential mitral regurgitation accom-
panied by shock. Emergent surgery is generally indi-
cated as these patients do not respond to medical
treatment alone. A systolic murmur is generally
detected, although the murmur may appear to be sys-
tolic ejection in nature due to its decrescendo nature
from the rapid equalization of pressures between the
left atrium and left ventricle during the later part of
systole.

Ventricular Septal Rupture

Ventricular septal rupture is another condition that is
associated with the presence of a systolic murmur which
is typically located at the lower left sternal border. There
are two clinically distinct septal defects associated with
myocardial infarction [9, 37]. In patients with large
inferior wall myocardial infarction, ventricular septal
rupture can occur involving the basal inferior septum
(Figs. 7.26, 7.27). The defect in this situation is usually
quite large and may be associated with right ventricular
dysfunction. Because of the location and size of the
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Fig. 7.17 Parasternal long-axis (a), short-axis (b), apical four-chamber (c¢) and apical two-chamber (d) views show localized thin-
ning and akinesia consistent with old infarction involving the basal and mid inferior and posterior walls. LA left atrium; LV left
ventricle, RA right atrium, RV right ventricle

defect, these defects are generally difficult to repair sur-
gically and the prognosis of these patients is poor. The
other type of ventricular septal rupture involves the api-
cal septum in the setting of anterior wall infarction
(Fig. 7.28). These defects generally have a serpiginous
tract and the degree of left to right shunting may not be
severe. These defects are more amenable to surgery par-
ticularly if the surgery can be delayed for several weeks
to allow resolution of inflammation and development of
some degree of fibrosis.

Dynamic Subaortic Stenosis

The development of subaortic obstruction in the setting
of anterior myocardial infarction is an uncommon

cause of cardiogenic shock, but this is an important
condition to recognize since it may respond to treat-
ment with beta-blocker therapy and it may worsen
with inotropic agent therapy [38]. This usually occurs
in patients with anterior wall myocardial infarction
with sparing of the basal septum. The basal septum
in these patients becomes hyperkinetic leading to the
development of systolic anterior motion of the mitral
leaflets and a subaortic gradient (Fig. 7.29). Treatment
with inotropes accentuates the gradient and worsens
the systemic hypotension. The proper management
includes optimal fluid replacement and the use of a
beta-blocker to relieve the subaortic gradient. After
the acute phase of myocardial infarction, patients
with this condition generally do quite well as they
tend to have reasonably preserved left ventricular
function.
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Fig. 7.18 Apical four-chamber (a) and two-chamber (b) views show thinning and akinesia of the lateral wall. The anterior wall and
inferior wall showed normal thickness. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Free Wall Rupture

Free-wall rupture should always be considered in
patients in shock complicating myocardial infarction.
Free wall rupture may occur in the first 24 h after the
infarct or at 4-5 days [9, 39]. Most individuals with
this condition are female, have post-infarct hyperten-
sion, and of course have suffered a transmural infarct.
This is usually the individual’s first myocardial infarct,
as a previous older infarct would leave scar which
would be protective against rupture. The early rupture
is due to a so called “dissecting hematoma” that cleaves
the myocardium and causes rupture. This type of com-
plication may have become more common with throm-
bolytic therapy, but this is debatable, since thrombolytic
therapy has likely decreased free wall rupture overall
as the therapy leads to limitation of infarct size result-
ing in smaller infarcts that are less transmural and less
prone to this complication.

At 4-5 days post infarct the affected myocardium
has extensive necrosis and the infiltrating neutrophils
have degranulated. No fibroblasts have entered the
infarct yet, so this is the time of maximal wall weakness.

Rupture commonly occurs near the base of the papillary
muscles or between them, or at the anterior apex
(Fig. 7.30) [39]. These are areas where the muscle fibers
are undergoing extensive changes in direction leading to
potential areas of ventricular weakness. Free wall rup-
ture may be gradual and associated with fibrinous peri-
carditis (Fig. 7.31).

With free-wall rupture the pericardium fills with
blood such that an effusion may be visualized by imag-
ing (Fig. 7.32) [40]. The pericardium is a fibrous struc-
ture and is not acutely distensible, thus even a small
fluid accumulation (> 100 mL) leads to a rapid increase
in intrapericardial pressure resulting in cardiac tam-
ponade. The pathognomonic sign is the detection of
blood in the pericardium which on echocardiography
appears as an echo-dense pericardial effusion.
Localized thinning of the left ventricular free wall
associated with excessive motion in the adjacent myo-
cardium is a frequent associated finding. A high index
of suspicion is crucial in making this diagnosis, since
some of these patients may stabilize for some time due
to sealing off of the free-wall rupture by the pericardial
hematoma. The use of an echo contrast agent may
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Fig.7.19 Parasternal short-axis views from base to apex (a—d) in this patient with multiple myocardial infarctions show thinning of
multiple myocardial segments including the inferior wall, anterior wall and apex. LV left ventricle, RV right ventricle

Fig. 7.20 Parasternal short-axis view with injection of echo
contrast identifies local thinning and akinesia involving the infe-
rior wall (arrow)

Table 7.3 Causes of shock following acute myocardial infarction

Associated with new murmur
Ruptured papillary muscle
Ventricular septal rupture
Dynamic subaortic stenosis

Not associated with new murmur
Free wall rupture

Takotsubo cardiomyopathy
Extensive myocardial necrosis
Right ventricular infarction

demonstrate the localized thinning of the myocardium
more effectively, but it remains unclear whether it can
help make a firm diagnosis particularly in those whose
defect has been sealed off temporarily by the pericar-
dial hematoma.
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Fig. 7.21 Papillary muscle rupture post MI. This patient rup-
tured part of their papillary muscle and had valve replacement
for mitral insufficiency. At autopsy the residual papillary muscle
tissues show the area of prior rupture (arrow). Superior to this
the valve prosthesis can be seen

Takotsubo Cardiomyopathy

An unusual myocardial infarction is one that is brought
on by excessive mental stress. It commonly occurs in
elderly post-menopausal women. This condition is
termed “Takotsubo cardiomyopathy”, as the left ven-
tricle takes on the shape of a Japanese pot vessel used
to catch octopus [41]. The shape is a result of preserva-
tion of basal function with akinesia to dyskinesia of all
the mid and apical segments. Angiography shows no
culprit coronary lesions and pathologic myocardial
findings are consistent with catecholamine induced
myocarditis. After the acute phase of this disease, these
patients generally have a good prognosis as they usu-
ally have good recovery of left ventricular function
(Fig. 7.33). The typical appearance of the left ventricle
during the acute phase can be reliably detected by
echocardiography.

Right Ventricular Infarction

Right ventricular infarction can cause cardiogenic
shock as the right ventricle does not provide adequate
preload for the left ventricle, leading to low cardiac
output and hypotension. Right ventricle infarction
may be isolated, but is much more commonly associ-
ated with an adjacent acute inferior left ventricle
infarct (Figs. 7.34, 7.35). Right ventricular dysfunc-
tion is common in the setting of inferior wall myocar-
dial infarction but severe right ventricular dysfunction
leading to shock is uncommon. Echocardiographic
detection of right ventricular inferior wall motion
abnormalities is a relatively common finding and
detectable in about half of the patients with inferior
wall myocardial infarction, but in less than 10% of
these patients, right ventricular dysfunction can be
severe resulting in hemodynamic decompensation.
The optimal management of these patients remains
uncertain although both fluid loading and pacing have
been proposed.

Chronic Complications
of Myocardial Infarction

Following acute myocardial infarction, particularly if
the extent of infarction is substantial, the left ventricle
undergoes remodeling with thinning of the infarct area,
increase in the minor axis diameter more than the left
ventricular length, leading to a more globular shaped ven-
tricle, and increased left ventricular volume (Figs. 7.36,
7.37) [42]. This remodeling process can take place from
days to months. Due to loss of myocardium the ventricle
increases its volume and enlarges in an attempt to main-
tain the stroke volume. With chamber enlargement the
wall tension increases and there is a compensatory wall
hypertrophy. The remodeled ventricle thus is hypertro-
phied and dilated, resulting in eccentric hypertrophy.
Initially these changes are compensatory and benefi-
cial, but eventually they become counter-productive
and pathological with cell death, myocyte degeneration
and heart failure.

The increased left ventricular volume (end diastolic
or end systolic) is one of the strongest predictors of long-
term adverse effects such as the development of heart
failure and death. Prevention of remodeling is essential
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Fig. 7.22 Apical long-axis views (a, ¢) show a large mass prolapsing into the left atrium during systole. Color-flow images (b, d)
show severe mitral regurgitation which is anteriorly directed. The large prolapsing mass represents the ruptured head of the postero-

medial papillary muscle. LA left atrium, LV left ventricle

to improve the prognosis. Prompt and early revascular-
ization limits myocardial damage and is an effective
way to minimize remodeling. Treatment with a beta-
blocker and/or an angiotensin converting enzyme inhibi-
tor has been shown to limit or prevent remodeling.

The left ventricular shape should be assessed, as it is
an independent predictor of outcome in median to long
term follow-up of patients following myocardial infarc-
tion [43, 44]. The sphericity index, which is the ratio of
short-axis to long-axis of the ventricle, is one measure
of the shape change after myocardial infarction when
the left ventricle becomes more spherical, as opposed to
the normal ellipsoid shape (Figs. 7.36, 7.37). The spher-
ical shape puts the ventricle at a mechanical disadvan-
tage such that there is an increase in wall stress and
abnormal distribution of the afterload. This can result
in mal-alignment of the mitral subvalvular apparatus

leading to mitral regurgitation. In the echocardio-
graphic sub study of 373 patients in the SAVE study,
sphericity index predicted development of heart fail-
ure and cardiac mortality during follow-up [44].
After acute myocardial infarction, varying degree of
fibrosis will be present in the myocardium. This may be
subendocardial, involve the papillary muscles, or be
transmural. Scars involving the papillary muscles may
lead to chronic mitral regurgitation due to loss of con-
tractility or by restriction of the leaflet motion (a prob-
lem exacerbated by ventricular dilatation and distortion).
If the muscle is fibrotic and the underlying ventricle has
undergone enlargement and alteration of its normal
shape, the leaflets may not coapt appropriately. [schemic
mitral regurgitation can occur from derangement of any
components of the mitral valve apparatus. The mitral
annulus can be dilated or the papillary muscles may be
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Fig. 7.23 (a) Transesophageal view in a patient with a ruptured papillary muscle head prolapsing in to the left atrium (arrow). (b)
Color-flow imaging confirms severe mitral regurgitation. (¢, d) The posteromedial papillary muscle is not seen in its usual location
because of the complete rupture. LV left ventricle

scarred, pulled laterally and become misaligned due to
the underlying enlarged left ventricle. Chronic mitral
regurgitation is a common finding in patients with isch-
emic heart disease, due to the many ways that the mitral
valve apparatus can be affected.

Left Ventricular True and False Aneurysm

Left ventricular aneurysm is a well recognized compli-
cation of myocardial infarction [9, 45]. It is more
common in patients with anterior wall myocardial
infarction, and indeed over 90% of the left ventricu-
lar aneurysms involve the left ventricular apex with
the remaining 5-10% involving the inferior wall

(Fig. 7.38). The incidence of aneurysm may vary
partly related to variability in the definition of an aneu-
rysm. Obviously the more restrictive the definition,
the lower is the incidence. In our Laboratory, left ven-
tricular aneurysm is defined as a localized segmental
wall motion abnormality manifested by diastolic bulg-
ing with systolic expansion and a clearly defined
hinge point.(Figs. 7.39-7.41). Optimal imaging of the
left ventricular apex is essential to differentiate left
ventricular apical aneurysm from other apical abnor-
malities, particularly apical hypertrophy. Patients
with left ventricular aneurysm are at a higher risk of
complications including left ventricular thrombus
formation, arrhythmia, and heart failure [46]. It is no
surprise that it confers a higher rate of short-term and
long-term mortality.
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Fig. 7.25 (a) Transesophageal view in the patient shown in Fig. 7.7.24 shows prolapse of the anterior mitral leaflet.
(b) Color imaging shows severe mitral regurgitation. The mitral leaflets are not flail because the papillary muscle rupture is only
partial. Ao aorta, LA left atrium, LV left ventricle
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Fig. 7.26 Transesophageal views (a, d) in a patient with inferior wall myocardial infarction showing a large defect (arrows) involv-
ing the mid inferior wall. Color-flow images (b, d) confirm left to right shunting at the defect. LA left atrium; LV left ventricle,

RV right ventricle

Fig. 7.27 Large complicated inferior ventricular septal defect
associated with infarct of the inferior left and right ventricles.
The VSD eventually ruptured externally thus making this infarct
a double rupture (free wall and VSD)

The post-infarct aneurysm is commonly a true ven-
tricular aneurysm, meaning that the aneurysm wall
contains all three layers of the ventricle- the endocar-
dium, the myocardium and the epicardium. True ven-
tricular aneurysms have thin walls that often calcify.
Aneurysms do not contract and thus are an area of sta-
sis and may contain endocardial thrombus. True aneu-
rysms contribute to congestive heart failure through
loss of ventricular contractile function, dyskinesia, and
inadvertent systolic filling with loss of forward cardiac
output. They are a potential source of thrombus for
systemic embolism including stroke (Figs. 7.38, 7.42)
[46]. The entrapped residual myocardial fibers and the
scar tissue may lead to ventricular arrhythmias.

In contrast, a false aneurysm or pseudoaneurysm is a
consequence of localized ventricular free wall rupture
and containment of the blood by fibrosis and adherent
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Fig. 7.28 (a) Apical four-chamber view in this patient with anterior wall myocardial infarction shows a ventricular septal defect
involving the mid septum. (b) Color-flow imaging confirms shunting at the defect. LV left ventricle; RV right ventricle

Fig.7.30 Left ventricle free wall rupture post transmural MI. The
rupture has occurred near the base of one of the papillary muscles

Fig. 7.29 Apical four-chamber view in a patient with anterior
wall myocardial infarction shows akinesia involving the left pericardium. There is only thrombus and fibrous tissue

ventricular apex (short arrows). The basal anterior septum is resent in this type of aneurysm [46]. False aneurysms
hypercontractile and there is systolic anterior motion of the p yp Ty ’ y

mitral leaflets (long arrow) indicating the presence of subaortic =~ aT€ less commonly seen than true aneurysms, since
obstruction. LA left atrium, LV left ventricle most free wall ruptures result in hemopericardium and
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Fig. 7.31 External surface of a heart with free wall rupture post
infract. There is severe fibrinous pericarditis associated with the
gradual rupture process. A probe has been placed in the actual
rupture tract

7 Ischemic Heart Disease

death, not in false aneurysms. False aneurysms may
present as a chronic finding. Although the natural his-
tory is not well defined, the generally tendency is to
consider surgical repair in patients who do not have
severe co-morbidities that substantially increase their
operative risks. The pseudoaneurysm is recognized by
its characteristic narrow neck although in many circum-
stances, echocardiography may not be able to differenti-
ate true aneurysm from pseudoaneurysm (Fig. 7.40).

Left Ventricular Thrombus

Anterior wall myocardial infarcts may become com-
plicated by adherent endocardial thrombus with a risk
for embolization [9, 47, 48]. This is less common with

Fig. 7.32 (a) Apical four-chamber view shows a defect in the lateral wall (arrow). (b) Color-flow imaging shows blood
flow into this defect (arrow). (¢) A localized pericardial effusion is present (arrows). The pericardial effusion appears to be

echo-dense consistent with hematoma which is a

specific

sign for left ventricular free wall rupture.

LA left atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 7.33 Apical four-chamber (a) and two-chamber (b) views shows the typical apical ballooning in a 69-year-old woman with
Takotsubo cardiomyopathy. There is a marked improvement in left ventricular function in the follow-up study (c, d). LA left atrium,
LV left ventricle, RA right atrium

modern thrombolytic and anti-platelet agent therapy.
Left ventricular thrombus is a common feature in
patients with left ventricular aneurysm (Figs. 7.38, 7.42,
7.43). It is generally located at the apex, as most left
ventricular aneurysms are apically located. In the apical
views near gain artifact is common and may mimic a
thrombus within the left ventricular apex. It is important
to carefully assess the features of the presumed apical
mass in order to differentiate a true thrombus from near
gain artifact (Table 7.4).

In the absence of underlying regional wall motion
abnormalities (usually akinesia or dyskinesia), presence
of left ventricular thrombus is highly unlikely and other
etiologies such as tumor are more likely. One rare excep-
tion is the hypereosinophilic syndrome in which throm-
bus in the left or right ventricular apices can occur in the
absence of an apical wall motion abnormality (Fig. 7.44).

Intraventricular thrombus has a different acoustic
property from the underlying myocardium. New
thrombi are echo lucent and may be difficult to distin-
guish from blood, while old thrombi become more
echo dense and may be very echo dense if calcification
is present. If apical thrombus is suspected, the imaging
depth should be reduced, the focus be set at the near
field and the near field gain reduced. Intraventricular
thrombus has a defined interface with the blood pool,
whereas near gain artifact does not (Fig. 7.45). The
short-axis view of the left ventricular apex is particu-
larly useful to image the apex. This can be obtained
with the patient close to a supine position and the trans-
ducer located more laterally than the usual apical loca-
tion. In our experience, thrombus should have all the
major features listed in the Table 7.4. If the left ven-
tricular mass has some, but not all the major features,
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Fig.7.34 (a) Apical four-chamber view in a patient with ischemic heart disease shows dilated and dysfunctional right ventricle.
The right atrium is also dilated. The presence of tricuspid regurgitation is confirmed by color-flow imaging (b). LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle

Fig. 7.35 Large healing recent transmural myocardial infarct

involving the lateral wall, inferoseptum and inferior wall of the  Fig. 7.36 Old inferolateral left ventricle myocardial infract.
left ventricle. The right ventricle is also infarcted. This com-  The infarct has fibrosis and severe wall thinning. The left ven-
monly occurs with inferior left ventricle infarction tricle is dilated



Chronic Complications of Myocardial Infarction

Fig. 7.37 Apical four-chamber view shows a dilated and globu-
lar left ventricle. A large laminated thrombus (arrows) is present
at the apex. LA left atrium, LV left ventricle, RA right atrium, RV
right ventricle

Fig. 7.38 Cross section of heart with a large anterior left ven-
tricle aneurysm. The myocardial wall is thin and fibrotic. In
addition it bulges out. There was associated endocardial
thrombus more apically. Such aneurysms are now not common
probably due to the success of thrombolysis and coronary
interventions

our approach is to say that the diagnosis of thrombus is
equivocal. The addition of echo contrast has been a
welcome addition to our ability to differentiate left ven-
tricular thrombus from artifact (Figs. 7.46, 7.47). It also

197

helps to diagnose other types of apical abnormalities
such as apical hypertrophic cardiomyopathy.

Atrial Infarction

Atrial infarction is not usually clinically evident or sig-
nificant, but it can occur, usually with an adjacent ven-
tricular infarct [49]. Both right and left atria may be
affected. Atrial infarction leads to atrial arrhythmias
including atria fibrillation, poor atrial contraction, stasis
and thrombus, and even to atrial free wall rupture and
tamponade [50]. Loss of the atrial component of ven-
tricular filling may lead to heart failure exacerbation.

Viability

Left ventricular dysfunction following myocardial
infarction can have multiple causes. It may be due to the
presence of myocardial necrosis and fibrosis, but it may
be more extensive than the extent of myocardial necro-
sis. In the setting of a patent infarct related coronary
artery, the myocardial dysfunction may be transient and
recovers spontaneously with time, which has been
termed stunned myocardium [8]. Alternatively, myo-
cardial dysfunction may be related to chronic myocar-
dial ischemia with limited scar in the setting of a
stenosed infarct related artery, such that improvement in
myocardial function can occur after revascularization.
This phenomenon is called hibernation, indicative of
the presence of viable myocardium [8]. The presence
and extent of viable myocardium can be assessed by
positron emission tomography, nuclear imaging and
pharmacological echocardiography.

Although both dobutamine and dipyridamole have
been used for this indication, low dose dobutamine is
more widely used and better validated. The protocol
involves the intravenous infusion of dobutamine start-
ing at 5 ug/kg/min and increases in 3—5-min intervals
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Fig. 7.39 A large apical aneurysm is shown in the apical four-chamber (a) and apical short-axis (b) views. LA left atrium, LV left
ventricle

Fig. 7.40 A small apical aneurysm is shown in the apical four-chamber (a) and apical two- (b) views. A narrow neck in this case
raises the possibility of a false aneurysm, although it can be very difficult to distinguish a true aneurysm from a false aneurysm based
on echo findings alone. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 7.41 Transthoracic 3D view of a large apical aneurysm
(arrows). The transition from normal myocardium to the thin
scar of the left ventricular aneurysm is well illustrated. LA left
atrium, LV left ventricle

Fig. 7.42 Apical four-chamber (a), long-axis (b), two-chamber (c) and apical short-axis (d) views show an apical aneurysm with
two small thrombi which are best seen (arrow) in the apical two-chamber and apical short-axis views. LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle
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Fig. 7.43 Old inferior wall myocardial infarct with associated
endocardial thrombus

Table 7.4 Echocardiographic features of left ventricular thrombus

Major features

Underlying regional wall motion abnormality

Discrete mass-blood interface

Different acoustic appearance from adjacent myocardium

Minor Features

Apically located

Present in multiple views from multiple windows
Mobile component

Variability with time or treatment

to a peak dose of 20—40 ug/kg/min in order to assess
for contractile reserve. Viable myocardium is present
if one or more myocardial segments demonstrate
biphasic response which is an increase in myocardial
contraction at low dose followed by a decreased con-
traction at high dose of dobutamine infusion as

7 Ischemic Heart Disease

compared to baseline. The biphasic response is more
specific for viable myocardium, and the sensitivity and
specificity (both about 80%) compare quite favorably
with positron emission tomography and nuclear imag-
ing in studies where viability is defined as recovery of
contractile function following adequate revascular-
ization [51]. Another useful and simple sign of via-
bility is the wall thickness. If the wall thickness is
well preserved (>6 mm), the wall is likely viable.
Conversely if the wall is clearly thinned out (<6 mm)
and echo-dense, it is highly likely to be non-viable
(Fig. 7.48) [52].

Summary

In ischemic heart disease, left ventricular function is
a strong predictor of outcome and can be reliably
assessed by echocardiography. In patients presenting
with chest pain, echocardiography can be used to
diagnose the cause of chest pain, and in patients with
acute myocardial ischemia echocardiography can
assess the location and extent of myocardial ischemia.
When shock complicates an acute infarct, a compre-
hensive approach is important to the management and
should include a goal directed echo examination. The
long term complications of myocardial infarction
including ventricular remodeling, aneurysm and
thrombus can be readily assessed by echocardiogra-
phy. The determination of myocardial viability by
dobutamine echocardiography can identify patients
with left ventricular dysfunction who would benefit
from revascularization.
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Fig. 7.44 Apical four-chamber view (a) in a patient with hyperesosinophilic syndrome shows the presence of thrombus within the
right ventricular apex. Eosinophilic thrombus can be present in both ventricular apices, but LV thrombus is not detected by contract
injection in this patient (b). LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Fig. 7.45 Two large apical thrombi are present within the left ventricular apex in the apical four-chamber (a) and apical short-axis
(b) views. Care needs to be taken to reduce the near gain in order not to obscure the apical thrombi. LV left ventricle
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Fig.7.46 The apical views (a, b) in a patient with left ventricular dysfunction show an ill defined mass (arrow) in the left ventricular
apex suggestive of left ventricular thrombus. Contrast enhancement of the left ventricular cavity (¢, d) shows no left ventricular
thrombus indicating that the apparent left ventricular thrombus is likely near gain artifact. LV left ventricle, RV right ventricle
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Fig.7.47 (a) Apical two chamber view in a patient with anterior wall myocardial infarction cannot clearly visual the left ventricular
apex. (b) Following injection of an echo contrast agent, the left ventricular apex is clearly imaged with detection of an apical throm-
bus (arrow). LV left ventricle

Fig.7.48 In this patient with a posterolateral wall myocardial infarction, the affected myocardial wall (arrows) is severely thinned out
in both the apical long-axis (a) and apical short-axis (b) views, indicating that this wall is not viable. LA left atrium, LV left ventricle
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Right Ventricular Diseases

The right ventricle (RV) has not received as much atten-
tion as the left ventricle partly due to the fact that pri-
mary diseases of the RV are uncommon. Another reason
may be the complexity of RV anatomy, which has a dis-
tinct inflow and outflow tract. The RV is associated
with a tricuspid atrioventricular valve with septal
chordal attachments and discontinuity with the pulmo-
nary valve (Figs. 8.1, 8.2). The normal RV is a “D”
shaped chamber located anterior and to the right of the
left ventricle (LV) in the chest (Fig. 8.3). It is behind the
sternum and is the most anterior chamber of the heart.
The wall of the RV is usually 3—4 mm in thickness, but

Fig.8.1 Opened right heart showing the right atrium (RA), right
ventricle (RV) and the tricuspid valve (TV). The right ventricle
has trabeculae carnae

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

Fig. 8.2 Opened right ventricle outflow showing separation of
the tricuspid valve (TV) from the pulmonary valve (PV) by the
infundibular septum (IS)

it may increase in pressure overload situations such as
pulmonary hypertension (Fig. 8.4). Thus the thickness
of the ventricular wall is not a good identifying feature
of the RV. The RV characteristically has large promi-
nent trabeculae carnae on the inner surface. The tricus-
pid and the pulmonary valves are separated by the
muscular ventricular infundibular septum (Fig. 8.2)
This is an arch-like structure composed of the parietal
band, the infundibulum, and the septomarginal band,
which terminates in the moderator band. This band
contains the right bundle branch [1].

Given the structural differences between the RV and
the LV, it is not surprising that RV behaves differently to
volume and pressure overload as compared to the LV
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Fig. 8.3 Cross section, short axis cut, of the heart showing a nor-
mal “D” shaped right ventricle (RV) and a round left ventricle (LV)

Fig. 8.4 Cross section, short axis cut of the heart with cor pul-
monale from pulmonary hypertension. The interventricular sep-
tum is flat and the ventricles are almost of the same thickness
due to right ventricle (RV) hypertrophy

[2-4]. The thin-walled RV is quite resilient, particularly
in relation to volume overload. Under normal circum-
stances, the RV ejects into the low resistance highly
compliant pulmonary circulation, and the forward flow
is mainly driven by contraction of the free wall toward
the septum [5]. During acute volume overload, there is
dilatation of RV volume with preservation of the ejec-
tion fraction and an increase in RV stroke volume. This
increase in stroke volume occurs as a result of an
increase in radial function with no change in longitudi-
nal contractility [6]. This is consistent with the clinical
observation that RV systolic function remains normal in
patients with long-standing volume overload due to an
atrial septal defect [2]. On the other hand, the RV is
much more sensitive to afterload changes than the LV,
such that RV stroke volume can decrease with a modest
increase in pulmonary vascular resistance [7, 8]. Thus,

8 Right Ventricular Diseases

Table 8.1 Causes of right ventricular failure

* RV ischemia or infarction

» Cardiomyopathies — ARVC, dilated, hypertrophic,
infiltrative

¢ RV dysplasia

Pressure overload

e LV failure

* Mitral valve disease

* Pulmonary veno-occlusive disease

¢ Pulmonary artery hypertension

* Pulmonary hypertension due to pulmonary diseases
¢ Pulmonary stenosis

* Pulmonary arterial stenosis

Volume overload

* Atrial septal defect

¢ Anomalous pulmonary venous return
¢ Pulmonary regurgitation

e Tricuspid regurgitation

Limitation to RV filling

e Tricuspid stenosis

e Tamponade

* Pericardial constriction

ARVC arrhythmogenic right ventricular cardiomyopathy, LV left
ventricle, RV right ventricle
Source: Modified from Walker and Buttrick [9]

even modest acute increase in pulmonary vascular resis-
tance due to pulmonary embolism can lead to a drop in
RV stroke volume, and chronic RV pressure overload is
likely to result in RV dilatation and failure.

There are many conditions that can affect the RV.
Table 8.1 lists the major categories of pathophysiologic
conditions resulting in RV failure [9]. More than one
of these conditions may be present in the same patient.
The most common cause is LV failure leading to
increased back pressure and elevated pulmonary pres-
sures. RV systolic function is less affected in patients
with ischemic heart disease and LV failure than in
those with dilated cardiomyopathy and similar LV
ejection fraction, suggesting that the latter is a more
diffuse process with a high likelihood of biventricular
involvement [10]. In patients with heart failure, RV
function and pulmonary artery pressure may be better
predictors of outcome than LV ejection fraction, under-
scoring the importance of assessing RV function and
pulmonary pressure in these patients [11]. Indeed, any
diseases that can result in increased RV afterload can
cause RV failure, including pulmonary embolism and
chronic obstructive pulmonary disease. Although RV
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can tolerate volume overload, chronic and excessive
volume load can lead to RV failure when the septal
shift and pericardial constraint lead to reduction in LV
stroke volume and compliance, which then results in
increased RV afterload [12]. In addition, longstanding
hyperdynamic circulation of the pulmonary vascula-
ture may lead to fixed pulmonary hypertension further
increasing the RV afterload [2].

Isolated RV infarction is rare, but some degree of RV
involvement is common in the setting of inferior myo-
cardial infarction (Fig. 8.5). In most forms of cardio-
myopathies, the RV is frequently involved, although the
clinical manifestations are frequently dominated by LV
involvement. For instance, a large proportion of patients
with hypertrophic cardiomyopathy have RV hypertro-
phy [13]. Arrthythmogenic right ventricular cardiomyo-
pathy is the best known condition of cardiomyopathy
with the dominant findings in the RV (Fig. 8.6). Recent
modifications of the diagnostic criteria may allow a
more consistent diagnosis of this condition [14]. Other
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forms of congenital RV dysplasia can cause RV failure
and the best example is Ebstein’s anomaly which is dis-
cussed in Chap. 5.

Echocardiographic
Assessment of Right Ventricle

The complex RV anatomy dictates that multiple views
should be performed to provide a comprehensive
assessment of RV size and function [15-17]. In par-
ticular, views of the RV inflow and outflow tracts
should be individually assessed since it is difficult to
assess both in the same echo view. Reliance on any
single linear measurement should be avoided as linear
measurements are simplistic and misleading in the
face of the complex RV geometry. Variability of these
measurements can occur as a result of different patient
positions and transducer locations. The RV area and

Fig. 8.5 The apical four-chamber view (a) shows a dilated and dysfunctional right ventricle in a patient with inferior wall myocar-
dial infarction. The zoomed view of the right ventricular free wall (b) shows that the apical half of the right ventricular free wall is
thinned with no thickening consistent with right ventricular infarction. LA left atrium, LV left ventricle, RA right atrium, RV right
ventricle
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Fig. 8.6 Right ventricle wall cross section from an individual
with arrhythmogenic cardiomyopathy. The right ventricle wall is
replaced by fat and the right ventricle is thin and dilated

8 Right Ventricular Diseases

volume measurements are also fraught with uncertain-
ties due to the lack of anatomic landmarks to ensure
optimal display of the RV and the difficulty in tracing
the heavily trabeculated RV endocardial surface.

The parasternal short-axis views with the transducer
angled rightward to image the RV can avoid the pitfall
of foreshortening the RV. Multiple short-axis views,
from the base to the apex of the RV can be obtained, to
assess RV global and regional function (Fig. 8.7). They
can also be used to measure RV volume, although off-
line analysis and spatial orientation are required and
the process is time-consuming. The advent of real-time
3D echo is a promising means to assess RV volume, as
3D echo is ideally suited to assess the anatomic com-
plexity of the RV [18-21]. However, the image quality
of real-time 3D is still limited so that endocardial

Fig. 8.7 In a patient with dilated and dysfunctional right ventricle, multiple short-axis views from base to apex (a—d) can be
obtained from the parasternal window with the transducer tilted rightward. It is possible to obtain right ventricular volume by off-line
analysis using this multiple slice approach. LV left ventricle, RV right ventricle
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delineation continues to pose a challenge, such that RV
volumes by 3D echo are consistently underestimated
when compared to similar volumes obtained by car-
diac magnetic resonance imaging (CMR) [18-21].

Thus it is not surprising that visual estimation
remains the most widely used method in assessing RV
size and function. The most popular echo view for this
purpose is the apical four-chamber view. The RV size
is assessed in relation to the LV size. In general, the RV
is about two thirds the size of the LV in this view [22].
If the RV approaches the size of the LV, the RV is con-
sidered to be mildly enlarged; when it is equal in size
compared to the LV, it is considered moderately
enlarged; and when it exceeds the size of the LV, it is
severely dilated (Fig. 8.8). It is important to avoid
imaging the RV obliquely as it may overestimate RV
volume in relation to the left ventricle. If the LV is
dilated, allowance should be given in assessing the RV
size in comparison with the LV size in this view.
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In Table 8.2, we list the echo views of the RV and
the useful measurements from these views [16]. The
normal values of these measurements are presented in
Table 8.3 [15, 16]. Our own view is that the quantitative
approach to assess RV with any of these measurements
requires caution. Assessment of RV size and function
should take into consideration multiple echo findings
and different measurements. Further refinement in real-
time 3D resolution and on-line volume analysis soft-
ware is required before we can routinely use RV
volumes and ejection fraction in clinical practice.

Right Ventricular Areas
and Fractional Area Change

The right ventricle is a thin-walled structure and sys-
tolic thickening of the right ventricular wall is difficult

Fig. 8.8 Parasternal long-axis (a), short-axis (b) and apical four-chamber views in this patient with primary pulmonary hypertension
show a severely dilated right ventricle best appreciated in the apical four-chamber view (c¢) with the right ventricle much larger than
the left ventricle. Continuous wave Doppler (d) confirms severe elevation in right ventricular systolic pressure. LA left atrium, LV
left ventricle, RA right atrium, RV right ventricle
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Table 8.2 Echocardiographic assessment of the right ventricle

Specific measurements
Parasternal long-axis
* End-diastolic RVOT diameter

RV inflow view
* Anatomy and function of tricuspid valve

RV outflow view
* Anatomy and function of pulmonary valve

Parasternal RV short-axis views

» End-diastolic and end-systolic diameters of RVOT
* RVOT shortening fraction

* RV size and function

* RV volume by off-line reconstruction

Parasternal LV short-axis views
e LV eccentricity index

Apical four-chamber view

RV size and function

RV long- and short-axis diameters

RV fractional area change

RV annular TDI

RV strain and strain rate

RV myocardial performance index
Anatomy and function of tricuspid valve
3D RV volume and ejection fraction

Subcostal view
¢ RVOT size and obstruction
¢ RV free wall thickness

Source: Modified from Jurcut et al. [16]
LV left ventricle, RV right ventricle, RVOT right ventricular
outflow tract, TDI tissue Doppler imaging

to assess. Right ventricular wall motion is largely
determined by the excursion of the right ventricular
free walls in the form of fractional area change (FAC).
The apical four-chamber view is used to planimeter the
RV area in diastole and systole. The RV FAC is the
change of RV area from diastole to systole divided by
the RV area in diastole, and is a measure of RV systolic
function (Figs. 8.9, 8.10) [15, 16]. These measure-
ments are limited by the technical issues including
foreshortening of the RV and endocardial delineation.
The RV outflow tract is not included in these measure-
ments which are affected by both preload and after-
load. Although RV area correlates with RV volume,
significant overlap of RV area between normal and
volume overloaded RV has been reported [23]. There
is acceptable correlation between RV FAC and RV
ejection fraction by CMR [24].

8 Right Ventricular Diseases

Right Ventricular Volumes
and Ejection Fraction

The RV volumes can be obtained by 2D echo which
either assumes a geometric shape which is problematic
for the RV or requires time-consuming offline analysis.
There is enthusiasm with the use of real-time 3D echo
to measure RV volumes and ejection fraction [18-21].
Currently, this is still time-consuming as it requires
offline analysis with a dedicated software package
(Fig. 8.11). Excellent correlations with similar mea-
surements by CMR have been reported. For instance, in
100 adult patients, Leibundgut et al. reported mean dif-
ferences of 10.2+21.2 mL in RV end-diastolic volume
and 0.4+7.5% in RV ejection fraction between 3D echo
and CMR [19]. Compared to CMR, there is an overall
underestimation of RV volume by 3D echo, which may
be related to difficulty with endocardial tracing as the
image quality is still not consistently optimal [18-21].

Eccentricity Index

Eccentricity index is a simple measure of LV morphol-
ogy that can be used to differentiate RV volume overload
from RV pressure overload [25]. It is the ratio of LV
antero-posterior to septo-lateral diameters in the paraster-
nal short-axis view. The value is 1 in both systole and
diastole in normal people. In RV volume overload, there
is flattening of the septum in diastole and recovery in sys-
tole, resulting in an eccentricity index>1 in diastole
(Fig. 8.12). In RV pressure overload, the septal flattening
persists and may even worsen during systole, such that
the eccentricity index is>1 in diastole and systole
(Fig. 8.13). A diastolic eccentricity index>1 is a predic-
tor of mortality in patients with pulmonary hypertension
[26]. The degree of septal curvature in relation to the LV
free wall reflects transeptal pressure and provides a qual-
itative assessment of the RV systolic pressure [27].

Tricuspid Annular Plane Systolic Excursion

Tricuspid annular plane systolic excursion (TAPSE)
can be readily obtained by M-mode tracing of the lat-
eral tricuspid annulus in the apical four-chamber view.
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Table 8.3 Normal values and significance of right ventricular morphology and function

RVOT 22+1.5
PLAX dimension (mm) 271
PSAX dimension (mm)
RVOT FS (%) 61+13
LV eccentricity index 1
RV wall thickness (mm) 3-5
RV end diastolic area (cm?) 18+5
RV FAC (%) 56x13
TAPSE (mm) >15
RV myocardial performance index 0.28+0.04
RV TDI basal systolic (S) velocity (cm/s) >12
Strain (%) Basal 19+6
Mid 27+6
Apical 32+6
RV 3D volume EDV (mL/m?) 42-98
ESV (mL/m?) 13-54
SV (mL/m?) 18-46
EF (%) 33-63

Diagnosis of AVRC
Diagnosis of ARVC

Evaluation of RV failure

RV volume overload versus pressure overload

RVH, good correlation with pulmonary artery pressure
Diagnosis of RV dilatation

RV systolic function

Good correlation with RV systolic function

Global assessment of RV systolic and diastolic function
RV systolic function

Regional function and correlates with systolic function

RV size and systolic function

ARVC arrhythmogenic right ventricular cardiomyopathy, EF ejection fraction, EDV end diastolic volume, ESV end systolic volume,
FAC fractional area change, FS fractional shortening, LV left ventricle, RV right ventricle, RVH right ventricular hypertrophy, RVOT
right ventricular outflow tract, TAPSE tricuspid annular peak systolic excursion, TDI tissue Doppler imaging

Source: Modified from Jurcut et al. [16] and Horten et al. [15]

Longitudinal displacement of the base of the RV dur-
ing systole accounts for a greater proportion of RV
volume changes than radial excursion. TAPSE has
been shown to correlate with RV ejection fraction, and
is a predictor of adverse events in patients with pulmo-
nary hypertension or myocardial infarction (Figs. 8.14,
8.15) [28, 29]. Since it measures the motion of the tri-
cuspid annulus in relation to the chest wall, TAPSE is
load dependent and measures the overall cardiac
motion and not just the excursion of the base of the RV.
Furthermore, LV function can also affect TAPSE, due
to ventricular independence [30].

Myocardial Performance Index

Myocardial performance index (MPI) is a global mea-
sure of systolic and diastolic function. It is the ratio of
the sum of RV isovolumic relaxation time and isovolu-
mic contraction time divided by the RV ejection time

(Fig. 8.16) [31]. In RV failure, there is prolongation of
the isovolumic times and shortened ejection time, so
that MPI will be prolonged. The advantages of MPI
are that it does not assume RV geometry and is rela-
tively load independent. MPI has been shown to have
prognostic value in patients with pulmonary hyperten-
sion [32]. Pseudonormalization of the MPI has been
reported in patients with elevated RA pressure which
leads to a shortening of isovolumic relaxation time
[33]. Care needs to be taken to ensure that identical
cycle lengths are used to obtain this measurement.

Tissue Doppler Imaging

Tissue Doppler imaging provides a quick and easy
means to assess the tricuspid annular velocities. RV
annular systolic (S) velocity has been shown to correlate
with RV systolic function (Figs. 8.14, 8.15) [34, 35]. It
is worth remembering that annular velocities by pulsed
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Fig. 8.9 The right ventricular fractional area change is calculated from the apical four-chamber view in diastole (a) and systole (b) in a
patient with normal right ventricular function. The fractional area change is 55% which is normal. LV left ventricle, RV right ventricle

wave tissue Doppler are not the same as those mea-
sured by color tissue Doppler, as the former measures
the peak myocardial velocities and the latter measures
the mean myocardial velocities which are about 20%
lower [36].

Strain and Strain Rate

Longitudinal RV myocardial deformation can be mea-
sured by tissue Doppler imaging or speckle tracking.
Myocardial strain is the percentage of myocardial short-
ening during systole and a measure of myocardial sys-
tolic function. Strain can provide assessment of RV
global and regional function (Fig. 8.17). Both strain and
strain rate have been shown to be reduced in pulmonary
hypertension, and may be useful in detecting early RV
dysfunction in this clinical setting [37, 38]. They may
also be a more reliable marker in the detection of
arrhythmogenic right ventricular cardiomyopathy [39].

Reliable strain and strain rate measurements are depen-
dent on good image quality. Other limitations include
low temporal resolution, angle dependency, and mea-
surement variability.

Right Ventricular Failure
and Pulmonary Hypertension

There are diverse causes of RV failure (Table 8.1) [9].
IntrinsicRV myocardialdiseases arerare. Arrhythmogenic
right ventricular cardiomyopathy can be hereditary and
is an important cause of sudden death in the young
(Fig. 8.6). It is discussed in detail in Chap. 6. By far RV
dysfunction is much more likely to be a secondary event
in response to, or as a result of, another disease. In
patients with coronary artery disease, particularly those
with inferior wall infarction, RV dysfunction can be a
result of RV wall infarct or passive pulmonary hyperten-
sion due to LV dysfunction. It is important to recognize
that the development of RV dysfunction worsens the
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Fig.8.10 The right ventricular fractional area change is calculated from the diastolic (a) and systolic (b) apical views a patient with right
ventricular dysfunction showing an abnormal fractional area change of 33%. LV left ventricle, RA right atrium, RV right ventricle

200.5 ml
116.0 ml
84.5ml
42.1%

Fig. 8.11 An off-line analysis package is used to calculate right ventricular volume and ejection fraction. The areas of the right
ventricle from 5 cut-planes (a, b, ¢) are automatically traced in order to produce a moving 3D model (d) and the volume measure-
ments (Reproduced from Leibundgut et al. [19]. With permission)
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Fig. 8.12 (a) Parasternal short-axis view of the left ventricle in diastole in a patient with atrial septal defect shows flattening of the
ventricular septum. (b) Parasternal short-axis view of the left ventricle in systole shows normalization of the septal curvature con-
sistent with right ventricular volume overload. LV left ventricle, RV right ventricle

Fig. 8.13 (a) Parasternal short-axis view of the left ventricle in diastole in a patient with pulmonary hypertension shows flattening
of the ventricular septum. A small pericardial effusion is present. (b) Parasternal short-axis view of the left ventricle in systole shows
that the ventricular septum remains flat during systole consistent with severe pulmonary hypertension. LV left ventricle, RV right

ventricle

prognosis of patients with left heart disease and should
prompt consideration of early invasive interventions to
improve left-sided conditions such as ischemic heart dis-
ease or mitral valve disease [29, 40].

Right ventricular dysfunction is a common end result
of pulmonary hypertension which causes hypertrophy
and thickening of the ventricular free wall, and the con-
dition is termed “cor pulmonale”. The RV wall may
become thicker than the corresponding LV wall, thus
ventricular thickness alone is not a good indicator of

ventricular identity (Fig. 8.4) The RV chamber becomes
distorted and may become more spherical with protru-
sion of the interventricular septum into the LV resulting
in reduced LV end-diastolic volume and decreased LV
compliance. The trabeculae carnae become even more
prominent. Eventually, if the ventricle fails, the chamber
dilates and tricuspid valve and pulmonary valve regurgi-
tation occurs (Fig. 8.18) [28, 41].

In addition to chronic cor pulmonale, there are also
acute cor pulmonale and subacute cor pulmonale



Right Ventricular Failure and Pulmonary Hypertension

217

Fig. 8.14 Tricuspid annular plane systolic excursion (a) is 33 mm and systolic annular velocity by tissue Doppler imaging (b) is
16.9 cm/s in a patient with normal right ventricular size and function

situations. In acute cor pulmonale, there is severe and
rapid RV pressure overload leading to a corresponding
decrease in RV stroke volume due to RV failure. In this
setting, the RV systolic pressure may not be very high
[42]. The most common cause of acute cor pulmonale
is pulmonary embolism, usually thromboembolism
from deep leg veins or pelvic veins (Figs. 8.19-8.21).
Combined RV pressure and volume overload may
occur after a myocardial infarct complicated by an
infarct-related ventricular septal defect or a papillary
muscle rupture.

In subacute cor pulmonale, the RV failure develops
over a few weeks and is associated with dyspnea and
peripheral edema. Infections such as Schistosomiasis
can cause this and is an important cause of pulmonary
hypertension in the world. One other cause is tumor
embolism to the pulmonary arteries and lymphatics
[43]. Breast and gastric carcinomas have a propensity
for this lymphangitic spread, which is usually fatal
(Figs. 8.22, 8.23). The RV shows pressure overload
and is dilated.

In the setting of chronic pulmonary hypertension, the
RV can maintain normal volume and function for a long
time. However, RV dilatation and dysfunction invariably
set in. Irrespective of the reasons for pulmonary hyperten-
sion, the end result of RV response is one of dilatation and
global hypokinesia. In the setting of pulmonary hyperten-
sion with a dilated and dysfunctional RV, preservation of
RV apical function indicates that pulmonary thromboem-
bolic disease is likely the underlying disease [44].

Determination of pulmonary artery pressure is an
important component of the echo Doppler assessment
of patients suspected to have pulmonary hypertension
and can be measured by several methods. The most
direct, well-validated, and widely used method is based
on obtaining tricuspid regurgitation velocity (V) by
continuous wave Doppler [45]. The systolic pulmo-
nary artery pressure (PAP systolic):

PAP systolic = 4V> + RAP

where RAP is the right atrial pressure.
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Fig. 8.15 The tricuspid annular plane systolic excursion (a) is 7.4 mm and systolic annular velocity by tissue Doppler imaging (b)

is 5.3 cm/s in a patient with right ventricular dysfunction
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Fig. 8.16 A schematic diagram shows the measurements
required to calculate the right ventricular myocardial perfor-
mance index. ET ejection time, /CT isovolumic contraction time,
IRT isovolumic relaxation time (Reproduced from Horton et al.
[15]. With permission)

An adequate tricuspid regurgitation velocity signal
for the calculation of PAP systolic can be obtained in
up to 90% of patients [45]. It is important to emphasize
that the severity of tricuspid regurgitation does not
necessarily go hand in hand with that of pulmonary
hypertension (Fig. 8.24). The corollary is that the lack
of significant tricuspid regurgitation does not rule out
severe pulmonary hypertension (Fig. 8.25).

In chronic pulmonary hypertension, the septal curva-
ture can be a useful sign in estimating pulmonary artery
pressure [27]. Diastolic flattening of the ventricular sep-
tum can be an indication of RV pressure or volume
overload. In pure volume overload with normal pulmo-
nary pressures, there is complete normalization of ven-
tricular septal shape during systole (Fig. 8.12). If the
ventricular septum remains somewhat flattened during
systole, pulmonary hypertension is invariably present.
When there is no improvement in the flattened septum
during systole, severe pulmonary hypertension is likely,
and if septal flattening worsens during systole, supra-
systemic pulmonary hypertension should be suspected
(Fig. 8.13).
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Fig.8.17 (a) Right
ventricular longitudinal
myocardial strain by color
tissue Doppler imaging at the
basal and mid segments in a
patient with normal right
ventricular function shows
that strain is higher at the
mid segment. (b) Right
ventricular longitudinal
myocardial strain rate by
color tissue Doppler imaging
at the basal and mid
segments in a patient with
normal right ventricular
function shows similar values
at the two segments

The pulmonary arteries are usually dilated and
should be examined carefully, particularly if transesoph-
ageal echocardiography is employed, to look for intralu-
minal thrombus which may be a result of pulmonary
thromboembolism or in situ thrombus developed due to
the dilated pulmonary arteries (Figs. 8.26, 8.27) [46].
When the pulmonary arteries are severely enlarged, they
can protrude into neighboring cardiac structures, partic-
ularly the left atrium, simulating a left atrial mass (Fig. ).
Thus, in the setting of dilated pulmonary arteries, the
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main pulmonary and the proximal right and left pulmo-
nary arteries need to be assessed carefully.8.28

Trauma

The anterior location of the RV under the sternum
makes it vulnerable to closed chest trauma and iatro-
genic trauma at surgery. Blunt closed chest injury can
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Fig. 8.18 Apical four-chamber view (a) in a patient with severe pulmonary hypertension shows a dilated and hypertrophied right
ventricle with prominent trabeculae (arrows). Color-flow imaging (b) shows severe tricuspid regurgitation. LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle

occur as a result of a body deceleration (motor vehicle
accident), deforming injury to chest (cardiopulmonary
resuscitation, car crash, athletic injury, ungulate blow),
abrupt acceleration (explosion or blast), or barotrauma
(crush injury) [47—49]. In blunt chest trauma such as a
car accident, the heart may move forward and hit the
sternum causing a myocardial contusion. If severe,
the ventricle may rupture. Papillary muscle rupture of
the tricuspid valve may also occur due to blunt trauma.
After sternotomy, the heart may be firmly adhered to the
under surface of the sternum. At re-do surgery, the RV
may be inadvertently opened and injured. It is a com-
mon practice to use preoperative imaging for patients
with prior heart surgery to visualize the location of the
RV and the bypass grafts so that they may be avoided
during sternotomy.

Lines, Catheters, and latrogenic Disorders

Insertions of catheters, pacemakers, and cannulas are
routine procedures for resuscitation, feeding, hemody-
namic monitoring, and therapy. Local soft tissue and
vascular complications have been found directly relating

to these devices. Lines or catheters may contuse, tear,
penetrate, perforate, tangle, or thrombose the intrac-
ardiac structures. Therapeutic valvuloplasty for
treatment of valvular stenosis may also lacerate a
leaflet or cusp giving rise to focal lesions and valvular
regurgitation.

The most common iatrogenic catheter or line-
related lesions are right-sided with endocardial lesions
of the right atrium and RV, and lesions of the pulmo-
nary and tricuspid valves [50]. These lesions are not
uncommon, but are rarely of clinical significance and
many, such as localized valve hemorrhages, are prob-
ably not detected by imaging (Fig. 8.29). When they
are clinically significant, they are so as a result of
thrombus or emboli, with or without infection.

Tricuspid valve regurgitation, as a complication of
RV endomyocardial biopsy for transplant rejection
monitoring, has been described. The flail leaflet is usu-
ally the septal one, almost certainly related to the prac-
tice of biopsying the septal myocardium [51]. Perforation
of the right ventricle may occur with endomyocardial
biopsy. The tricuspid valve and RV endomyocardium
may also be torn if a line or pacemaker that has been in
place chronically is removed after it has incorporated
itself into the valvular apparatus.
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Fig. 8.19 In this patient with pulmonary embolism, a large sausage-like deep vein thrombus has embolized into the right atrium and
ventricle. This large mobile thrombus can be seen in the right ventricular inflow (a) parasternal short-axis (b, ¢) and apical four-chamber
(d) views. In (c), the thrombus prolapses into the main pulmonary artery. Ao aorta, LA left atrium, LV left ventricle, RA right atrium,

RV right ventricle, MPA main pulmonary artery

Fig. 8.20 Transesophageal transverse plane in the same patient
as in Fig. 8.21 shows the large mobile sausage-like thrombus
within the right atrium and right ventricle which are dilated. LA
left atrium, RA right atrium, RV right ventricle

Summary

Right ventricular failure has diverse causes. Any condi-
tion giving rise to pulmonary hypertension can cause
RV failure, as RV function is sensitive to afterload.
Multiple echo views should be used to assess the RV
which has a complex geometry with distinct inflow and
outflow chambers. Various parameters have been used
to assess RV size and function, but their usefulness is
limited. Many of these parameters are based on mea-
surements which are difficult to obtain due to the com-
plex RV anatomy, the lack of internal landmarks to
ensure proper sectioning of the RV, and the uncertainty
in delineating the heavily trabeculated RV endocardial
surface. Measuring RV volumes and ejection fraction
by real-time 3D echo is a promising development, but
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Fig. 8.21 Lungs showing pulmonary arteries containing large
embolic pulmonary emboli (arrows). The right heart was dilated
from acute obstruction

Fig. 8.22 Subacute cor pulmonale from breast cancer. The
patient had severe subacute pulmonary hypertension. The breast
carcinoma was discovered at autopsy. The right ventricle is
severely dilated

Fig. 8.23 Subacute cor pulmonale from bladder cancer tumor
emboli as seen in the pulmonary arteries (arrows) in this histol-
ogy section of the lungs. The patient had heart failure of unknown
cause. This may be the first manifestation of the tumor. The heart
was of normal size and weight but had a dilated right ventricle
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Fig. 8.24 The apical four-chamber view (a) shows lack of coaptation of the tricuspid leaflets due to dilated annulus in an 84-year-
old woman with ischemic heart disease and longstanding atrial fibrillation, and color-flow image (b) shows severe tricuspid regurgi-
tation with systolic reflux into the hepatic vein (arrow) shown in (¢). Continuous wave Doppler (d) is in keeping with severe
tricuspid regurgitation and that the right ventricular systolic pressure is not significantly elevated

Fig. 8.25 Apical four-chamber view in a patient with coronary
artery disease and severe pulmonary hypertension (pulmonary
artery systolic pressure 71 mmHg) shows normal right ventricu-
lar size and only mild tricuspid regurgitation. LA left atrium, LV
left ventricle, RA right atrium, RV right ventricle

Fig. 8.26 Parasternal short-axis view shows severe dilatation of
the main pulmonary artery, right pulmonary artery, and left pulmo-
nary artery in a patient with severe primary pulmonary hyperten-
sion. A large amount of intraluminal thrombus is present in both
the right and left pulmonary arteries. Ao aorta, LPA left pulmonary
artery, MPA main pulmonary artery, RPA right pulmonary artery
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Fig. 8.27 Transthoracic 3D view of the dilated pulmonary arter-
ies in the patient as in Fig. 8.27 shows the extensive nature of the
laminated thrombus (arrows) within the right pulmonary artery

Fig. 8.28 Parasternal long-axis (a) and short-axis (b) views in the same patient as in Figs. 8.26 and 8.27 show an apparent large left
atrial mass which is due to the extrinsic compression of the left atrium by the severely dilated right pulmonary artery. Ao aorta, LV
left ventricle, RA right atrium



References

Fig. 8.29 Opened tricuspid valve with valve hemorrhages.
These are not uncommon in patients with central lines and cath-
eters. They are incidental and usually not detected by imaging

refinement of image quality and further validation are
needed before 3D measurements can be used in the
management of patients with RV diseases.
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Diseases of the Aorta

The aorta is an elastic artery that takes origin from the
left ventricle. Embryologically the aorta and the pul-
monary trunk derive from the truncus arteriosus in the
fetus. The smooth muscle cells in variable areas of the
aorta derive from different cells of origin. The ascend-
ing aorta smooth muscle cells are neural crest derived,
whereas the cells in the media of the thoracic and
abdominal aorta are derived from somite-derived cells
and splanchnic mesoderm. The aorta is composed of
an intima with endothelium, a media of elastic lamel-
lae and smooth muscle cells, and covered by an adven-
titia containing collagen, nerves, and blood vessels.

The proximal few centimeters of the aorta are within
the pericardial space. The ascending aorta exits the
heart in a rightward direction giving rise to three arch
branches — the brachiocephailc (innominate) artery,
the left common carotid artery, and finally the left sub-
clavian artery (Fig. 9.1). The ductus arteriosus is an
embryological communication between the aorta and
the left pulmonary artery. Its arterial origin is usually
adjacent to the left subclavian artery. It closes shortly
after birth in most children, but can remain patent or be
kept open by medical intervention if needed. If it
closes, there is usually an intimal dimple noted on both
arterial sides with a fibrous connection termed the liga-
mentum arteriosum.

The ascending aorta is the segment most easily
seen using echocardiography (Fig. 9.2). The ascend-
ing aorta is a complex anatomical structure. It is not a
simple tube with an attached aortic valve, but rather
has multiple areas of curvature and protrusions or
outpouchings. The aortic valve is attached to the aorta
in a corona or crown-like configuration leaving areas
of intercommissural fibrous trigones at each commis-
sure (Fig. 9.3). The area of the aorta in which the aor-
tic valve is attached is outpouched as compared to the

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

Fig. 9.1 The aortic arch is imaged from the suprasternal notch
showing the three arched vessels. The origin of the innominate
artery (arrow) can easily be seen, and the rest of the artery (not
shown) can be imaged by tilting the transducer rightward. The
innominate vein is present and superior to the aortic arch. AA
aortic arch, /V innominate vein, LCC left common carotid artery,
LSC left subclavian artery

adjacent ascending aorta. These areas are separated
by a ridge — the sinotubular junction (Fig. 9.4). After
the sinotubular junction, the true ascending aorta is
more of a simple tube-like structure, at least until the
arch vessels exit. The anatomical distinctions are
important as the different areas have different behav-
ior in native aortic disease and after valve replace-
ment or repair. The thoracic aorta tapers progressively,
with the abdominal aorta having the smallest normal
diameter.

The aorta is the main conduit for the blood supply to
all the major organs. It has a central location within the
thorax. Important anatomic components of the intratho-
racic aorta include the annulus, aortic sinus, sinotubular
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Fig. 9.2 This is a high left parasternal view of the ascending
aorta showing the aortic sinus, the sinotubular junction and the
ascending aorta. Ao aorta

A¥e

Fig. 9.3 Opened aortic valve with right (R), noncoronary (NC)
and left (L) cusps. Commissures separate the cusps (arrows)

Fig.9.4 Calcification of the sinotubular junction (arrows) above
the aortic valve and the aortic sinuses. LV left ventricle

9 Diseases of the Aorta

junction, tubular ascending aorta, aortic arch, and
descending thoracic aorta. The sinotubular junction is
usually the narrowest region of the ascending aorta. The
aorta gradually tapers as it courses further distally such
that the distal descending thoracic aorta is invariably
smaller compared to the ascending aorta. With aging,
the thoracic aorta becomes enlarged and tortuous. The
proximal ascending aorta courses more anterior and
rightward. The proximal descending thoracic aorta
courses more posterior and leftward.

Multiple imaging modalities have been used to
image the aorta (Table 9.1) [1-5]. Transthoracic
echocardiography is useful to assess the aortic root and
the proximal ascending aorta, but otherwise has a lim-
ited role as it produces suboptimal images of the rest of
the aorta, including the aortic arch and the descending
thoracic aorta [1]. On the other hand, transesophageal
echocardiography (TEE) can provide an excellent
evaluation of the entire thoracic aorta, although the
aortic arch vessels may not be optimally seen [4].

Other imaging modalities such as computed tomog-
raphy and magnetic resonance scanning can provide
exquisite images of the thoracic aorta, as well as other
intrathoracic abnormalities. However, both imaging
modalities have limited temporal resolution compared
to TEE, and they cannot be readily deployed in the
assessment of critically ill patients in the intensive care
unit or emergency room where transportation may be
time-consuming and impose a risk to the patient. The
portability of TEE allows performance at the patient’s
bedside and thus it is frequently the imaging modality
of choice in the assessment of patients with acute aor-
tic syndrome.

In choosing the imaging approach and management
of patients with aortic disease, it is useful to divide the
aortic diseases into two categories based on the acuity
of the conditions (Table 9.2). Conditions in the cate-
gory of acute aortic syndrome can be life threatening
and need to be diagnosed promptly as surgical inter-
vention is usually required to improve the outcome of
the patients. In these patients, TEE is frequently the
preferred choice due to its relative noninvasive nature
and portability. The advantages and limitations of TEE
in evaluating patients with aortic diseases are summa-
rized in Table 9.3. In chronic aortic diseases, a more
deliberate approach to assess the aorta can be taken
and frequently computed tomography and magnetic
resonance scan are preferred.
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Table 9.1 Comparison of different imaging modalities for the assessment of the aorta

Sensitivity ++ ++
Specificity +++ +++
Site of intimal tear +/— +/—
Presence of thrombus +/— ++
Pericardial effusion - ++
Branch vessel involvement ++ Sk
Coronary artery involvement ++ +/—

No radiation exposure = =

Portability - -

+++ +++
+++ +++
++ +++
++ ++
++ +++
+++ +

- ++
+++ +++
- +++

CT computed tomography, MRI magnetic resonance imaging, TEE transesophageal echocardiography

+++, excellent; ++, good; +, fair; —, not detected or poor
Source: Modified from Cigarroa et al. [5]

Table 9.2 Acute and chronic aortic diseases

Acute aortic syndrome
Dissection

Intramural hematoma

Rupture

Intimal tear with no hematoma
Penetrating ulcer

Aortic trauma

Chronic aortic diseases
Chronic dissection

Residual dissection post-repair
Large mobile thrombus
Aneurysm

Pseudoaneurysm

Aortitis

Atherosclerotic plaques

Aortic neoplasm

Acute Aortic Syndrome

Aortic Dissection

In acute aortic dissection, accurate and prompt diagno-
sis is essential as there is an increased mortality if there
is a delay in making the diagnosis, with a 1% increase
in mortality per hour for the first 24 h. When a clinical
suspicion of aortic dissection arises, the patient should
be considered for prompt investigation to rule in or
rule out this diagnosis [6].

Table 9.3 Advantages and limitations of transesophageal
echocardiography for the assessment of the aorta

Advantages

Portable

Rapid diagnosis

Does not interfere with resuscitation
No radiation exposure

Minimally invasive

Few complications

Limitations

Semi-invasive

Operator dependent

Blind spot in distal ascending aorta
Limited view of arch vessels
Abdominal aorta not imaged

Not applicable in patients with suspected esophageal
or cervical injury

An aortic dissection is a split in the aortic media
with hemorrhage between the two resulting medial
layers (Figs. 9.5, 9.6). It forms part of the “acute aortic
syndrome” along with penetrating aortic ulcer and
intramural hematoma. An aortic dissection begins with
an intimal tear which allows blood to enter and split
the medial layers. An intramural hematoma is a collec-
tion of blood in the media without an apparent intimal
tear. What causes the medial bleeding is unknown. By
pathology many intramural hematomas are otherwise
typical aortic dissections in which the intimal tear was
not visible by imaging. Penetrating aortic ulcers are
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Fig. 9.5 Acute aortic dissection has resulted in split of the aorta
in the medial layer

deep penetrating atheromas that extend through the
vessel wall. They may rupture externally or lead to
aortic dissection. They are commonly located in the
proximal thoracic aorta.

9 Diseases of the Aorta

Aortic dissections may be associated with many
risk factors including increasing age, systemic arterial
hypertension, connective tissue disease (including
Marfan’s, osteogenesis imperfecta, and Ehlers-Danlos),
congenitally bicuspid aortic valve, aortic coarctation,
aortic trauma (closed, open or iatrogenic), and hor-
monal-related dissection (estrogen/pregnancy) [6, 7].
The predisposing conditions of aortic dissection are
summarized in Table 9.4.

Systemic arterial hypertension is the most common
predisposing condition for the development of aortic
dissection, but it has become increasingly recognized
that familial aortopathy is an important cause. Marfan
syndrome is well known for its predilection for dissec-
tion, but non-Marfan familial aortopathy is more prev-
alent and thus is an important consideration in patients
with dissection. Dilated aorta is present in about one-
third of patients with congenitally bicuspid aortic
valve [8]. Patients with this condition are at risk for

Fig. 9.6 Acute aortic dissection. The aorta has been cross sectioned demonstrating the blood clot in the false lumen (arrows). The

true lumen of the aorta is still patent
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Table 9.4 Predisposing conditions for aortic dissection
Systemic arterial hypertension

Familial aortopathy
e Marfan

¢ Non-Marfan

¢ Others

Connective tissue disease
Congenitally bicuspid aortic valve
Coarctation of the aorta
Pregnancy

Aortitis

Aortic trauma
e Cannulation, surgery
¢ Blunt chest trauma

dissection even if the aorta is normal in size, and
familial clustering has been reported. It is advisable to
consider echocardiography screening of first-degree
relatives for aortopathy, particularly in young patients
with dissection.

Complications of aortic dissections commonly
include aortic rupture, hemorrhage, vascular ostial
branch compromise, and dilation of the ascending
aorta with acute aortic valvular insufficiency and aneu-
rysm formation (Fig. 9.7). Dissection is classified as
type A, involving the ascending aorta, and type B,
beginning after the takeoff of the right innominate
artery. This dissection classification has clinical utility
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or meaning due to the associated complications with
each type of pathology [9, 10].

Type A dissections may lead to severe complica-
tions involving the ascending aorta leading to aortic
rupture in the pericardial sac with hemopericardium
and tamponade, distortion and dehiscence of the aortic
valve, and coronary arterial dissection with myocardial
infarct. The dissection may propagate distally and
involve the entire length of the aorta. Type B dissec-
tions, in contrast, usually have complications at or
below the thoracic level. Although they may compro-
mise spinal cord blood flow, cause visceral ischemia
and limb loss, they are not associated with acute life-
threatening emergencies such as tamponade [11]. Type
A dissections should be surgically treated, whereas
many type B dissections can be treated medically by
reducing the force of contraction and lowering the dis-
section pressure.

In type A dissections the intimal tear is usually in
the ascending aorta (Fig. 9.8), but rarely the intimal
tear may be in the descending aorta, with the ascend-
ing aorta involved from retrograde extension of dissec-
tion. Intimal entry tears on the right side of the aorta
are more commonly described. Type B dissections
have tears in the descending thoracic aorta and do not
involve the ascending aorta.

Underlying aortic medial degenerative changes are
often observed. This pathology has been termed “cys-
tic medial necrosis” but this is a misnomer and the
term aortic medial degenerative change is preferred
[12]. These degenerative medial changes consist of

Fig. 9.7 The acute aortic dissection has split the media in the
arch blood vessels. The blood clot can be seen compressing the
normal lumen

Fig. 9.8 Opened ascending aorta and aortic valve. The intimal
tear (arrow) of the acute aortic dissection is located shortly after
the valve. The ascending aorta is the most common site of the
intimal tear in type A dissection
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elastic fragmentation, accumulation of glycosamino-
glycans, medionecrosis and medial fibrosis. It is the
ground substance accumulation and the elastic frag-
mentation that are thought to lead to a propensity to
aortic weakness and dissection. Some degree of medial
degeneration is a normal age-related phenomenon that
occurs unevenly throughout the aorta [13]. Systemic
arterial hypertension accelerates these degenerative
changes. The medial degenerative changes are also
very marked in connective tissue disorders such as
Marfan’s, Ehlars Danlos and osteogenesis imperfecta.
Mutations of collagen and fibrillin are implicated
through their effects on transforming growth factor
beta (TGF beta) activation [14].

In our experience, TEE is the preferred imaging
modality as it has a good diagnostic accuracy and can
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be promptly performed at the bedside. Due to the inti-
mate relationship between the thoracic aorta and the
esophagus, the thoracic aorta can generally be very
well imaged using the transesophageal approach. From
a practical point of view, patients with suspected aortic
dissection should have received optimal medical treat-
ment before the TEE study. These treatments should
include agents to blunt the hemodynamic responses.
Adequate sedation is essential for the same reason.
The echocardiographic findings of aortic dissec-
tions are intimal flap, intimal tear, dilated aorta,
increased aortic wall thickness and presence of aortic
regurgitation [1, 15] (Figs. 9.9, 9.10). In patients with
adequate images, these findings may be detected by
transthoracic echocardiography. Beyond making a
diagnosis, it is important to determine the locations of

Fig. 9.9 The transesophageal views of a patient with type A aortic dissection are shown. The dissection flap (arrow) is imaged in
multiple views. It starts in the right aortic sinus (a) and extends to involve the ascending aorta to the aortic arch (b, ¢, d). The intimal
flap involves one of the arch vessels (d). LA left atrium, RPA right pulmonary artery
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Fig. 9.10 In this patient with aortic dissection, the transesophageal echocardiographic views show that the dissection involves the
entire ascending aorta (a, b). The aortic arch (¢) and the descending thoracic aorta (d). The intimal flap (arrow) is imaged in all the
different segments of the aorta. A large intimal tear is detected in the aortic arch (c)

the tears, the extent of the dissection flap, the status of
the arch vessels, involvement of the coronary ostia,
presence and severity of aortic regurgitation, and left
ventricular function. Other serious complications
of aortic dissection should also be assessed. These
include aortic rupture with tamponade, severe disrup-
tion of aortic valvular function resulting in severe acute
aortic regurgitation, and acute disruption of flow to
vital organs such as the brain and the kidneys.

Elucidation of the mechanism of aortic regurgita-
tion may allow the performance of valve sparing pro-
cedure with re-suspension of the aortic valve in selected
patients (Figs. 9.11, 9.12) [16]. The dissection flap
tends to involve the aortic lumen along its greater cur-
vature such that the false lumen is more likely to be
located anterior and rightward in the aortic root and
posterior and leftward in the descending thoracic aorta.
Other echo findings that are useful to differentiate the
true lumen from the false lumen are summarized in the
Table 9.5 (Fig. 9.13).

False-positive cases for aortic dissection have been
encountered with computed tomography [17]. A linear
density typical of an intimal flap may occasionally be
seen in the ascending aorta just above the aortic valve in
patients without dissection. This “intimal flap” is focal
with the rest of the aorta appearing normal. This artifact is
likely related to cardiac motion, and generally not present
when the ECG-gated scan is performed (Figs. 9.14, 9.15).
This is an important artifact to recognize, since computed
tomography is frequently used in the assessment of
patients with suspected dissection.

Intramural Hematoma

The presentation of aortic intramural hematoma simu-
lates that of acute aortic dissection [18]. Indeed, in
many instances of intramural hematoma, progression
to aortic dissection takes place (Fig. 9.16) [19, 20].
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Fig. 9.11 In this patient with type A aortic dissection (a, b), the dissection flap extends down to the aortic annulus undermining the
noncoronary cusp which demonstrates a marked degree of prolapse resulting in aortic regurgitation. Ao aorta, LA left atrium

Fig.9.12 In this patient with type A aortic dissection (a, b), the dissection flap is circumferential and protrudes into the aortic orifice
during diastole resulting in aortic regurgitation. Ao aorta, LA left atrium, LV left ventricle
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Table 9.5 Features differentiating a true lumen from a false
lumen in aortic dissection

Location Rightward and anterior
in the aortic root
Leftward and posterior

in the descending aorta

Concave to the true lumen
during systole

Intimal flap

Intimal tear Flow into false lumen in systole

and into true lumen in diastole

Spontaneous contrast ¢ More pronounced in
the false lumen

This condition can account for up to 15% of patients
presenting with acute aortic syndrome. The diagnosis
of this condition is more difficult compared to typical
aortic dissection. The typical echocardiographic find-
ings are listed in the Table 9.6. In the early stage of this
disease, the intramural hematoma may be limited and
thus the crescent thickening of the aortic wall may be
minimal (Fig. 9.17). Management of these patients is
similar to patients with classic aortic dissection. If the
aortic hematoma involves the ascending aorta, surgery
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should be considered, since up to half of these patients
will progress to develop classic dissection. About
15-20% of the patients may proceed to develop rup-
ture and up to 30% of patients may demonstrate reso-
lution (Figs. 9.18, 9.19). Follow-up of these patients
provides important prognostic information to guide the
management. Gradual resolution of the aortic wall
thickness supports the continuation of medical treat-
ment [20]. On the other hand, extension of the intra-
mural hematoma or cavitation forming a false lumen is
a good indication that surgery may be necessary.

Aortic Rupture and Aortic Tear

Aortic rupture can be a complication resulting from
aortic dissection or intramural hematoma. It may be a
primary event on rare occasions. When the descending
aorta is involved, aortic rupture is usually associated
with penetrating atherosclerotic ulcer [21]. When the
ascending aorta is involved, the best sign appears to be
the detection of hematoma within the pericardium in
the setting of a dilated ascending aorta, as the site of

Fig.9.13 The transesophageal images of the descending aorta show the presence of an intimal flap, a small true lumen, and a large
false lumen. Systolic flow from the true lumen into the false lumen is shown in (a), and diastolic low velocity flow from the false
lumen into the true lumen is shown in (b). FL false lumen, 7L true lumen
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Fig.9.14 This is a CT scan in a 22-year-old man presenting with
chest pain. A linear density within the ascending aorta (arrow) is
present. Based on the finding, the patient was taken into the
Operating Room for aortic surgery. Intraoperative transesopha-
geal echocardiogram showed no evidence of aortic dissection

Fig. 9.15 This is the repeat ECG gated CT scan on the same
patient as shown in Fig. 9.14. The aorta is normal with no evi-
dence of intimal flap

rupture is frequently difficult to identify (Figs. 9.20,
9.21). Another related condition is aortic tear with
localized hematoma but no obvious false lumen [22].
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The aortic tear is usually located in the aortic root.
The intimal tear can be difficult to identify since
there is no associated false lumen. This condition
can be difficult to diagnose even with the use of
multiple different imaging modalities including angiog-
raphy, computed tomography, and magnetic resonance
imaging (Figs. 9.22, 9.23, 9.24). Careful attention to
assess the integrity of the intima is essential if this
condition is suspected.

latrogenic Aortic Dissection
or Intramural Hematoma

latrogenic aortic dissection or intramural hematoma
can result from invasive cardiac procedures including
angiography and coronary intervention. Sakamoto
et al. identified six cases after reviewing about 15,500
angiographic procedures [23]. The dissection can be
focal or extensive. For patients with iatrogenic aortic
injury related to coronary interventions, the dissection
or intramural hematoma is generally localized to and
near the coronary ostia (Fig. 9.25). There is a high like-
lihood of spontaneous resolution as the underlying
aortic tissue is usually relatively normal (Fig. 9.26).
These complications can also occur at the site of aortic
cannulation, bypass graft ostia, or cross clamp site
after cardiac surgery. TEE is the best modality to fol-
low the progression or resolution of this condition,
although computed tomography is also frequently used
in these patients [23].

Penetrating Aortic Ulcer

Penetrating aortic ulcer generally involves the descend-
ing aorta [18, 21]. It is frequently associated with mod-
erate or severe atherosclerotic plaques. Patients with
this condition have a high prevalence of atherosclerotic
risk factors including systemic arterial hypertension.
This is an unusual condition accounting for less than
5% of patients presenting with acute aortic syndrome.
In the proximal thoracic aorta the atheromatous plaque
may develop a localized ulcer that is deeply penetrat-
ing through the aortic wall, eventually resulting in a
false aneurysm (Figs. 9.27, 9.28). The penetrating
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Fig.9.16 This is a patient with extensive aortic intramural hematoma involving the ascending aorta (a, b). The aortic arch (¢) and
the descending thoracic aorta (d). The intramural hematoma (arrows) is crescentric in shape and somewhat echolucent. No false
lumen is present. LA left atrium, LSC left subclavian artery

Table 9.6 Echocardiographic features of aortic intramural
hematoma

* Circular or crescent thickening of aortic wall (>5 mm in
thickness)

* May have echolucent areas within the thickening
¢ No intimal tear seen
¢ No communication with the aortic lumen

* Intimal calcification is displaced towards the lumen

aortic ulcer may present as an acute aortic syndrome
and is associated with complications such as aortic
rupture or dissection. By gross morphology the “ulcer”
is a deep localized outpouching with an atheroma
(Fig. 9.29). The penetrating ulcer may be flask-like in
shape similar to other false aneurysms. Overhanging
edges of the adjacent aorta may form a lip of the flask

covering the underlying large protrusion which under-
mines the aorta.

Traumatic Aortic Injury

Traumatic aortic injury can present with a wide range
of aortic manifestations ranging from localized intra-
mural hematoma or dissection to transection [24]. The
findings of intramural hematoma or dissection due to
trauma are similar to the findings of nontraumatic
cases, except that these findings are more focal and
tend to be localized to the proximal descending aorta
near the origin of the left subclavian artery (Fig. 9.30).
In the case of transection, the aorta demonstrates an
indistinct aortic wall at the region of the proximal
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Fig. 9.17 The transesophageal transverse (a) and longitudinal (b) views in a patient with intramural hematoma show typical fea-
tures involving the descending thoracic aorta. DA descending aorta

Fig. 9.18 The computed tomogram of a 46-year-old woman

with Marfan syndrome and severe lower back pain shows cres-  Fig. 9.19 A repeat computed tomogram 5 months later of the
centric thickness of the descending thoracic aorta (arrows) con-  same patient in Fig. 9.18 shows complete resolution of the intra-
sistent with intramural hematoma mural hematoma
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Fig.9.20 Urgent transesophageal echocardiogram of a 79-year-old woman with shock and severe chest pain shows no false lumen
or intimal flap. In the aortic long-axis (a) and short-axis (b) views a focal area of thickness involving the posterior aortic wall (arrow)
is present. The transgastric short-axis (¢) and long-axis (d) views show an echo dense pericardial effusion (arrow) consistent with
hematoma. The left ventricle is small in size with normal systolic function. Primary aortic rupture with hemopericardium was con-
firmed at surgery. Ao aorta, LA left atrium, LV left ventricle

descending aorta and an increase in wall thickness
associated with extrinsic hematoma. Like many of the
other conditions in the acute aortic syndrome, a high
index of suspicion is required to detect aortic transec-
tion which requires urgent surgical intervention.

In patients with suspected acute aortic syndrome,
a negative imaging test, be it TEE or computed tomo-
gram, may not necessarily rule out the diagnosis, as
a number of the conditions such as aortic tear with-
out false lumen or intramural hematoma may be dif-
ficult to detect with any one imaging modality. If the

clinical suspicion is high, admission of the patient
with follow-up imaging tests are indicated since the
consequences of a missed diagnosis can be serious.
After excluding acute aortic syndrome, acute coro-
nary syndrome should be considered as, in our expe-
rience, it is the actual diagnosis in many of these
patients [15]. It should be realized that the two may
coexist because the aortic pathology may compro-
mise the coronary artery ostia or result in severe
acute aortic valve insufficiency leading to coronary
insufficiency.
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Fig.9.21 The excised ascending aorta from patient in Fig. 9.20.
The aorta has no intimal flaps but has extensive disruption of the
intima with underlying blood. Interestingly the aorta only had
mild medial degenerative changes. However, there was a con-
genitally bicuspid aortic valve with degenerative changes, also
replaced at the same surgery

Chronic Aortic Diseases

Although diseases in this category such as aortitis may
have an acute clinical onset, they are not considered to
be an acute aortic syndrome, which includes only con-
ditions that have a high immediate mortality and require
prompt surgical intervention in most cases in addition
to the acute presentation. TEE is also useful in patients
with chronic aortic diseases due to its ability to provide
a comprehensive assessment of the thoracic aorta.

Aortic Dissection Post-Repair

Patients who have had surgery for aortic dissection are
an important patient group for close follow-up [25-27].
These patients remain at an increased risk for death and
recurrent aortic complications such as extension of dis-
section, further aneurysmal expansion, pseudoaneurysm
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formation, aortic rupture, and progression of aortic valve
insufficiency. A combined transthoracic and transesoph-
ageal approach should be used if the aortic involvement
extends to involve the abdominal aorta. Many of these
patients would also benefit from other imaging modali-
ties, particularly computed tomography and magnetic
resonance imaging.

Replacing the ascending aorta in a patient with exten-
sive dissection of the entire thoracic aorta, including the
aortic arch and descending thoracic aorta, should be
considered a palliative procedure, because most of these
patients will have persistent dissection beyond the distal
anastomosis of the aortic tube graft and are at risk for
complications associated with dissection (Figs. 9.31,
9.32). The double lumen aorta is prone to ongoing
expansion, and invasive intentions, such as surgery or
intravascular stenting, will need to be considered, as the
risk of aortic rupture increases proportionally to the size
of the aorta [28]. The intimal flap and intimal tear(s) can
be important to patient management. Obstruction of
flow in the true lumen may occur when there is a large
proximal tear but no distal tears. Relief of the obstruc-
tion can be achieved by performing fenestration of the
intimal flap. Progressive increase in thrombus formation
in the false lumen may suggest future complete throm-
bosis of the false lumen, which is a good prognostic sign
[28]. Table 9.7 summarizes the important TEE findings
in these patients.

Chronic Aortic Aneurysm

An aneurysm is a localized abnormal dilatation of a
vessel. This contrasts with vascular ectasia, which is a
lengthier or more diffuse dilatation of a vessel. There
are congenital cerebral berry aneurysms, but most other
vascular aneurysms are acquired. Genetic predisposi-
tion is increasingly recognized as a common cause of
aortic aneurysms and the abdominal aortic aneurysm is
the most common site affected (Figs. 9.33, 9.34) [29].
Other causes of aneurysm are toxic/drug related,
infectious, metabolic, immune/inflammatory, neoplas-
tic, traumatic, and mechanical related.

Atherosclerosis is a common cause of ascending
aortic aneurysm. The ascending aorta may become
aneurysmal leading to aortic regurgitation as the valve
cusps do not coapt any longer (Fig. 9.35). In the
patients with aortic regurgitation in the setting of a
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Fig.9.22 Transesophageal echocardiogram in a 78-year-old woman with severe chest pain shows that the ascending aorta is aneu-
rysmally dilated (a). Multiple short-axis views (b, ¢, d) of the ascending aorta show a focal thickening (arrows) of the anterior aortic
wall just beyond the sinotubular junction (b, ¢). A small pericardial effusion is present. Ao aorta, LA left atrium

dilated aorta, careful assessment of the aortic valve is
required because a valve sparing procedure may be
feasible in many of these patients. Other complica-
tions of aneurysms include stasis, thrombosis, vascu-
lar obstruction, embolism, mass effect, and rupture.
Aneurysms may also be true or false, and saccular or
fusiform in shape.

Although Marfan patients frequently have ascend-
ing aortic aneurysms, most ascending aortic aneu-
rysms are due to other causes including atherosclerosis,
infectious, immune related or degenerative processes
(Fig. 9.36). Atheroma may be marked in the aorta and
if calcified may give rise to a “porcelain” aorta, a
heavily calcified aorta on imaging. The ascending
aorta is a source of embolic material-atheroma con-
stituents or thrombus, and is often evaluated in a

search for a source after a transient ischemic attack or
a cerebral event.

Aortic Pseudoaneurysm

Aortic pseudoaneurysm may be an incidental finding
since it may be a long-term complication of traumatic
aortic injury such as closed chest trauma in a motor
vehicle accident, if it is located at or near the proximal
descending thoracic aorta (Fig. 9.37), or a complica-
tion of previous aortic surgery such as surgical correc-
tion for coarctation (Figs. 9.38, 9.39) [30, 31]. The
pseudoaneurysm develops as a result of contained
leakage at the site of the anastomosis of the surgical
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Fig. 9.23 Computed tomogram of the same patient as in
Fig. 9.22 shows mild thickening of the anterior aortic wall
(arrow). There is no intimal flap or false lumen

Fig. 9.24 Excised ascending aorta from same patient as
Figs. 9.22 and 9.23. The aorta has a large horizontal tear with
intimal disruption, but no intimal flap. The media had moderate
to severe medial degenerative changes but no aortitis

patch or graft. Pseudoaneurysms may progressively
enlarge (Fig. 9.40). Although the natural history of
pseudoaneurysm is not well defined, invasive interven-
tion is generally indicated to minimize the risk of acute
rupture. The echo findings of the aortic pseudoaneu-
rysm are summarized in the Table 9.8.
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Aortitis

Ascending aortic aneurysms may also be infectious or
immune related, a condition termed aortitis [32]. The
typical echo finding is diffuse thickening of the aortic
wall. With treatment there can be rapid resolution of
the wall thickness. Aneurysm formation and localized
narrowing may be the long-term sequelae. Aortitis
causes medial destruction with subsequent aortic dila-
tation [33, 34]. Syphilis remains a common infectious
cause of ascending aortic aneurysm worldwide. Aortic
aneurysm is a manifestation of tertiary syphilitic dis-
ease. The intimal surfaces grossly show fibrous white
thickening, a change termed ‘“tree barking.” The
media is usually of normal thickness or it may be thin
if there is significant aneurysm dilatation. By micros-
copy the infection causes a giant cell aortitis with
medial destruction. The media tends to fibrose, so aor-
tic dissection is not a complication. If large, the syphi-
litic aneurysm may erode into adjacent mediastinal
structures or displace them. This can be manifest as
hoarseness (recurrent laryngeal nerve displacement),
dysphagia or dyspnea. Rupture leading to hemoperi-
cardium or hemothorax may be fatal.

Bacterial infections including tuberculosis and sal-
monella can cause aortitis (Fig. 9.41). Tuberculosis,
still a common infection worldwide, may cause aortic
aneurysms. The thoracic aorta is most often affected
with thoracic aneurysms due to direct infection and
destruction of the media. The aorta may also develop
so-called “traction” aneurysms when the adjacent
infected lymph nodes pull on the aortic adventitia and
cause local dilation.

Immune-related aortitis has many causes [34].
Primary giant cell aortitis is a disease of unknown cause
that may cause aneurysms and dissection. It occurs in
individuals over the age of 50 and probably is autoim-
mune related. Some cases are associated with more
generalized vasculitis, including temporal arteritis with
polymyalgia rheumatica. Giant cell aortitis causes
medial destruction and aortic weakness (Fig. 9.42). It
causes tissue necrosis and little or no fibrosis, hence the
propensity for aortic dilation and dissection. Patients
with temporal arteritis need to be assessed for aortitis
and vice versa [35].

Other autoimmune disease may be associated with
aortitis (Fig. 9.43). For example, ankylosing spondyli-
tis may cause giant cell aortitis and aneurysms and the
aortic valve cusps may have scar retraction further
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Fig. 9.25 This is a patient who develops focal aortic dissection involving the ascending aorta during cardiac catheterization. The
focal dissection (arrow) is shown in the aortic long-axis (a) and short-axis (b) views. LA left atrium

Fig.9.26 The transesophageal short-axis view of the aortic root in a patient with aortic dissection caused by coronary intervention shows the
evolutional changes. The image in (a) is obtained on the day of the procedure, (b) at 1 week after the procedure and (c) at 3 weeks after the
procedure. There is progressive resolution of the intramural hematoma such that by 3 weeks, there is complete resolution
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Fig. 9.27 Penetrating aortic ulcer (U) with probe within. This
ulcer in the thoracic aorta was associated with a large chronic
aortic dissection (arrow). Penetrating ulcers may rupture, pene-
trate, or dissect and are prone to complications

Fig. 9.28 Penetrating aortic ulcer with associated chronic dis-
section; the same patient as Fig. 9.27. This is the outside of the
dissection which penetrated into the lung. The patient presented
with fatal hemoptysis

Fig. 9.29 Penetrating aortic ulcer microscopic appearance. The
ulcer penetrates outward like a flask and thins the outer part of
the wall making it prone to rupture
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aggravating the aortic insufficiency. Systemic lupus
erythematosus may be associated with giant cell aorti-
tis. Rheumatoid arthritis may have arteritis and rheu-
matoid nodules may form.

Takayasu disease may involve the aorta or pulmo-
nary trunk [36]. The ascending aorta is commonly
involved (Fig. 9.44). The disease occurs in individuals
under the age of 50 and may form aneurysms as well as
obliterate the aortic branches (Fig. 9.45). The aortic wall
has giant cell aortitis by pathology [37]. There is usually
intimal thickening, medial destruction, and a prominent
thickened and inflamed adventitia. The adventitia thick-
ening is an important characteristic diagnostic feature of
this disease. The cause of Takayasu disease is not known
but it is associated with certain histocompatibility anti-
gens [38]. Takayasu-related intimal fibrosis may occlude
the ostial branches of the aorta. The arm, coronary, and
neck arterial vessels gradually obliterate. Pulseless dis-
ease is the manifestation in the arms and coronary artery
ostial obstruction may occur.

Aortic Plaques

Atherosclerotic plaques are commonly seen in elderly
individuals and particularly in those with atherosclerotic
risk factors [39—41]. Atherosclerotic plaque formation is
not uniform in the aorta. The plaques tend to develop
primarily in the abdominal aorta. The ascending aorta
and arch are also commonly involved, although not as
much as the abdominal segment. The predilection of
plaque location is not well understood but it may be vari-
able due to differing aortic diameter, smooth muscle
medial embryological cell of origin, shear stress, and
complexity of flow related to branches.

Plaques develop first as fatty intimal streaks. After
puberty they complicate with progressive fibrosis form-
ing fibrous and fibrofatty plaques that are raised intimal
structures. Not all fatty streaks become plaques.
Fibrofatty plaques have fibrous plaque caps and underly-
ing soft cores of lipid and cellular debris. If these plaques
lose their endothelium covering and become compli-
cated, they may thrombose and components may embo-
lize. In reality, even dysfunction of the endothelium is all
that is necessary for thrombus to form. If the cap rup-
tures, with or without underlying plaque hemorrhage,
the exposed plaque may cause marked thrombosis and
embolism [42, 43]. Detecting significant atheroma is
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Fig. 9.30 This 22-year-old man was involved in a car accident. Transesophageal views of the proximal descending aorta show
extensive and severe thickening of the aortic wall (a, b) consistent with aortic transection. Slightly distal to this region (¢, d), the
aortic wall is still thickened and a mobile intraluminal intimal flap (arrow) is present. These findings are consistent with aortic
transection

important prior to intervention, especially if one is con-
templating ascending aortic manipulation, cannulation
or surgery. Visualization of ascending aortic plaque may
lead to choice of off pump surgery if the plaque is sig-
nificant, or at least allow the surgeon to more accurately
avoid the plaque when manipulating the aorta.

When a pathologist grades the severity of atheroma
they tend to estimate and grade the severity by evaluat-
ing the surface area. Alternately, one can grade ather-
oma by the Stary classification, which reflects the stage
of atheroma development and the actual degree of
complication of the plaques [43]. An aorta thus may
have severe atheroma if the surface area is extensively
involved or if the plaques are complicated, or both. The
thickness of the plaque is probably a better indicator of
risk than a simple surface area estimation that fails to
take complexity of the plaque into consideration.

The severity of the aortic plaque can be semi-quan-
titated by echocardiography according to its thickness
protruding into the lumen (Table 9.9) [40]. The thick-
ness of the plaques carries prognostic significance. For
plaques in the aortic arch, the odds ratio for stroke has
been reported to be 13.8 for severe plaques and 3.9 for
moderate plaques (Figs. 9.46, 9.47, 9.48). Complex
morphology, such as mobile components, are associ-
ated with increased rates of thromboembolic events,
which may be reduced with statin drugs or anticoagu-
lation, although the management of this condition has
not been well defined [41].

A large mobile mass can be the dramatic presentation
in a small subset of patients who have embolic events
[44-46]. Surgical removal is frequently performed, and
will confirm it to be an organized thrombus arising from
normal aortic wall or a small plaque (Figs. 9.49, 9.50).
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Fig. 9.31 This is a patient who had surgery for type A aortic dissection. A Bentall procedure was done with the ascending aorta
replaced by a Dacron tube graft. These are the transesophageal views of the distal ascending aorta (a, b) and proximal descending
aorta (c) and distal descending thoracic aorta (d). In the distal ascending aorta (a), the distal end of the tube graft (arrows) is detected.
There is residual dissection beyond the anastomosis with the false lumen persisting in the aortic arch and descending thoracic aorta.
A large intimal tear communicating the true lumen and false lumen is seen in the proximal descending thoracic aorta (arrow). In the
distal descending aorta (d) the false lumen is much larger than the true lumen. FL false lumen, 7L true lumen
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Fig. 9.32 The transthoracic parasternal long-axis (a) suprasternal (b) and high parasternal (¢, d) views of this patient following
Bentall procedure for type A aortic dissection show that there is residual dissection beyond the distal anastomosis with intimal flap
(arrows) present in the aortic arch (b). The parasternal views with the transducer at the second intercostal space to the left of the
sternum (c) shows that there is a kink at the distal end of the anastomosis of the prosthetic tube graft. The corresponding color-flow
image showed acceleration of flow at the kink. LA left atrium, LV left ventricle
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Fig.9.33 The echo images of the abdominal aorta in long-axis (a) and in short-axis (b) demonstrates an abdominal aortic aneurysm
about 6 cm in diameter. A large amount of laminated thrombus is present. L lumen

Fig. 9.34 Atherosclerotic abdominal aortic aneurysm (arrow);
external posterior view

The rest of the aorta usually contains little or no addi-
tional plaques. The exact mechanism for the develop-
ment of such a large thrombus and the long-term outcome
of these patients are unclear.

Aortic Neoplasm

Primary aortic neoplasms are rare and are usually not
associated with aneurysm. These tumors are usually
intimal sarcomas or myxoid sarcomas [47]. They cause

luminal narrowing and systemic emboli of the tumor
fragments or associated thrombus.

Neoplasm-related aortic aneurysms may be caused
by adjacent primary or secondary neoplasms in the
mediastinum. These are usually primary lung or esoph-
ageal carcinomas or related to metastatic disease in
para-aortic lymph nodes. The aorta itself is remarkably
resistant to invasion and rupture, although this can
rarely occur. Instead the aneurysms associated with
neoplasms are usually traction aneurysms. The tumor
invades the adventitia and causes a pulling or external
traction (hence the name) on the aorta with an out-
pouching in this region.

Summary

TEE is a very useful tool in the assessment of aortic
diseases, particularly in patients with acute aortic syn-
drome in whom a prompt and accurate diagnosis is
crucial to the management. However, pitfalls of TEE
need to be remembered (Table 9.10) [48], and there
should be a very low threshold to perform ancillary
investigations to confirm the diagnosis.
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Fig. 9.35 The parasternal long-axis (a, b) and apical long-axis (¢, d) views of this patient with dilated aorta shows that the aortic
valve does not coapt properly resulting in aortic regurgitation. Ao aorta, LA left atrium, LV left ventricle

Fig. 9.36 The transesophageal aortic long-axis view shows the
typical dilatation of the aortic root at a sinus level in a patient
with Marfan syndrome. The rest of the ascending aorta is also
mildly dilated. Ao aorta; LA left atrium
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Fig.9.37 This computed tomogram in a patient with a history of
motor vehicle accident shows that there is localized aneurysmal
dilatation involving the undersurface of the proximal descending
thoracic aorta consistent with aortic pseudoaneurysm

Fig.9.38 This 19-year-old man has had surgery for coarctation. The suprasternal view (a) shows localized bulging (arrows) at the
proximal descending thoracic aorta. Color flow imaging (b) confirms communication between this outpouching and the aorta
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Summary

Fig. 9.39 This is the magnetic resonance image of the same
patient shown in Fig. 9.38, confirming that its local aneurysmal
dilatation involving the proximal descending thoracic aorta is
consistent with pseudoaneurysm formation. This finding was
confirmed at a subsequent operation

Fig.9.40 Pseudoaneurysm of the arch of the aorta. The sac-like
aneurysm has a thin wall and contains thrombus and clot. It
originated in a small dissection of the aorta
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Table 9.7 Important echocardiographic findings in patients
who had undergone surgery for aortic dissection

Dimensions of different aortic segments
Presences and extent of intimal flap
Number and locations of intimal tears

Pseudo-dissection or coarctation due to enlargement or
kinking of the native aorta

Status of the arch vessels
Presence and extent of thrombus in false lumen

Integrity of the proximal and distal anastomosis of the
aortic tube graft

Status of the coronary ostia
Native or prosthetic aortic valve function

Left ventricular function

9 Diseases of the Aorta

Fig. 9.41 This is a patient with Salmonella aortitis. The transesophageal transverse (a) and longitudinal (b) views show that there
is diffuse thickening of the anterior surface of the ascending aorta (arrows). Ao aorta, MPA main pulmonary artery, RPA right pul-
monary artery, SVC superior vena cava
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Fig. 9.42 (a) This is a segment of excised ascending aorta from an elderly patient with an ascending aortic aneurysm. The wall is
thickened and the intima is white and discolored. (b) Microscopic examination revealed giant cell aortitis with medial destruction
and the presence of numerous giant cells. Serology for syphilis was negative, as was serology for autoimmune diseases

Fig.9.43 This is a 54-year-old woman with aortitis. The transesophageal views of the long-axis of the aortic root (a, b) show diffuse
thickening of the posterior aortic root extending onto the base of the anterior mitral leaflet (arrows). The base of the anterior aortic
cusp is also involved (short arrow) as shown in (a). No specific cause for the aortitis has been established
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Fig. 9.44 Pieces of excised
aorta from a young woman
with Takayasu aortitis. The
aorta wall was thickened and
inflamed

32cm

Vo144 L72

Fig. 9.45 This MRI scan is performed in a 34-year-old woman
with Takayasu aortitis. Focal wall thickening and lumen narrow-
ing of the proximal abdominal aorta are shown. The origin of the
celiac artery is also narrowed

9 Diseases of the Aorta

Table 9.8 Echocardiographic features of an aortic pseudoan-
eurysm

Saccular, rather than fusiform
Narrow mouth
Usually lined with thrombus

At previous site of surgery or trauma
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Fig. 9.46 This is a patient with severe aortic plaque involving the descending thoracic aorta (a, b) and the distal aortic arch (c, d).
Some of the plaque is mobile (arrow)

Fig.9.47 Cross section of the thoracic aorta. Complicated thick
atherosclerotic plaques are noted circumferentially. Thrombusis ~ Fig. 9.48 The arch of the aorta is opened showing numerous
present on the aortic intimal surface (arrow) ulcerated complicated atherosclerotic plaques
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Fig. 9.49 The transesophageal views of the proximal descending aorta in long-axis (a) and short-axis (b) show that there is a large
mass with a small stalk attaching to the posterior aortic wall

Table 9.9 Grading of severity of aortic plaques

Grade Plaque thickness
Mild <1.0

Moderate 1.0-3.9 mm
Severe* >4 mm

*Plaques with a mobile component would be graded severe even
if the plaque thickness is <4 mm

Fig. 9.50 This is a thoracic aortic mass removed surgically
from the patient in Fig. 9.49. The patient was suspected to have
an aortic neoplasm. At surgery there was an aortic plaque with a
large adherent thrombus, as shown in the specimen
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Table 9.10 Pitfalls in the echocardiographic diagnosis of aortic
diseases

False positive studies
Dissection flap mimics

Reverberation artifact
Kinks in dilated and tortuous aorta

Intramural hematoma mimics

Peri-aortic fat
Atherosclerotic plaque
Intraluminal thrombus in dilated aortas

False lumen mimics

Transverse sinus
Innominate vein

False negative studies

Poor image quality

Blind spots in ascending aorta and arch
Unusual variants

Intramural hematoma
Primary rupture
Dissection with no hematoma
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Pericardial Diseases

The pericardium surrounds the heart as the heart
becomes enveloped in the developing pericardial sac
during embryogenesis. There are two layers — the vis-
ceral pericardium, which is part of the epicardium and
the parietal pericardium, which is a strong fibrous sac
(Fig. 10.1) [1, 2]. Both are lined by mesothelial cells
which have a secretory function and ensure that the peri-
cardial space always has a small amount of fluid to allow
for unimpeded cardiac motion throughout the cardiac
cycle. The parietal pericardium fixes the heart in the
chest and is attached to the diaphragm and the underly-
ing sternum and separates the pericardial space from the
pleural spaces. Between the two layers is a small vol-
ume (15-50 mL) of serous fluid. The function of the
pericardium in health is uncertain, since its absence
does not have significant adverse effects. On the other
hand, diseases involving the pericardium can lead to
serious hemodynamic consequences including shock.

Fig. 10.1 The pericardial sac is opened at autopsy. The parietal
pericardium (fop) is held by forceps and a catheter has been
placed in the space between the fibrous parietal pericardium and
the visceral pericardium on the heart. A small amount of clear
serous fluid is invariably present

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

The pericardium envelops the entire heart, the first
few centimeters of the great vessels, and the caval and
pulmonary veins [1, 3, 4]. It is important to remember
that the proximal ascending aorta is within the pericardial
space as rupture of the aorta in this location can cause
hemopericardium and cardiac tamponade. Reflections
of the pericardium create two normal sinuses. The trans-
verse sinus is a pericardial space located behind the
aorta and pulmonary trunk (Fig. 10.2). Surgeons may
use this space to run bypass grafts through. The oblique
sinus is at the posterior or base of the heart and is located
between the reflections of the pericardium from the four
pulmonary veins (Fig. 10.3). This space may be impor-
tant in cases of occult tamponade where bleeding in this
space may cause local left atrial compression and tam-
ponade without an easily seen pericardial effusion.

Histologically, the parietal pericardium is com-
posed of fibrous collagen. It is a strong structure not

Fig. 10.2 The transverse sinus of the pericardium has a catheter
placed in it. This is a normal space behind the aorta and the
pulmonary trunk
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Fig. 10.3 The oblique sinus of the pericardium is seen when the
heart is lifted up. This normal space lies between the normal left
and right pulmonary veins as they enter the left atrium

easily distensible and resistant to acute stretching [2].
When fluid accumulates slowly in the pericardial
space, the pericardium may gradually stretch and the
volume of the fluid in the pericardial space can easily
reach a liter without significant hemodynamic effects.
Conversely, rapid accumulation of fluid is not toler-
ated. In cases of rapid accumulation, such as with
infection or bleeding into the pericardial space (hemo-
pericardium), as little as 100 mL of fluid accumulation
is enough to cause compression of the thin right-sided
heart chambers leading to hemodynamic derangement
and cardiac tamponade. The classic clinical presenta-
tion is the Beck’s triad — hypotension, muffled heart
sounds, and an elevated jugular venous pressure.
Common causes of acute hemopericardium include
aortic or heart trauma (iatrogenic, penetrating and non-
penetrating closed chest trauma), aortic dissection
(spontaneous or iatrogenic), and free wall rupture of
the left ventricle after myocardial infarction [3].

The pathological response of the pericardium to dis-
ease is limited. Reactive inflammatory changes involv-
ing the pericardium result in an increase in the
development of fluid (often fibrinous) leading to pericar-
dial effusion and an increase in pericardial thickness,
which is normally 1-2 mm in thick (Figs. 10.4, 10.5).
These changes are nonspecific and can occur in a wide
range of conditions including connective tissue diseases,
viral infection, and myocardial infarction. The hemody-
namic consequences of the pericardial changes depend
on the interaction of various factors (Table 10.1). If the
pericardium is intrinsically abnormal and noncompliant,

Fig. 10.4 Fibrinous pericarditis. The entire heart parietal and
visceral pericardium is covered by shaggy red fibrinous mate-
rial. This case also had hemopericardium contributing to the
patient’s death

Fig. 10.5 Closer view of the fibrinous pericarditis of the same
patient as Fig. 10.4. The visceral pericardium is ragged, red,
irregular, and thickened. Pathology is able to diagnose the condi-
tion and assess the presence of malignancy. It is unable to pro-
vide the cause of benign fibrinous pericarditis. Clinical history is
always required

Table 10.1 Determinants of hemodynamic significance of
pericardial effusion

¢ Amount of effusion

* Property of the pericardium

* Rate of fluid accumulation

» Type of effusion (free fluid versus thrombus)

¢ Intravascular volume status




Pericarditis and Pericardial Effusion

a small amount of pericardial effusion or even no effu-
sion can cause limitation to ventricular filling and low
cardiac output. If the pericardium is relatively unaf-
fected, and the pericardial effusion builds up gradually;
a large pericardial effusion can develop without much
hemodynamic consequences. The type of pericardial
effusion should be considered. Blood in the pericardium,
such as following cardiac surgery, can become hema-
toma to cause local compression. Finally, the status of
intracardiac pressures may mitigate or exacerbate the
hemodynamic impact of pericardial effusion.

Pericarditis and Pericardial Effusion

Pericarditis is a common clinical problem. The most
common causes include idiopathic causes, infection
(viral, bacterial, Rickettsia, fungal, worms, and proto-
zoa), autoimmune disease, primary and metastatic
tumors, drugs and toxins, trauma (penetrating and blunt;
iatrogenic and non-iatrogenic), radiation, and acute
myocardial infarction/Dressler’s phenomena [1, 3].
Pericarditis may be fibrinous, suppurative, and granu-
lomatous (Figs. 10.4, 10.5). Granulomatous pericarditis
may be caseating when the exudates in the pericardial
space resemble soft cheese (Fig. 10.6).

Pericarditis may cause pericardial thickening and
effusion accumulating fluid in the pericardial space.
Usually this occurs slowly and an effusion may be
clinically silent. If the effusion becomes hemorrhagic,
there may be cardiac tamponade. As an effusion orga-
nizes, the pericardium may become thickened and
fibrotic or the process may resolve without sequelae
depending upon the initiating etiology of the effusion.
Fibrinous pericarditis causes a friction rub which may
be clinically detected by auscultation.

In some etiologies, the pericardial effusion may
become “effusive-constrictive.” In this clinical sce-
nario, there are no tamponade signs and the clinical
symptoms are not completely relieved by the removal
of the pericardial fluid [3]. It is thought that the pericar-
dium itself is causing constriction and compression of
the heart chambers. It may be a confusing situation
as the pericardium may not be thickened and the cause
of the persistent cardiac dysfunction a mystery.
Treatment may require pericardiectomy.

In assessing pericardial effusion, the size, extent,
and hemodynamic consequences should be determined.
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Fig. 10.6 Tuberculosis pericarditis. This young man had thick-
ening of his right atrial wall and pericardium. He had bone lytic
lesions. Caseous pericarditis and necrosis were confirmed by
pathology, and culture eventually grew Mycobacterium. This is
the surgically excised pericardium and atrial specimen

One common approach to semi-quantitate the amount
of pericardial effusion is to assess the posterior pericar-
dial separation in diastole at the mid ventricular level
from the parasternal window. The pericardial effusion
is small (<100 mL) if the separation is less than 1 cm.
If the pericardial separation is greater than 2 cm, the
pericardial effusion is large and generally more than
500 mL. The pericardial effusion is moderate when the
pericardial separation is between 1 and 2 cm and the
pericardial volume is between 100 and 500 mL. When
the pericardial separation is mainly seen during sys-
tole, the amount of pericardial effusion is likely physi-
ological, that is less than 50 mL. Trivial pericardial
effusion is present if there is persistent pericardial sep-
aration in both diastole and systole and the separation
is less than 0.5 cm in diastole.

Pericardial effusion was one of the first conditions
to be identified by echocardiography and the diagnosis
is easy to make in most circumstances [5]. If only an
anterior pericardial separation is present, other diagno-
ses should be considered (Table 10.2). In such cases
the diagnosis of pericardial effusion should be made
with caution, as a pericardial effusion is generally
more prominent posteriorly unless it is loculated
(Fig. 10.7). If the “loculated pericardial effusion” is
located only anteriorly and leftward, the possibility of
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Table 10.2 Conditions that can mimic pericardial effusion

* Pericardial fat

e Left pleural effusion

* Ascites

* Mediastinal abscess or hematoma

* Breast implant

breast implant should be considered (Fig. 10.8).
Epicardial fat is somewhat lucent but has a speckled or
granular appearance (Fig. 10.9). It is more prevalent in
the elderly and in the obese. It is prominent over the
right ventricular surface and in the atrioventricular
grooves. A left pleural effusion can simulate pericar-
dial effusion (Fig. 10.10). It usually tracks behind the
descending aorta and does not extend over the right
ventricular or right atrial surface. Imaging the heart
from the left paraspinal window is a good way to dif-
ferentiate left pleural effusion from pericardial effu-
sion. Occasionally ascites can also be confused with

10 Pericardial Diseases

pericardial effusion. In this setting, the effusion is most
noticeable from the subcostal image and appears to be
loculated anteriorly (Fig. 10.11). The presence of the
falciform ligament is a good clue that the effusion is
ascites and not pericardial effusion. In chronic pericar-
dial effusion, intrapericardial strands or bands are not
uncommon (Fig. 10.12). Unusually echodense pericar-
dial effusion should raise the possibility of intraperi-
cardial hematoma, tumor, or intense inflammation
such as bacterial pericarditis.

The normal pericardium is about 1-2 mm in thick-
ness [3]. The posterior pericardium is generally better
seen and can appear very echodense due to its orthogonal
relationship with the ultrasound beam. The thickness of
the pericardium cannot be reliably measured even with
careful adjustment of the far-field gain. Even normal
pericardium can appear diffusely bright and thick, and
only localized brightness of the pericardium suggests the
presence of pericardial calcification (Fig. 10.13).

The thickness of the pericardium can be reliably
assessed when there is concomitant left pleural effusion,

Fig. 10.7 This 45-year-old man suffered a fracture of the manubrium from a car accident. The parasternal long-axis (a) and short-
axis (b) views show a large echo lucent mass (arrow) anterior to the heart. This is likely a contained hematoma, which is confirmed
by a subsequent computed tomogram. LA left atrium, LV left ventricle
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Fig. 10.8 This is a 38-year-old woman
who has had breast implants. An echo
free space (arrows) is present in the
parasternal short-axis view of the left
ventricle (b, ¢). This echo free space is
located anterior and to the left of the
left ventricle. No extension posteriorly
is detected. This echo lucent space is
localized and is not detectable in the
parasternal aortic short-axis view (a)
and the apical four-chamber view (d).
This echo lucent space is due to the
breast implant. LA left atrium, LV left
ventricle, RA right ventricle, RV right
ventricle
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Fig. 10.9 The parasternal long-axis (a) and short-axis (b) views of a 70-year-old woman shows a large echo lucent mass (arrows)
anterior to the right ventricle with no posterior extension. There is echo density within this mass consistent with epicardial fat. Ao
aorta, LA left atrium, LV left ventricle
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Fig. 10.10 A large left pleural effusion is demonstrated in multiple views including parasternal long-axis (a), short-axis (b), apical
four-chamber (c), and apical two-chamber (d) views. This large pleural effusion may be confused with pericardial effusion. In the
parasternal long-axis view (a), the effusion tracks behind the aorta consistent with pleural effusion. The pericardium (arrows) is well
seen, particularly in the apical two-chamber view (d), confirming that there is no pericardial effusion. LA left atrium, LV left ven-
tricle, RA right atrium, RV right ventricle

such that the pericardium is delineated between the two
fluid spaces (Fig. 10.14). Although transesophageal
echocardiography has been used to assess pericardial
thickness, our experience suggests that it too has limita-
tions [6]. Computed tomography (CT) is preferred over
echocardiography in assessing pericardial thickness and
the presence and extent of pericardial calcification
(Figs. 10.15, 10.16). However, normal pericardial thick-
ness by CT does not exclude the diagnosis of constric-
tive pericarditis [7]. Echocardiography has a limited
role in the diagnosis of pericarditis. Although the pres-
ence of pericardial effusion is confirmatory in a patient
suspected of pericarditis, the absence of pericardial effu-
sion does not exclude the diagnosis.

Pericardial Tamponade

Tamponade refers to the condition in which the accu-
mulation of pericardial effusion leads to limited ven-
tricular filling resulting in diminished cardiac output
[8]. The amount of pericardial effusion required to pro-
duce hemodynamic compromise is dependent on a num-
ber of factors described above. The mere presence of a
large pericardial effusion does not necessarily indicate
the presence of tamponade. In cardiac tamponade, there
is an increase in intrapericardial pressure, thus restrict-
ing filling of the cardiac chambers during diastole. The
elevated pericardial pressure can exceed the intracavi-
tary pressures of the cardiac chambers at certain times
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Fig. 10.11 The subcostal view shows that there is an echo
lucent space anterior to the heart. There is echo linear density
consistent with the falciform ligament (arrow). This echo lucent
space is caused by ascites

265

of the cardiac cycle, as intracardiac pressures fluctuate
during the cardiac cycle. When this happens, the posi-
tive transmural pressure gradient leads to compression
of the free wall of the cardiac chamber. Thus, the car-
diac chamber with the lowest intracavitary pressures is
more liable to demonstrate compression at an earlier
stage of the disease.

The early sign of tamponade is right atrial inversion
occurring during atrial relaxation, which corresponds
to late ventricular diastole or early systole (Fig. 10.17)
[9]. Persistence of right atrial inversion over at least
one third of the cardiac cycle enhances the specificity
of the finding [10]. Right atrial inversion is best appre-
ciated from the apical four-chamber view.

Early and mid-diastolic right ventricular collapse is
another finding of tamponade (Fig. 10.17) [11]. The
parasternal long and short axis view and the right

Fig. 10.12 This 31-year-old man has chronic idiopathic pericarditis for 18 months. A moderate sized circumferential pericardial
effusion is seen in all views including the parasternal long-axis (a) and parasternal short-axis (b—d) views. Multiple linear densities
are seen within the pericardial effusion particularly in (¢) and (d). These likely represent fibrinous strands or bands. LA left atrium,

LV left ventricle
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Fig. 10.13 This 51-year-old man has a long history of recurrent pericarditis. Prominent pericardial calcification is present posterior
to the left ventricle (a, b, d) and over the right ventricular surface (¢). LA left atrium, LV left ventricle

ventricular inflow view are used to assess this finding.
Compared to right atrial inversion, right ventricular
diastolic collapse is a more specific marker for tam-
ponade. Loading conditions can affect the reliability of
these findings. For instance, in the setting of tampon-
ade and right ventricular hypertrophy, right ventricular
collapse may not be present [12].

The total cardiac volume (right and left heart cham-
bers) is limited by the pericardial effusion resulting in
two important hemodynamic consequences. The
increased intrapericardial pressure insulates the cardiac
chambers from the fluctuations of intrathoracic pres-
sure during respiration (Fig. 10.18) [8]. The limitation
on the overall cardiac volume magnifies the effect of
ventricular interdependence, which is reflected by the
phasic changes in ventricular volume during the respi-
ratory cycle. An increase in right ventricular volume

during inspiration can only occur with leftward ven-
tricular septal shift and a decrease in left ventricular
volume, leading to a decrease in left ventricular stroke
volume. This is the physiologic basis for pulsus para-
doxus [13, 14].

During inspiration, the pressure within the extra-
cardiac pulmonary veins decreases, but due to the ele-
vated pericardial pressure the pressure within the
intracardiac pulmonary veins is far less affected, thus
reducing the driving pressure (Fig. 10.18). The pulmo-
nary venous diastolic antegrade flow and mitral flow
reflected by the mitral E velocity are both reduced. The
decrease in left heart filling allows more right heart fill-
ing with shifting of the ventricular septum leftward, and
the tricuspid flow reflected by the tricuspid E velocity is
increased (Fig. 10.19). This prominent phasic variation
of mitral and tricuspid inflow velocities is the basis for
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Fig. 10.14 In this patient with both pericardial effusion and left pleural effusion, the pericardium (arrow) is well delineated between
the two fluid spaces in multiple parasternal and apical views (a—d). The pericardium is of normal appearance and thickness. DA
descending aorta, LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Fig. 10.15 On the computed tomogram, the pericardium shows
severe diffuse thickening with no calcification. Bilateral pleural
effusions are present

the diastolic septal bounce seen in this condition. Vena
caval flow also demonstrates these respiratory phasic
changes. This is demonstrated by pulsed wave Doppler
with the sample volume in the hepatic vein. Expiration
is usually accompanied by an increase in diastolic flow
reversal. The inferior vena cava is dilated with no sig-
nificant respiratory changes in size, as a result of ele-
vated right atrial pressure [15].

Tamponade is a clinical diagnosis and it is not an “all
or none” phenomenon, but instead it has a continuum of
severity. Patients with mild symptoms may have some,
but not all, of the echocardiographic features. Some of
these features may not be apparent in the setting of
hypovolemia. If hypovolemia is suspected, volume
loading followed by repeat echo-Doppler assessment
can be useful [16].

In patients with intrapericardial hematoma such as
those following open heart surgery, the restriction to fill-
ing may be related to localized blood clot compressing
one or two cardiac chambers, usually the right atrium
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Fig. 10.16 The computed tomogram shows extensive calcifica-
tion (arrows) involving both the anterior and posterior aspects of
the pericardium. Bilateral pleural effusions are present
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and/or the right ventricle. In this instance, the intraperi-
cardial pressure is not evenly distributed, and the typi-
cal echo findings of tamponade may be absent. This
diagnosis can be made by the evidence of limitation in
ventricular filling and the demonstration of the com-
pressive nature of the intrapericardial hematoma,
which is well visualized by transesophageal echocar-
diography [17] (Fig. 10.20).

Constrictive Pericarditis

With resolution of acute pericarditis the pericardium
may become thickened and calcified. The pericardial
space is often obliterated with adherence of the peri-
cardium to the visceral pericardium (Figs. 10.21,
10.22). This causes non-distensibility of the heart and
may compress the thin right-sided chambers causing
constriction. Clinically, this is manifest as chronic

Fig. 10.17 Multiple parasternal and apical echocardiographic views (a—d) from a patient with cardiac tamponade showing the
typical findings including right atrial inversion (short arrow) and right ventricular diastolic collapse (long arrow)
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Fig. 10.18 In the normal setting (the top half of the schematic) concordant respiratory changes are present in the intrathoracic,
intrapericardial, and pulmonary wedge pressures so that the effective filling gradient (EFG) of the left ventricle (LV) remains rela-
tively stable during respiration, and little change in the mitral E velocity. In pericardial tamponade (the bottom half of the schematic),
the intrapericardial pressure is elevated and the changes in intrathoracic pressure are poorly transmitted to the distended pericardial
sac, thus reducing the effective filling gradient and a significantly diminished mitral E velocity on inspiration. (Reproduced by Sharp
et al. [8]. With permission)

congestive heart failure, predominantly right sided,
with signs and symptoms such as peripheral edema,
ascites, and weight gain. Certain etiologies of pericardi-
tis seem to be more prone to constrict than others.
Tuberculosis was the most common cause and remains a
common cause worldwide [18]. Purulent pericarditis
and neoplastic pericarditis are also frequently associated
with the development of constriction within 6 months

after the diagnosis [19]. Iatrogenic causes such as post-
sternotomy or postradiation are now increasingly com-
mon causes of constrictive pericarditis in developed
countries. On the other hand, about 20% of patients with
idiopathic pericarditis may develop transient constric-
tion, but they are unlikely to have long-term constriction
[20, 21]. Constriction may be associated with an effu-
sion, so called effusive—constrictive pericarditis, and,
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Fig.10.19 In this 60-year-old woman with cardiac tamponade, severe degree of phasic variation in the mitral (a) and tricuspid (b) veloci-
ties is present. Respiratory phasic changes in the left ventricular (c) and right ventricular (d) stroke volumes are also present, consistent
with the presence of pulsus paradoxus in this patient

Fig. 10.20 The transesophageal echocardiogram is obtained in the recovery room in a patient with low cardiac output following
cardiac surgery. Extensive mass consistent with hematoma (arrows) is present over the right atrial and right ventricular surface (a)
and also surrounding the aorta and superior vena cava (b). Ao aorta, LA left atrium, LV left ventricle, RA right atrium, RV right ven-
tricle, SVC superior vena cava
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Fig. 10.21 Constrictive pericarditis in a patient after bypass
grafting. The pericardial space is obliterated and the parietal
pericardium (arrows) thickened and adherent to the heart

Fig. 10.22 Constrictive pericarditis after chest radiation. The
pericardium is thick and adherent to the heart thus obliterating
the normal pericardial space is some areas

in this setting, pericardiocentesis will have limited
effect on the clinical outcome.

The limitation of cardiac volume is due to a non-
compliant, thickened, or calcified pericardium encasing
the heart. Although the underlying mechanism is differ-
ent compared to tamponade, the hemodynamic effects
are similar [22] (Fig. 10.23). The cardiac volume is
small and fixed within the encasement of the noncom-
pliant pericardium. Early diastolic filling is normal, but
there is rapid termination of flow when the compliance
of the pericardium is reached, leading to rapid equaliza-
tion of pressures between atria and ventricles. The high
intrapericardial pressure leads to a dissociation of the
intrathoracic pressure with the intracardiac pressures.
There is also enhancement of ventricular interdepen-
dence as a result of the fixed cardiac volumes, due to
the restrictive effect of the noncompliant pericardium.

-
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An increase in right ventricular filling during inspira-
tion is invariably associated with leftward displacement
of the ventricular septum and a decrease in left ven-
tricular filling.

The typical changes in constriction are (1)>25%
decrease in mitral E velocity during inspiration,
(2)>40% increase in tricuspid E velocity during inspi-
ration, (3) areduction in aortic velocity with inspiration,
(4) decrease in isovolumic relaxation time with inspira-
tion, and (5) an increase in tricuspid regurgitation veloc-
ity with inspiration [22, 23]. The pulmonary vein flow
demonstrates similar phasic changes as the mitral veloc-
ities (Fig. 10.24). The pulmonary vein early diastolic
velocity decreases on inspiration and increases on expi-
ration. Mitral annular velocities remain relatively nor-
mal in this condition [24] (Fig. 10.25). It is recognized
that these findings may not be present in some patients
with proven constriction.

In our view, the pathophysiology is similar between
constriction and tamponade. The difference between
the two entities is largely quantitative rather than qual-
itative. In tamponade the cardiac volumes are much
more reduced than those in constriction, leading to a
greater degree of hemodynamic derangement.

Patients with chronic obstructive lung disease can
have prominent phasic variation of mitral and tricuspid
inflow velocities, due to the increased change in
intrathoracic pressure during respiration. Superior vena
cava flow velocities have been shown to be useful to
differentiate chronic obstructive lung disease from con-
striction. In the former, there is respiratory variation in
superior vena cava flow with significant increase in
systolic antegrade velocity during inspiration, whereas
in the latter there is little or no change from expiration
to inspiration [25].

Constrictive Pericarditis Versus
Restrictive Cardiomyopathy

It has been difficult to differentiate patients with con-
strictive pericarditis from patients with restrictive car-
diomyopathy, as the clinical findings are similar
(Table 10.3). The differentiation is important, as peri-
cardiectomy can alleviate the symptoms in patients with
constriction [26, 27]. The mitral velocities are also simi-
lar in both conditions with high mitral E velocity and
short deceleration time. However, in patients with
restrictive cardiomyopathy, there is normal association
of intracardiac pressures with the intrathoracic pressure,
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Fig. 10.23 In this 49-year-old man with constrictive pericarditis, the apical four-chamber (a) and parasternal short-axis (b) views
show the abnormal septal bounce, which is better illustrated by the M-mode recording (c). The marked respiratory phasic changes
of the mitral (d), tricuspid (e), and left ventricular outflow tract (f) velocities are present. LV left ventricle, RV right ventricle

such that the marked phasic changes in the mitral and
tricuspid velocities are not seen. Furthermore, the annu-
lar early diastolic velocity is preserved in constriction,
whereas it is generally markedly reduced in patients
with restrictive cardiomyopathy due to the presence of
intrinsic myocardial disease.

Endomyocardial biopsy may be important to distin-
guish pericardial constriction from restrictive myocar-
dial disease, such as restrictive cardiomyopathy or
amyloid [27]. In constrictive pericarditis the heart biopsy
shows normal myocardium or atrophic fibers. In the
restrictive disease there is myocardial pathology present
and a pericardiectomy is inappropriate. For constrictive
pericarditis the treatment is pericardiectomy. A total
removal is often not possible due to the degree of fibrous
adhesions. At surgery the pericardium is removed and
the heart usually recovers function. Unfortunately some
cases are detected too late and the myocardium has atro-
phied so that the ventricle does not recover. Ventricular

failure and bleeding are important postoperative com-
plications following pericardiectomy.

Pericardial Tumors

Tumors involving the pericardium may be primary or
more commonly metastatic in nature [28]. Primary
tumors are usually mesothelioma or angiosarcoma [29,
30]. Angiosarcoma is the most common primary
malignant tumor involving the heart [31]. Typically,
the tumor involves the pericardium and the right
atrium. It is often associated with a bloody effusion
and there may be tamponade. Grossly, there are large
hemorrhagic masses or nodules associated with a
bloody effusion. Microscopic examination shows that
there are abnormal vascular channels either spindle-
shaped cells, epitheloid, or poorly differentiated cells.
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Fig. 10.24 In this 51-year-old man with constrictive pericarditis the marked phasic changes in the mitral (a) and tricuspid (b)
velocities are present. There is a decrease in mitral velocities with a reciprocal increase in tricuspid velocities on inspiration (arrows).
Hepatic vein flow shows an increase in diastolic flow reversal (arrow) on expiration. There is typical preservation of annular veloci-
ties (d), which are generally severely reduced in patients with restrictive cardiomyopathy

Patients with all types of angiosarcoma have poor
prognosis. The tumor is often advanced at diagnosis
and only palliation is possible. Eventually, the tumor
will metastasize to visceral organs.

Mesothelioma of the pericardium is a rare tumor
[32]. The pericardium becomes thickened on the vis-
ceral and parietal surfaces and the pericardial space
may obliterate. Constrictive pericarditis is the usual
outcome. Removing the pericardium or creating a peri-
cardial window may relieve the associated effusion but
the effect is transient and only palliative. All histologi-
cal types of mesothelioma may occur — epitheloid, sar-
comatoid, or biphasic. All mesotheliomas carry poor
prognosis. In addition to primary mesothelioma, the
pericardium may also be involved by spread of adja-
cent pleural mesothelioma.

Secondary or metastatic tumors may also involve the
heart through local extension or invasion. Tumors may

enter the heart locally via the endocardial route in the
vena cava (renal cell carcinoma, gynecological tumor).
There may be direct invasion from the adjacent primary
tumor or lymph node deposits — common in lung and
esophageal carcinoma and lymphomas (Fig. 10.26).
The deposits may also result from spread via the blood
or the lymphatics (carcinomas and melanomas).
Metastatic deposits may affect any layer of the heart
but the pericardium is the most common layer to be
involved [28]. Pericardial metastases may involve the
visceral or the parietal pericardium. The pericardium
may thicken, but sometimes despite being laden with
tumor cells, the thickness may be normal. Pericardial
effusion is very common, and constriction may occur.
At pericardiectomy or pericardiocentesis a bloody
effusion may suggest this possibility and cytological
examination of the fluid or histological examination
of tissues should be performed in order to make the
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Fig. 10.25 This is the same patient shown in Fig. 10.24. Transesophageal four-chamber (a) and transgastric short-axis (b) views show
that the pericardium is diffusely thickened (arrow). In addition to respiratory phasic variations, the mitral flow shows EA ratio>2 and
a short deceleration time. The pulmonary vein velocities show similar respiratory phasic changes (d)

Table 10.3 Differentiating features of constrictive pericarditis versus restrictive cardiomyopathy

Pericardium Normal or thickened Normal

Left ventricular function Normal Normal or mildly reduced
Atrial size Normal Dilated atria

Tricuspid and mitral regurgitation Absent or only mild >Mild TR and MR are common
Mitral inflow velocities E>>A Present Present

Short mitral deceleration time Present Present

Abnormal respiratory phasic ventricular Present Absent

septal motion

Increased respiratory phasic variation of Present Absent
mitral and tricuspid inflow velocities

Mitral annular velocities Normal or increased Low
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Fig. 10.26 Metastatic squamous cell carcinoma of the lung.
The pericardium is white, thick, and adherent to the heart filling
the pericardial space

diagnosis. Drainage of the fluid is palliative and a peri-
cardial window to prevent tamponade may also be
done for palliation.

Absence of the Pericardium

Congenital absence of the pericardium is an unusual
condition with an estimated incidence of 5-10 per
100,000. It is more common to have complete absence
of the left-sided pericardium [33]. Absence of the
right-sided pericardium is rare. It is more common in
men with a male to female ratio of 3:1. In about one
third of the cases, there are associated cardiac anoma-
lies. In complete absence of the pericardium, many of
these patients are asymptomatic and the absence is
detected as an incidental finding, although symptoms
such as chest pain, dyspnea, or dizziness have been
reported. In the setting of partial absence of the peri-
cardium, constriction of cardiac structures such as the
left atrium by the remaining pericardium is a rare com-
plication. Chest X-ray shows levoposition of the heart,
a narrow mediastinum and elongation of the left ven-
tricular border. The echo findings of complete absence
of the pericardium are listed in Table 10.4 [34, 35].
This condition needs to be considered, when the heart
has an extremely transverse lie with the apical window
near the axilla, particularly with the patient lying
supine. The apical four-chamber view has a peculiar
shape likened to a teardrop with the atria more stream-
lined and the ventricles more bulbous (Fig. 10.27).
Due to the clockwise rotation of heart, it can simulate
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Table 10.4 Echocardiographic features of complete absence of
the pericardium

¢ Unusually lateral apical window

¢ Cardiac hypermobility

¢ Abnormal swinging motion

* Abnormal ventricular septal motion

» Teardrop shape

right ventricular volume overload. This condition can
be readily confirmed by CT(Fig. 10.28). The prognosis
in these patients is generally excellent and surgical
intervention is rarely necessary except for patients
with partial defects and cardiac symptoms.

Pericardial Cysts

The incidence of pericardial cysts is about 1 in 100,000.
This is generally an incidental finding and not associated
with symptoms. It is most commonly detected in the
fourth decade and seen equally in both sexes. It is fre-
quently located at the right or left costophrenic angle. It
is a round or oval structure with smooth edges with an
echo lucent center (Figs. 10.29, 10.30, 10.31). Surgical
excision is rarely indicated because it generally does not
cause significant compression to the surrounding struc-
tures. However, life-threatening complications such as
tamponade have been reported [36, 37].

Echo-Guided Pericardiocentesis

Echo has an essential role in the performance of peri-
cardiocentesis, as its use has reduced the complica-
tions associated with the procedure [38]. The principle
of echo-guided pericardiocentesis is the localization of
the largest pericardial separation with the least amount
of interface between the chest wall and the pericardial
separation. In addition to locating the optimal position
on the chest wall for the pericardiocentesis, the exact
angulation of the transducer should be noted. It is
advisable to select a location at least 3 cm from the
sternum so as to avoid inadvertent damage to the



276 10 Pericardial Diseases

Fig. 10.27 The parasternal long-axis (a) and apical four-chamber (b) views in a 43-year-old man show typical findings of complete
absence of the pericardium. The cardiac chambers have an unusual orientation. The apical four-chamber is obtained with the trans-
ducer at the left axilla with the patient lying supine as the apex of the heart is deviated extremely leftward and posterior. The four-
chamber view has a typical teardrop shape. LA left atrium, LV left ventricle, RA right ventricle, RV right ventricle

160 mm

Wl Fig.10.29 This is a subcostal view showing a large echolucent

mass at the right costophrenic angle consistent with a pericardial

Fig. 10.28 The computed tomogram of the same patient shown  cyst. A small pericardial effusion is present. PE pericardial effu-
in Fig. 10.27 confirms complete absence of the pericardium sion, RA right atrium
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internal thoracic artery. Selecting the chest wall loca-
tion is the most critical step in the whole process.
Similar to the published data, our own experience
shows that a para-apical location and not the subcostal
location is the most common location for this proce-
dure. When inserting the pericardiocentesis needle the
operator should use the angulation similar to that of the
echo transducer used to determine the optimal chest
wall location. Monitoring the path of the needle is gen-
erally not necessary and in fact can be difficult as the
ultrasound beam is usually oblique to the path of the
needle. In order to ensure that the needle is in the peri-
cardial space, injection of echo contrast into the peri-
cardial space can be used to confirm its proper location.
Echo-guided pericardiocentesis is the standard practice
in our institution. Blindly using the subcostal approach
can only be justified in emergency situations where
echocardiography is not readily available.

Fig. 10.30 A computed tomogram of the same patient as in
Fig. 10.29 shows the large pericardial cyst to the right of the heart

Summary

Echocardiography is the primary tool in the detection of
pericardial effusion. In pericardial tamponade and con-
strictive pericarditis, comprehensive Doppler assessment,
particularly of the mitral and tricuspid velocities, has pro-
vided insight into the pathophysiology, and in constrictive
pericarditis, it has a pivotal role in the diagnosis. Despite
the advent of imaging modalities such as CT and mag-
netic resonance imaging, echocardiography is and will
remain to be the imaging modality of choice in the assess-
ment of patients with suspected pericardial disease.
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Prosthetic Heart Valves

The development of prosthetic heart valves has been a
major advance in the treatment of patients with valvu-
lar heart disease. There have been ongoing improve-
ments in valve design so that the performance and
durability of the currently available heart valves far
surpasses early generation valve prostheses. Despite
the major improvements in prosthetic heart valves and
the positive impact on outcome of patients with valvu-
lar heart disease, prosthetic heart valves are not a per-
fect solution since they are associated with both early
and late complications following their implantation
(Table 11.1). Valve replacement with a prosthetic heart
valve is not a curative procedure and is best viewed as
replacing one condition, native valvular heart disease,
with another condition, which is prosthetic valve dis-
ease. For this reason, choosing the optimal time for
valve replacement in patients with valvular heart
disease requires careful consideration of the patient’s
symptoms, the natural history of the disease, any con-
comitant cardiac anomalies including additional val-
vular abnormalities, and the lifestyle of the patient
post valve replacement surgery [1]. Patients with pros-
thetic heart valves need to be regularly followed to
monitor for cardiovascular events, particularly pros-
thesis related complications.

Clinical examination may be difficult in patients with
prosthetic heart valves. Presence of a heart murmur is a
common physical examination finding in these patients,
and a mild degree of valvular dysfunction may not be
associatedwithovertclinical findings. Echocardiography,
together with comprehensive Doppler assessment, is
ideally suited for the assessment of patients with pros-
thetic heart valves [2—4]. In addition to providing a com-
prehensive hemodynamic assessment of the prosthetic
valve, the impact on ventricular function and pulmonary
pressures can be assessed. Even mild prosthetic valvular
dysfunction can be detected by a comprehensive echo
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Doppler study provided that a baseline study shortly
following the implantation of the prosthetic valve is
available for comparison.

Types of Prostheses

The available cardiac valve prostheses can be divided
into two main groups: mechanical prostheses and bio-
logical prostheses [2, 3] (Fig. 11.1). The currently
available mechanical prostheses include the caged ball
valve prosthesis, single tilting disc prosthesis and a
double tilting disc prosthesis. The double tilting disc
prosthesis has the widest use. The Starr-Edwards valve
is the only caged ball valve still on the market. The
Medtronic-Hall valve is a single tilting disc valve that
enjoys widespread use. There are several models of the
bileaflet tilting disc valves, and the St. Jude bileaflet
valve is a popular model (Fig. 11.2).

Biological prosthetic valves include stented and
stentless valves (Fig. 11.3). There are two main types
of stented prosthetic valves which have the common
feature that the prosthetic valve leaflets are supported
by the sewing ring and associated stents on which the
biologic valve is mounted. A porcine prosthesis is one
in which the porcine aortic valve is mounted on the
sewing ring and stents. A common example is the
Hancock valve. Pericardial prostheses use bovine peri-
cardium to fashion into leaflets and mount on the sew-
ing ring and the supporting stents. A common example
is the Carpentier-Edwards pericardial valve. Two bio-
prosthetic valves (Edwards Sapien and CoreValve)
have been successfully implanted percutaneously to
treat aortic stenosis, and they are stented valves [5, 6].

There are three categories of stentless valves—the
xenograft, the homograft, and the autograft. The
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Table 11.1 Early and late complications of prosthetic heart valves

Early complications (<1 month following implantation)

11 Prosthetic Heart Valves

All prostheses Mechanical prostheses Bioprosthesis
Paravalvular leak Prosthesis malfunction due to Iatrogenic damage of prosthetic
Hemolysis suture overhang leaflet

Infective endocarditis

Valvular thrombosis

Prosthesis malfunction

left ventricular outflow tract (LVOT) obstruction
Coronary ostial obstruction (AVR)

Aortic dissection

Thromboembolism

Arrhythmia

Heart block

Chronic complications
Thromboembolism Valvular thrombosis
Pannus formation
Perivalvular leak
Hemolysis
Patient—prosthesis mismatch
Infective endocarditis
LVOT obstruction
LV free wall rupture (MVR)
Heart block
Arrhythmia
Infective endocarditis

Prosthetic Heart Valves

Mechanical valves

Caged ball Single tilting  bileaflet tilting
disc discs

Bioprosthetic valve

Stented Stentless

Bovine
pericardial

Porcine Xenograft Homograft autograft
(aortic)

Fig. 11.1 Types of prosthetic heart valves

xenograft stentless valves usually are preparations of the
porcine aortic root with the aortic valve in situ. They are
developed to provide larger aortic orifices with lower
transvalvular gradients. The Medtronic Freestyle and St.
Jude Medical Toronto are two examples. They are tech-
nically demanding to implant. They can be fashioned to

Strut fracture
Poppet variance
Cloth wear and dehiscence

Suturing of valve orifice

Leaflet degeneration
Leaflet tears

Leaflet perforation
Stent creep

permit subcoronary implantation or to be implanted as a
mini-root with reimplantation of the coronaries.

The same technical complexities apply to the
homografts which are cryopreserved human aortas or
pulmonary arteries. They are more limited in size and
availability. An autograft is used mainly in young patients.
This involves using the patient’s own pulmonary valve to
replace the dysfunctional aortic valve and implant a
homograft in the pulmonary position. This procedure,
commonly known as the Ross operation, is complex and
technically demanding [7]. There is the potential of creat-
ing dysfunction of two valves (the aortic and pulmonary
valves) to treat the dysfunction of one valve (the aortic
valve), even if it is performed properly (Fig. 11.4).

It is useful to know the exact type, size and model of
the prosthesis in order to properly interpret the hemody-
namic findings obtained by Doppler echocardiography.
For the tilting disc prosthesis (single disc or double disc),
a small degree of regurgitation is a normal finding. With
the Medtronic Hall valve, a single tilting disc with a cen-
tral pivot, a small central valvular regurgitation is invari-
ably present (Fig. 11.2). This normal regurgitant jet may
not be appreciated by transthoracic echocardiography
due to suboptimal images and reverberation artifact from
the prosthetic valve, particularly those in the mitral or
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Fig. 11.2 The common types of mechanical heart valves with their corresponding transesophageal echocardiographic views
during valve opening and typical color-flow images during closure. The St. Jude valve is shown on the top row, the Medtronic-
Hall valve in the second row and the Starr-Edwards valve in the bottom row. LA left atrium, LV left ventricle (Reproduced from
Zoghbi et al. [2]. With permission)

tricuspid position. In patients with bileaflet prosthetic
valves, small valvular regurgitant jets emanating from
the hinges are also a normal finding and thus eccentric
regurgitant jets should not be used as an indication of
perivalvular regurgitation in the setting of bileaflet
mechanical valves. It is also not uncommon to have
additional small regurgitant jets emanating from the
central coaptation between the two leaflets [2].

In contrast, biological prosthetic valves generally do
not have significant valvular regurgitation. Tiny jets of
perivalvular regurgitation shortly following surgery
can be detected and usually disappear on follow up.
Anything other than trivial valvular regurgitation in a
biologic valve should raise the possibility of pathologic
changes such as degeneration of the prosthetic leaflets.

The absence of stents indicates that the biological
valve is a type of stentless valve. In this situation, the
ascending aorta should be examined to assess the
distal anastomosis in case the mini-root technique is
used, and since both coronary arteries may have been
reimplanted onto the xenograft or homograft, the
ostia of the coronary arteries should be carefully
examined to detect complications such as dehiscence.
It is not uncommon for the coronary ostia to appear
dilated, due to the use of part of the aortic wall as a
button in the reimplantation. Imaging the distal anas-
tomosis in a patient with an aortic homograft will
generally show that there is a size discrepancy
between the homograft and the usually larger native
distal ascending aorta.
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Fig. 11.3 The common bioprosthetic valves and their transesophageal echocardiographic views and color-flow findings are shown.
The top row is a stented bioprosthetic valve, the middle row the stentless bioprosthetic valve, and the bottom row the Edwards Sapien
valve which can be implanted percutaneously. LA left atrium, LV left ventricle, RA right atrium (Reproduced from Zoghbi et al. [2].
With permission)

As with native valves, there is an intimate relation-
ship between valve morphology and function with
prosthetic valves, but the challenge is that the valve
morphology, particularly the mechanical prostheses,
can be difficult to assess. The valve ring, stents, and
fibrosis of adjacent cardiac structures due to valve sur-
gery all contribute to the challenge for imaging the dif-
ferent components of the prosthetic valves. There
should be a low threshold to perform transesophageal
echocardiography (TEE) in this setting as TEE pro-
vides high quality images which are essential in the

assessment of prosthetic valves. A comprehensive echo
Doppler examination using pulsed wave, continuous
wave and color flow imaging is the ideal non-invasive
means to assess prosthetic valvular function. The
examination should include measures of valvular steno-
sis, valvular regurgitation, right ventricular systolic
pressure and the assessment of unusual intracardiac
flow, such as a fistula communication between the
aortic root and the right ventricular outflow tract.
Since the prosthetic valves are intrinsically stenotic to
some degree, the mere presence of high transvalvular
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Fig. 11.4 This 32-year-old woman had the Ross procedure for congenital aortic stenosis at age 14. The parasternal long axis view
(a) shows nodular thickening of the aortic valve and dilated ascending aorta of 4.9 cm in diameter. Color flow imaging
(b) shows moderate aortic regurgitation. The pulmonary allograft (arrows) is diffusely narrowed (c¢). Continuous wave Doppler (d)
confirms stenosis of the pulmonary allograft. Ao aorta, LA left atrium, LV left ventricle, MPA main pulmonary artery

gradient does not necessarily indicate dysfunction of
the prosthetic valve. Comparison should be made with
the expected gradients for the specific type and size
of the prosthesis [2, 8, 9]. Other alternative explana-
tions include the presence of subvalvular obstruction,
perivalvular regurgitation and a high flow state.

Morphologic Assessment
of Prosthetic Valves

The poppet(s) of a mechanical valve should have full
unrestricted excursion during opening and proper coap-
tation with the valve ring during closure. The poppets of

bileaflet valves can have a 90° opening angle such that
the two semicircular poppets are parallel to each other
during maximum opening (Fig. 11.5). The hinges of the
bileaflet mechanical valve protrude above the valve ring
and should not be confused with abnormal masses such
as thrombus or vegetation. The Medtronic Hall valve has
a single disc pivoted on a central strut with a maximum
opening angle of about 70° (Fig. 11.6). The central strut
can be quite prominently imaged above the sewing ring.
The cage in a Starr Edwards valve has a high profile and
protrudes prominently into the receiving chamber. The
motion of the ball may be difficult to image as it is
obscured by the cage (Fig. 11.7). Knowledge of the
characteristics of the prosthetic valve is crucial to avoid
improper interpretation of the echo findings.
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Fig. 11.5 Transesophageal
views of a bileaflet mechani-
cal valve in the mitral
position showing normal
leaflet closure (arrows)
during systole (a) and a
normal 90° opening of both
leaflets (arrows) opening
during diastole (b)

Fig. 11.6 Parasternal
long-axis (a) and apical
four-chamber (b) views of a
normally functioning single
leaflet mitral mechanical
valve (Medtronic Hall)
shows normal opening of the
disc (arrow) to about 70°.
Reverberation artifact is
present in the left atrium in
the four-chamber view. LA
left atrium, LV left ventricle,
RA right atrium, RV right
ventricle

The poppet motion of either the single or double
leaflet mechanical prosthetic valves can usually be
imaged by transthoracic echocardiography. The best
echocardiographic views to assess this motion are the
parasternal long-axis and the apical views (Figs. 11.6,
11.8). The apical views can be adjusted so as to dem-
onstrate the full motion of the poppet(s). In patients
with a ball valve prosthesis, the excursion of the pop-
pet can be difficult to appreciate because of the strong
reflectivity of the cage and the poppet (Fig. 11.9).
Sutures on the valve ring can be well imaged by TEE,
particularly 3D TEE with mitral prostheses. Short
mobile suture ends are not uncommon.

When the poppet is well seen and there is reduced
poppet excursion, causes for the reduced poppet motion

11 Prosthetic Heart Valves

need to be carefully assessed. The two common causes
are valvular thrombosis and pannus formation [10-12].
Transesophageal echocardiography has been used to
differentiate these two conditions. Pannus is visualized
as echo-dense tissue at the annulus encroaching into the
inner opening of the sewing ring, as opposed to throm-
bus which is an echolucent sessile mass at the sewing
ring extending to the adjacent atrial wall (Figs. 11.10,
11.11) [12]. It may be difficult to reliably differentiate
these two conditions. Vegetations should always be
considered when valvular masses are detected, although
they are more likely to be pedunculated with excessive
motion [13, 14]. The clinical context can be very use-
ful. In a patient with sub-therapeutic anticoagulation
and no clinical evidence of endocarditis, an echolucent
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Fig. 11.7 Parasternal long-axis (a), short-axis (b, ¢) and apical four-chamber (d) views of a patient with a Starr-Edwards valve show
that the high profile cage protrudes prominently into the left ventricle. The cage (arrow) is clearly seen but the ball cannot be clearly
visualized. There is prominent reverberation artifact (arrowhead) in the left atrium. LA left atrium, LV left ventricle, RA right atrium,
RV right ventricle

Fig. 11.8 Parasternal
long-axis (a) and short-axis
(b) views show a normal
functioning bileaflet mitral
mechanical valve with the
two leaflets clearly seen in
the short-axis view (b).
There is a prominent
shadowing artifact arising
from the anterior valve ring
in the parasternal long-axis
view (a). LA left atrium, LV
left ventricle
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Fig. 11.9 Parasternal short
axis view (a) shows the
protruding cage of a mitral
Starr-Edwards valve and the
ball cannot be well seen. The
color-flow imaging (b) shows
normal flow coming into the
left ventricle around the ball

poppet

Fig.11.10 (a)
Transesophageal view of a
bileaflet mitral mechanical
valve showing immobility of
the lateral leaflet and reduced
mobility of the medial leaflet
(arrow). Color-flow imaging
(b) shows flow passing
through only the medial
orifice. At surgery extensive
pannus formation impeding
the motion of both leaflets is
present. LA, left atrium

sessile mass on the sewing ring of a mechanical pros-
thetic valve is likely a thrombus. On the other hand, an
echo dense mass at a similar location is likely pannus in
a patient with adequate anticoagulation.

As discussed above, the current generation of single
leaflet and bileaflet mechanical prosthetic valves are
constructed in such a way that there are small jets of
valvular regurgitation to reduce stasis and to wash out
potential thrombus at the pivoting points (Fig. 11.2).
These built in regurgitant jets are not well visualized by
transthoracic echocardiography, which frequently con-
fuses these jets with small paravalvular regurgitation

11 Prosthetic Heart Valves

jets. These jets can be well appreciated by TEE and can
be differentiated from pathologic perivalvular jets by
their typical location at the pivoting points, such as the
two hinges in bileaflet valves, the small size of the jets
and the origins of the jets located inside rather than out-
side of the sewing ring. Because of the good quality
images, TEE should be readily used if there is any indi-
cation of prosthetic valvular dysfunction.

In stented bioprosthetic valves, the three stents can
be quite prominent and obscure the leaflets (Figs. 11.12,
11.13). They must be differentiated from abnormal
masses such as calcification. Mitral prostheses are
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Fig.11.11 (a)
Transesophageal view of a
bileaflet mitral mechanical
valve shows that one of the
leaflets (arrow) is immobile
and there is echo density on
the atrial surface of this
immobile leaflet extending
onto the atrial wall consistent
with thrombus. The other
leaflet demonstrates normal
motion. Color-flow imaging
(b) shows flow through the
open half of the mitral orifice

Fig.11.12 (a) Transesophageal echo view of a normal function-
ing stented mitral bioprosthesis in systole shows that the leaflets
coapt normally and the leaflets are thin with no localized nodule
or brightness. (b) Tranesophageal view of the stented mitral bio-
prothesis in diastole shows that the leaflets are thin with full
excursion and no doming. LA left atrium, LV left ventricle
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positioned such that they are generally tilted anteriorly
with the flow directed towards the septum. Although
left ventricular outflow tract (LVOT) obstruction is
possible with older high profile prostheses, this com-
plication is very rare with the current prosthetic valves.
The current stentless valves are exclusively for aortic
valve replacement, and after implantation the only
abnormal finding may be mild thickness at the aortic
root. The leaflets are usually well seen without inter-
ference of the valve ring and stents (Fig. 11.14).

Biological prosthetic valves in general are easier to
image, as compared to mechanical valves. The leaflets
of the bioprosthetic valves are best imaged using the
parasternal views. The imaging plane may need to be
carefully adjusted so that it cuts between the valve
stents in order to optimally visualize the leaflets.
Normal bioprosthetic leaflets are thin and mobile with
full excursion and proper coaptation. No regurgitation
is present (Fig. 11.15). Doming of the leaflets indicates
restricted motion and less than full excursion; and this
is usually accompanied by degenerative changes with
fibrin and lipid insudation leading to fibrosis, thicken-
ing and calcification of the leaflets [15, 16]. These
changes can best be assessed by TEE (Fig. 11.16) [17].
When the degenerative changes become severe, the
leaflet motion is further reduced resulting in valvular
stenosis which can be assessed with an approach simi-
lar to that for native valve stenosis.

The coaptation of bioprosthetic leaflets should be
carefully examined. The presence of leaflet prolapse is
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Fig. 11.13 Transesophageal
3D views of a normal stented
mitral bioprosthetic valve
from the left atrial (a) and
left ventricular (b) perspec-
tives. From the left atrial
perspective, the sutures at the
valve ring can be clearly
seen. From the ventricular
perspective, two of the stents
are clearly seen while the
remaining one is obscured.
Proper coaptation of the
three leaflets is present

Fig. 11.14 (a) Tranesopha-
geal longitudinal plane of a
stentless aortic bioprosthesis
shows a mild thickening of
the aortic root but no
evidence of stents. Color-
flow imaging (b) show
moderate aortic regurgitation
which is posteriorly directed.
Ao aorta, LA left atrium

an indication of the presence of a tear or tears in the
leaflet (Figs. 11.17—11.19). Flail of the leaflet is diag-
nosed when the tip of the leaflet is everted pointing
into the downstream chamber during leaflet coapta-
tion, indicating that the leaflet tear(s) is large
(Figs. 11.20, 11.21). Perforation of the leaflet can
occur because of tissue degeneration at the base of the
leaflet which is subjected to high mechanical stress.
These morphologic features are important to detect
because they are signs that the degeneration of the bio-
prosthetic valve is quite advanced and that significant
valvularregurgitationisinvariably present. Calcification
can be particularly severe with homografts and when
present can make assessment of leaflet excursion
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difficult (Figs. 11.22-11.24). We have observed that
once moderate aortic regurgitation occurs in a patient
with a calcified homograft, there is a high likelihood
that further sudden increase in valvular regurgitation
as a result of extension of the leaflet tear(s) may occur
within the next 6—12 months. These patients need to be
closely followed. During color flow examination, the
regurgitant jet may be obscured by the prosthetic valve.
Careful search for the presence of flow convergence on
the upstream side of the valve helps to minimize the
risks of missing significant regurgitation [18].

Normal prosthetic valves are well seated and move
in unison with the surrounding cardiac structure.
Excessive motion such as rocking of the sewing ring
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Fig. 11.15 Apical long-axis
view (a) shows proper
coaptation of the leaflets
(arrow) of a stented aortic
bioprosthetic valve. Color-
flow imaging (b) shows no
aortic regurgitation. LA left
atrium, LV left ventricle

[N 43K

Fig. 11.16 Transesophageal views of a degenerated mitral bioprosthetic valve show restricted opening of the leaflets evidenced by
doming (arrow) in (a). There is dense calcification on the leaflets (arrow) in (b). Color-flow imaging (c) shows a stenotic flow jet
which is confirmed by continuous wave Doppler (d) showing a mean transprosthetic gradient of 10 mmHg. LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle
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Fig. 11.17 Apical
four-chamber view (a) in a
patient with a stented mitral
bioprosthesis shows prolapse
of one of the leaflets (arrow).
Color-flow imaging (b)
confirms the presence of
severe mitral regurgitation.
LA left atrium, LV left
ventricle

Fig. 11.18 Transesophageal
view (a) of a stented aortic
bioprosthetic valve shows
prolapse of the anterior
bioprosthetic leaflet (arrow).
Color flow imaging (b)
confirms significant aortic
regurgitation which is
directed posteriorly. Ao aorta,
LA left atrium

indicates the presence of dehiscence. In these patients,
perivalvular regurgitation is likely present and TEE
should be performed if the transthoracic study fails to
identify perivalvular regurgitation (Fig. 11.25).

Hemodynamic Assessment
of Prosthetic Valves

A comprehensive assessment of the prosthetic heart
valve comprises of a detailed examination of the differ-
ent components of the valve, the motion of the moving
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poppet or the biological leaflets, and hemodynamic
assessment including transvalvular gradients, calcu-
lated valve areas and the presence or absence of regur-
gitation. The blood pressure and heart rate of the patient
need to be recorded and the left ventricular function
carefully assessed in order to provide a proper under-
standing of the transvalvular hemodynamics, which are
affected by preload and afterload [3]. An increase in
stroke volume can accentuate the transvalvular gradi-
ents and similarly a decrease in stroke volume related
to left ventricular dysfunction leads to reduced trans-
valvular gradients. Thus, assessment of stroke volume
should be an integral part of an echo examination of
patients with prosthetic valves.
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Fig. 11.19 Transesophageal view (a) of a bioprosthetic mitral valve shows prolapse of one of the bioprosthetic leaflets (arrow).
Color-flow imaging (b) shows only trivial mitral regurgitation. Repeat study 2 years later (¢) shows that the bioprosthetic leaflet is
now flail (arrow). Color-flow image (d) shows eccentric mitral regurgitation of at least moderate severity. LA left atrium, LV left
ventricle

Fig. 11.20 (a) Transesopha-
geal view of a mitral
bioprosthetic valve shows
flail of one of the biopros-
thetic leaflets (arrow).
Color-flow imaging

(b) shows severe mitral
regurgitation. Ao aorta, LA
left atrium, LV left ventricle
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Fig. 11.21 (a) Transesopha-
geal view of a stented aortic
bioprosthetic valve shows
flail of the posterior leaflet
(arrow). Color-flow imaging
(b) shows anterior directed
aortic regurgitation. Ao aorta,
LA left atrium, LV left
ventricle
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Fig. 11.22 Parasternal long-axis (a) and short-axis (b) views of a patient with an aortic homograft showed dense calcification
involving the leaflets of the homograft as well as the base of the aortic root. Color-flow imaging in the parasternal long-axis
(¢) and apical long-axis (b) views confirmed severe aortic regurgitation. This patient went on to develop heart failure within 1 month
following this study and required urgent repeat aortic valve replacement
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Fig. 11.23 Excised aortic homograft demonstrating severe cal-
cification of the cusps

Fig. 11.24 Excised aortic homograft. The graft and cusps are
removed in pieces due to the severe calcification and fibrosis.
Calcified yellow plaques can be noted with white intimal tissues.
Two distorted cusps are noted in the lower image

Prosthetic-Patient Mismatch

Despite improvement in the design of the valves, most
prosthetic valves are intrinsically stenotic, particularly
with prosthetic valves in the smaller size range. It is
worth noting that the size of the prosthesis provided by
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the manufacturer refers to the outer diameter of the
valve ring, and the inner diameter can be smaller by sev-
eral millimeters. This difference may vary from one
valve type to another [19, 20]. Proper interpretation of
the hemodynamic performance of the prosthetic valves
must take into consideration the type, the model and the
size of the prosthesis. The normal ranges of transvalvu-
lar gradients and valve areas of the common prosthetic
valves have been published [8, 9] (Appendices 11.1,
11.2). These values should be consulted and compared
with those obtained in the patient. With the small sized
valves, significant valvular obstruction as measured by
transvalvular gradients and valve area can be present,
despite the fact that the prosthetic valve is functioning
normally. This is due to the smaller effective orifice
area (EOA) of the prosthetic valve as compared to the
normal native valve. This phenomenon has been termed
“prosthesis—patient mismatch” and some degree of this
is extremely common [21]. It has been shown that the
hemodynamic consequence, as measured by the trans-
valvular gradient, sharply increases when the EOA
indexed for body surface area is <0.85 cm?m? for the
aortic prosthetic valves and <1.2 cm?m? for the mitral
prosthetic valves (Fig. 11.26) [22, 23]. As expected,
prosthesis—patient mismatch is more prevalent with
smaller size valves implanted in large patients. The use
of smaller size valves are generally necessitated by the
presence of a small patient valve annulus. In this situa-
tion, the prosthetic valve is functioning normally but is
just too small for the hemodynamic need of the patient.
Prosthesis—patient mismatch has been shown to be
associated with short-term and long-term adverse car-
diovascular events [24-26]. With careful planning to
choose the correct size and type of prosthesis and mod-
ification of the surgical technique, prosthesis—patient
mismatch can be avoided.

High Transprosthetic Gradient
and Prosthetic Dysfunction

A frequently encountered situation in patients with
prosthetic valves is the detection of a high trans-pros-
thetic gradient, usually a peak velocity > 3 m/s and
mean gradient > 20 mmHg for the aortic prostheses,
and peak velocity > 1.9 m/s and mean gradient >
5 mmHg for the mitral prostheses [2]. Prosthetic
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Fig. 11.25 Transesophageal
view (a) of a mechanical
bileaflet mitral valve shows
excessive motion of the

a
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posterior sewing ring. .

Color-flow imaging (b)
confirms severe paravalvular
regurgitation. LA left atrium,
LV left ventricle

valvular obstruction becomes a consideration. The
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these patients [3]. As discussed above, information VTI,x

about the type, model and size of the prosthesis is cru- 4

cial, and obtaining this information is the first step. ,

This should be followed by calculating the EOA using EOA _ T wvor X VT, yor

the continuity equation. The stroke volume of the left MVR VT, r ’

ventricular outflow tract (LVOT) is usually the refer-

ence standard. Thus, EOA for aortic prosthesis yhere r is the radius of the LVOT, VTI the
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Fig. 11.26 The effect of 10-50% increase in stroke volume on the relationship between indexed effective orifice area and the
trans-prosthetic gradient for the aortic bioprosthetic valves (a) and mitral bioprosthetic valves (b) studied in a physiologic pulse
duplicator system (Reproduced from Dumesnil et al. [22]. With permission)
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Fig. 11.27 A practical approach
to assess high trans-prosthetic
gradients. AS aortic stenosis, EOA
effective orifice area, MR mitral
regurgitation, TEE transesopha-
geal echocardiography (Modified
after Pibarot and Dumesnil [27])

Measured EOA=reference EOA+1SD

Indexed EOA
> 0.85 cm?/m2(aortic)
> 1.2 cm?/m2(mitral)

7N\

No Yes

Patient prosthesis
mismatch

High flow state
subvalvular AS
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High trans-prosthetic gradients

Calculate EOA and
Compare with reference value

AN

Measured EOA < reference EOA+1SD

Prosthetic dysfunction

Prosthetic stenosis
occult MR

aortic regurgitation

valve and VTI . the velocity time integral at the
mitral prosthetic valve. The equation for EOA . is
not applicable, if there is significant concomitant aor-
tic regurgitation or mitral regurgitation.

The gradients and EOA can then be compared with
the published values for that particular prosthetic
value of that particular size (Appendices 11.1, 11.2).
If the measured EOA is smaller than the reference
EOA, prosthetic valvular dysfunction is highly likely
and our preference is to proceed with TEE to deter-
mine the etiology and to plan treatment. The TEE
findings may help to differentiate thrombus from pan-
nus, identify the poppet or leaflet motion, and assess
the location and severity of valvular and paravalvular
regurgitation. If the measured EOA is similar to the
reference EOA, the EOA should then be indexed for
the body surface area. An indexed EOA < 0.85 cm?/
m? for aortic prostheses or <1.2 cm?m? for mitral
prostheses indicates that prosthesis—patient mismatch
is the reason for the high trans-prosthesis gradients
(Figs. 11.28, 11.29) [22, 23]. On the other hand, if the
indexed EOA is clearly above these threshold values,
one should consider causes for high flow in the LVOT
such as subvalvular aortic stenosis, aortic regurgita-
tion or a high flow state [2, 3].

The following caveats apply:

. Consider left ventricular systolic function.

The transprosthetic gradients should be inter-
preted in the context of LV systolic function. If
there is severe LV dysfunction, prosthetic dys-
function may be present even with “normal” trans-
prosthetic gradients. When there is LV systolic
dysfunction, EOA should be routinely calculated
in addition to the gradients and compared with the
reference value.

. Routine calculation of stroke volume.

The LV stroke volume can be obtained readily by
multiplying the velocity time integral of systolic
flow in the LVOT with the area of the LVOT. Care
should be taken to avoid placing the Doppler sam-
ple volume too close to the aortic prosthetic valve.
Optimal LVOT pulsed wave Doppler signal should
be laminar with a narrow spectrum and is usually
obtained 1 cm from the aortic annulus. An accurate
stroke volume measurement can be used to calcu-
late the LV ejection fraction [27]. It is also the key
component in calculating the prosthetic EOA.
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Fig. 11.28 (a, b) This 26-year-old man had enlargement of the aortic annulus and implantation of a mechanical bileaflet aortic valve
(25 mm St. Jude valve) at age 12. (¢, d) The transprosthetic peak and mean gradients are 58 and 30 mmHg. The Doppler velocity
index is 0.29. The calculated effective orifice area is 1.11 cm? which is smaller than the reference value of 1.93 + 0.45 cm?, indicating
that prosthetic dysfunction is present

. Optimization of transprosthetic velocity.

Similar to native aortic stenosis, the maximum
velocity at the aortic prosthetic valve needs to be
assessed from multiple acoustic windows to ensure
that the highest velocity is obtained. The envelope
of the Doppler signal should be optimized to avoid
overestimation due to extraporation of a poorly
defined spectral envelope.

. Prosthetic size and model not available.

When the size and model of the prosthetic valve are
unavailable, there would be no appropriate reference
values of pressure gradients or EOA for comparison.
The dimensionless Doppler velocity index (DVI) can
be useful in this setting [28]. DVI is a ratio of the
peak velocity in the LVOT divided by the peak flow
velocity through the aortic prosthesis. This ratio
adjusts for high flow state such as aortic regurgitation

which increases the flow velocities in the LVOT as
well the aortic prosthesis. A DVI > 0.35 would indi-
cate that the high transprosthetic gradient is related to
high flow and not to prosthetic valve dysfunction.
For the mitral prosthetic valve, a DVI > 0.45 cut-off
has been suggested [3]. The routine calculation of
stroke volume would likely have detected the possi-
bility of the high flow state. A low DVI (<0.25) has
been shown to be highly suggestive of aortic pros-
thetic stenosis, but it does not differentiate prosthe-
sis—patient mismatch from other causes of prosthetic
dysfunction (Figs. 11.28, 11.29) [29, 30].

. Prosthetic leaflet or poppet mobility.

When prosthetic dysfunction is suspected, the etiol-
ogy should be investigated. In our experience, TEE is
the preferred imaging modality, as it can identify
abnormal leaflet or poppet motion, as well as the pres-
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Fig. 11.29 This 62-year-old woman had aortic valve replacement with 19 mm St. Jude valve at age 44 for aortic stenosis.
(a, b, ¢, d) The transprosthetic peak and mean gradients are 44 and 26 mmHg. The Doppler velocity index is 0.30. The calculated
effective orifice area is 0.94 cm? which is similar to the reference value of 1.01 + 0.24 cm?, showing that it is functioning normally.
The indexed valve area is 0.55 cm*m? indicating severe prosthesis—patient mismatch

ence and severity of valvular or paravalvular regurgi- cinefluoroscopy can be useful in assessing poppet
tation. Our experience suggests that real-time 3D TEE motion, but not the etiology of the abnormal motion
is a powerful tool in assessing prosthetic valves such as thrombus or pannus [3]. Occult prosthetic
(Figs. 11.30, 11.31). In mechanical prosthetic valves, regurgitation also will not be detected by this means.

Fig. 11.30 Transesophageal
3D views of a bileaflet mitral
mechanical prosthetic valve
from the left atrial perspec-
tive in systole (a) and
diastole (b) show normal
leaflet closure and opening.
Sutures at the valve ring can
also be identified
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Fig. 11.31 Transesophageal
3D view of a bileaflet mitral
mechanical valve shows two
areas of dehiscence at the
valve ring (arrow) in (a).
Paravalvular regurgitation
emanating from the areas of
dehiscence is shown in (b)

6. Pressure recovery.

Pressure recovery has been proposed to account for
the discrepancy between the Doppler pressure gra-
dients and catheter measured pressure gradients in
bileaflet mechanical valves [31-33]. The magni-
tude of the difference is generally small, but may be
substantial in the setting of a small size prosthesis
and small aortic root (<3 cm in diameter).
Calculations to correct the effect of pressure recov-
ery have been published [33, 34].

7. Localized high gradient in bileaflet prosthesis.

8.

The bileaflet mechanical valve has three orifices
with two larger side orifices and a smaller central
orifice such that the velocity across the central ori-
fice is slightly higher. Selective sampling of the
velocity at the central orifice may yield a high
transvalvular gradient which may be confused for
an obstructed mechanical valve [3]. In our experi-
ence this phenomenon is quite rare. When this
phenomenon is suspected, TEE should be per-
formed to ensure that the leaflet motion is indeed
normal.

Pressure half-time.

In the follow-up of mitral prosthetic valves, an
increase in the pressure half-time suggests the
development of prosthetic obstruction and a
decrease may indicate the development of mitral
regurgitation. A substantial change in the pressure
half-time should prompt a more detailed search for
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other findings of prosthetic dysfunction. However,
it is invalid to use the pressure half-time to calcu-
late the EOA based on the empirical formula devel-
oped for native mitral stenosis [22].

9. Comparison with prior studies.

A baseline study of the prosthetic valve is very use-
ful for comparison to detect subtle findings of pros-
thetic dysfunction, and should be performed within
6 months following surgery. An abrupt increase in
the motion of the sewing ring may be a hint to the
development of dehiscence, and reduction in the
opening angle of the poppet an indication of valvu-
lar thrombosis [35]. Transprosthetic gradients can
vary from study to study and should be interpreted
in conjunction with other measures such as EOA,
stroke volume and DVI.

10. Measurement errors.

An echo Doppler study of the prosthetic valve pro-
vides multiple morphologic and functional measures
which should show concordance in the diagnosis of
prosthetic dysfunction. When discrepancies occur, it
is important to re-examine the underlying measure-
ments. For instance, a small prosthetic EOA may be
due to an incorrect LVOT diameter measurement, as
LVOT diameter is frequently underestimated.
Overestimation of EOA can be caused by a spurious
high flow velocity in the LVOT as a result of the
Doppler sample volume being too close to the aortic
prosthesis.
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Fig. 11.32 Transesophageal view of a mechanical mitral bileaf-
let valve in systole shows the presence of paravalvular regurgita-
tion at the medial valve ring (arrow)

11. Follow-up studies.

Doppler echocardiography is useful in the evaluation
of patients with prosthetic valves and should be an
integral part of the follow up of these patients. In
addition to providing detailed information on pros-
thetic valvular function, it can also provide a compre-
hensive assessment of ventricular function. Optimal
baseline studies are essential prior to discharge after
valve replacement or at the first follow-up visit.
Repeat studies should be performed at regular inter-
vals [1]. For the biologic prosthesis, annual examina-
tion is reasonable, whereas for the mechanical
prosthesis, examination once every 2 years is suffi-

Fig. 11.33 Tranesophageal
view (a) shows the presence
of the CoreValve, which is a
bioprosthetic valve imbedded
in a nitinol frame, in the
aortic position. Color-flow
imaging (b) shows small
perivalvular regurgitation
posteriorly. LA left atrium

299

cient provided that the baseline study shows no
abnormalities. On the other hand if the baseline study
demonstrates abnormality, more frequent echocar-
diographic examinations should be performed.

Prosthetic Valvular Regurgitation

The approach to assess prosthetic valvular regurgitation
is similar to that in native valvular regurgitation, although
it is technically more demanding due to the artifacts from
the highly echo-reflective components of the prosthetic
valve. The reverberation artifact can mask part or whole
of a regurgitant jet. This is a challenge when imaging for
mitral regurgitation using transthoracic echocardiogra-
phy but can be readily resolved by TEE (Fig. 11.32).
Aortic prostheses do not obscure aortic regurgitation to
the same extent. It is important to determine whether the
regurgitation is valvular or paravalvular (Fig. 11.33). In
bioprosthetic valves, eccentric jets arising from the sew-
ing ring are an indication that the regurgitation is paraval-
vular, but this logic does not apply in assessing mechanical
bileaflet valves as previously discussed. Quantitation of
regurgitation is based on similar principles used in native
valvular regurgitation which are discussed in Chaps. 3-5.
It is important to look for flow convergence in the
upstream chamber, and multiple flow convergences may
be present when dealing with paravalvular regurgitation.
Jet width and jet area are other parameters that are widely
used to grade the severity of regurgitation.
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Stress Echocardiography

Stress echocardiography is increasingly used in the
assessment of patients with valvular heart disease and
can be very useful also in patients with suspected
prosthetic dysfunction [36, 37]. Exercise is the pre-
ferred stress modality as it provides assessment of the
physiologic responses to exercise. In patients who
cannot exercise, pharmacologic stress, such as
Dobutamine, can be used. Exercise echocardiography
with a supine bicycle is best suited to assess patients
with prosthetic heart valves due to its ability to assess
intracardiac hemodynamics at different stages of exer-
cise. There are two related indications for stress
echocardiography: (a) to assess the functional signifi-
cance of mild to moderate prosthetic dysfunction, and
(b) to assess the cause of exertional symptoms. In

11 Prosthetic Heart Valves

patients with prosthetic stenosis particularly due to
prosthesis—patient mismatch, it is a clinical challenge
to decide if and when to replace the dysfunctional
prosthesis because of the non-progressive nature of
the condition, limited benefits of replacement with
another prosthesis and increased risks associated with
repeat surgery. On the other hand, regurgitation due to
prosthetic valvular degeneration invariably progresses
and will require repeat valve replacement. Thus exer-
cise echocardiography is more commonly used to
assess patients with prosthetic obstruction. During
exercise, the transprosthetic gradients are measured at
each stage of exercise, together with assessment of the
right ventricular systolic pressure (Fig. 11.34). Other
intracardiac hemodynamics to be assessed include
presence and severity of subaortic obstruction, mitral
regurgitation and tricuspid regurgitation (Fig. 11.35).
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Fig. 11.34 Stress-echocardiogram in a 20-year-old woman with a 23 mm Medtronic Hall valve in the mitral position. The resting
transprosthetic peak and mean gradients are 20 and 7 mmHg (a), and the right ventricular systolic pressure is 37 mmHg (b) assuming
a right atrial pressure of 10 mmHg, at a heart rate of 83 beats/min. At peak exercise, the peak and mean transprosthetic gradients are
38 and 19 mmHg (c), and the right ventricular systolic pressure is 88 mmHg (d), at a heart rate of 118 beats/min associated with severe
dyspnea. These findings confirm the clinical impression that the obstruction at the mitral prosthetic valve is significant and responsible
for the patient’s exercise intolerance
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Fig. 11.35 This patient had a mechanical bileaflet aortic valve (19 mm St. Jude valve) with high transvalvular gradients. During exer-
cise, systolic anterior motion of the mitral leaflets (arrow) was detected (a). Color-flow imaging (b) showed flow acceleration at the left
ventricular outflow and severe mitral regurgitation which is posteriorly directed. Continuous wave Doppler examination (¢, d) con-
firmed the presence of severe subaortic obstruction. The findings of the stress echocardiogram showed that the patient’s exertional
symptoms were due to the development of severe subaortic stenosis and severe mitral regurgitation. The patient went on to have aortic
root enlargement, repeat aortic valve replacement with a larger size valve and myectomy of the basal septum. LV left ventricle

It has not been clearly defined as to what constitute a
significant exercise-related increase for many of the
intracardiac hemodynamic findings. It is reasonable to
conclude that the prosthetic dysfunction is function-
ally significant when there are marked increases in
transprosthetic gradients and/or right ventricular sys-
tolic pressure, particularly when they correlate with
development of symptoms during the exercise.

Prosthesis-Related Complications

Prosthetic heart valves are associated with many com-
plications both early following implantation and for the
long term (Table 11.1) [38—42]. Some of the complica-
tions are associated with all types of valves (mechanical

and bioprosthetic), some are valve design specific (such
as the Bjork Shiley disc escape), and other complica-
tions are related to the surgical procedure and medical
therapy such as anticoagulation. Valve prosthesis dys-
function and potential life-threatening sequelae con-
tinue to be the nemesis of all prosthetic valves. Currently
available mechanical and bioprosthetic valves have a
11-year probability of valve-related complications of
approximately 62-79% [43]. It should be recognized
that many patients still have valve prostheses that are no
longer being implanted. These prostheses may no lon-
ger be common but it is still important for echocardiog-
raphers and pathologists to recognize the complications
specific for the valve type.

Early intra-operative or post-operative patient—
prosthesis mismatch may become apparent if the valve
size is not adequate. This can be recognized by



Fig. 11.36 Mechanical Medtronic Hall prosthesis with poor
disc movement due to excessive suture material

Fig. 11.37 Transesophageal view shows a stented aortic bio-
prosthetic valve which has an unusual orientation with the ante-
rior sewing ring deviated into the left ventricular outflow tract
(LVOT). A small intimal flap (arrow) is present at the anterior
aortic root consistent with a localized dissection. Ao aorta

examining the reference EOA for the particular size
and model of the prosthesis in relation to the body sur-
face area of the patient [3, 23]. The valve ring number
may actually be a different circumference for different
valve types, that is a # 29 of one prosthesis may not be
the same size as a # 29 of another valve type [19, 20].
The valve may be immediately obstructed if sutures
are too long and overhang into the valve orifice and
they interfere with disc movement (Fig. 11.36) or the
sutures inadvertently suture the valve closed [44]. If
the stents are poorly positioned a high profile mitral
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Fig. 11.38 Bioprosthesis with bacterial infective endocarditis
involving the prosthesis leaflets

prosthesis may obstruct the left ventricle outflow tract.
Previously observed ventricular free wall rupture from
inadvertent ventricle free wall excision with the papil-
lary muscles is no longer seen as the chordae are usu-
ally left intact to prevent negative ventricular
remodeling. Atrioventricular groove disruption may
still occur.

A poorly placed aortic prosthesis ring may obstruct the
coronary ostia leading to ischemia or infarction of the
heart. Aortic dissection may occur from many sites during
or after valve surgery— from the local aortic valve site, the
aortotomy incision, the cannulation site or the cross clamp
region (Fig. 11.37). All may cause type A dissection.

All prostheses are at risk of infective endocarditis
with an incidence of 3.4% within the first 6 months of
implantation and thereafter about 0.68% per year [45].
Infections may involve the cusps of bioprostheses and
the ring of both mechanical and bioprostheses
(Fig. 11.38). Early infection is variably defined as
infection less than a month or less than 6 months after
surgery. These infections may be a result of the medi-
cal treatment (line or wound infections), sepsis from
another infection (pneumonia or urinary tract infec-
tion) or residual infection if the prosthesis was
implanted for treatment of infective endocarditis. Late
infection has the same microbiological profile as com-
munity acquired endocarditis, with the addition of
coagulase-negative staphylococci. The infections may
destroy the bioprosthetic cusps, and thrombus may
occur on both bioprostheses and mechanic prostheses.
Thrombus may impede valve function or lead to
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Fig. 11.39 Medtronic Hall mechanical prosthesis with a para-
valvular leak that occurred after surgery. The defect is seen near
the ring (arrow)

Fig. 11.40 The image shows a thrombosed mitral pericardial
bioprosthesis (arrow). The heart is opened and the left ventricle
outflow tract is seen with the aortic valve (AV). Abundant throm-
bus covered the prosthesis leaflets

emboli. Ring infection may lead to paravalvular leaks,
fistulas or ring abscesses. These complications are
elaborated upon in Chap. 12.

All prostheses may dehisce and/or have a paravalvu-
lar leak related to technical difficulties, tissue retraction
during healing, or infective endocarditis (Fig. 11.39).
Paravalvular leak may lead to valve regurgitation and
heart failure, thrombosis and embolism or hemolysis.

Patients with prostheses, especially mechanical,
have a significant risk of thrombosis, estimated at 0.1—
5.7% per patient year [46]. Inadequate anti-coagula-
tion plays a major role. Mechanical valve thrombosis
remains the most common cause of mechanical valve

Fig. 11.41 Bi-leaflet mechanical prostheses, in aortic position,
with thrombosis. The thrombus produced prosthesis stenosis
and immobilized the leaflets. Thrombus is seen around the leaf-
lets and in the hinge area

Fig. 11.42 Bi-leaflet mechanical prosthesis in aortic position
that was excised for prosthesis stenosis. There is thrombus on
the discs immobilizing it

obstruction (Figs. 11.40-11.42). The thrombus may
interfere with the prosthesis function or be on the ring
and present clinically as embolic events. Small thrombi
may be clinically and functionally silent initially, but
with growth they may obstruct the orifice, prevent
prosthesis opening or closing, or embolize.
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Fig. 11.43 Excised mechanical prosthesis with a plastic disc
and struts. Repetitive movement has eroded pieces of the plastic
disc where it hits the struts (arrow)

Mechanical prostheses may have defects in the valve
structural components [39]. Plastic or silastic balls,
seen in valves such as Starr Edwards valves, may absorb
lipid leading to fragility. The ball may crack leading to
emboli or the ball may escape. Plastic discs may wear
on valve struts leading to emboli (Fig. 11.43). Metal
struts may fracture with disc escape and embolization
of the strut and the disc (such as occurred with Bjork
Shiley valves). Cloth may wear off the struts or the
valve ring and the cloth can embolize (Fig. 11.44). On
the inner valve ring erosion of the cloth exposes sharp
areas that can lead to hemolysis (Fig. 11.45). Rings
may be coated with material such as silver in an attempt
to decrease post-operative infections. This unfortu-
nately is associated with a high incidence of paravalvu-
lar leak. Pannus may form on the valve ring leading to
inflow obstruction of the orifice (Figs. 11.46—11.48).
Some valve struts may gradually bend inwards leading
to partial obstruction (stent or strut “creep”) [47].

Bioprosthetic valves are at a lesser risk of thrombo-
sis; hence the patient does not require long-term anti-
coagulation. However, structural failure limits the
lifespan of bioprosthetic valves with a 10-20% failure
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Fig. 11.44 Excised Starr Edwards mechanical ball and cage valve.
The cloth has worn off the cage and appears loose and frayed

Fig. 11.45 Excised Starr Edwards mechanical prosthesis with
cloth wear where the ball hits the ring. The cloth is frayed and
irregular “teeth” are exposed. Such patients often have hemolysis

rate for homografts and 30% for xenografts within
10-15 years [46]. The degeneration is a time depen-
dent process. Tissue degeneration may be seen in all
patient age groups, but is especially marked in
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Fig. 11.46 Pannus white fibrotic material narrows the orifice of
this Starr Edwards mechanical prosthesis

Fig. 11.47 Mechanical bileaflet prosthesis with poor disc move-
ment due to white fibrosis pannus material

prostheses implanted in the young. Cusp degeneration,
fibrosis, calcification and tearing are responsible for
dysfunction, which may be stenosis, regurgitation or
both (Figs. 11.49, 11.50) [43, 46]. Ionescu Shiley

Fig. 11.48 Underside (ventricular) of a bi-leaflet mechanic
prosthesis. There is severe pannus formation beneath the valve
narrowing it. Abnormally inserted chordae remain from the
patient’s original atrioventricular septal valve defect

Fig. 11.49 Degenerated porcine bioprosthesis with cusp fibro-
sis and calcification

prostheses were prone to cusp tears at the anchoring
stitch near the cusp stent commissures [48-50]. The
tears can extend resulting in cusp prolapse or flail
(Fig. 11.51). Pannus obstruction of the prosthetic ori-
fice may occur and pannus may also immobilize or
stiffen the cusps leading to prosthetic obstruction
(Fig. 11.52). It is debatable whether the cusps illicit an
immune response. They are fixed in gluteraldehyde,
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Fig. 11.50 Degenerated pericardial bioprosthesis with cusp
fibrosis, calcification and fibrin accumulation. White pannus
material is noted over the stents

Fig. 11.51 Ionescu Shiley prosthesis with cusp fibrosis and calcifi-
cation. Tears off the stents with leaflet prolapse and valve regurgita-
tion are characteristic of the degenerative pattern of this bioprosthesis.
Many of the tears started at an anchoring stitch near the stent

and some are treated with anti-calcification agents.
They are washed prior to insertion but some local ring
tissue toxicity from residual fixative is possible. Some
prosthetic cusps may be under fixed so there is a
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Fig. 11.52 Pannus inflow stenosis of a bioprosthesis by white
pannus material. The prosthesis orifice is diminished and the
leaflets are immobilized

possibility of residual immunogenicity. In the early
postoperative period, the cusps have mild neutrophil
infiltration and fibrin attachment, but generally the
inflammatory cells disappear followed by the develop-
ment of degenerative changes with lipid and fibrin
insudation and calcification.

Summary

Patients with valvular heart diseases have benefited
immensely from the development of prosthetic heart
valves. Following implantation of a prosthetic heart
valve, the patient needs to be regularly followed, as
prosthetic valves are associated with acute and chronic
complications. A complete echo Doppler study should
be an integral part of the follow-up by providing
detailed morphologic and functional assessments.
There should be a low threshold to perform TEE in
these patients as it provides high quality images and is
more able to overcome the artifacts associated with
prosthetic valves in the transthoracic study. A high
transprosthetic gradient is a common finding in pros-
thetic valves, and a logical approach is useful to deter-
mine the etiology and to plan further investigation and
management.
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Appendix 11.1 Normal Doppler echocardiographic values for aortic valve prostheses

ATS Open Pivot AP
ATS open pivot

bileaflet

Biocor stentless

bioprosthesis

Biocor extended

stentless bioprosthesis

Bioflo pericardial

stented bioprosthesis
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tilting disc

Bjork-Shiley
spherical
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tilting disc

Carbomedics

bileaflet
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306
2.8+0.5
2.7+0.2

33+0.6

29+04
2.7+£0.5
2504
2.1+04
1.9+0.2

4.1

3.8

2.92 +0.88
242 +04
2.06 = 0.28
1.77 £ 0.12
1.87 £0.18
2.1+0.14

3.09 = 0.38
2.61 +0.51
2.42 +0.37
2.25+0.34
2.18 £0.36
1.93 £0.25

1.8

307

0.61 +0.09
0.96 +0.18

1.58 £0.37
1.8+0.2
22+04
2.5+0.3
31+03

1.4+0.5
1.6 £0.38
1.9 +£0.46

1.3+£04
1.6+0.3
1.8+0.3
0.77 £0.11

1.1 +£0.1
1.3 +£0.09

0.94 +0.19

1.1

1.1 £0.25
1.22 +£0.23
1.8+£0.32
2.6

2.52 +0.69

1.02+0.2

1.25+036
1.42 +0.36
1.69 + 029
2.04 £0.37
2.55+0.34
2.63 +0.38

1.22 £ 0.08

1+0.18

(continued)
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Appendix 11.1 (continued)

Peak gradient Mean gradient Peak velocity Effective
(mmHg) (mmHg) (m/s) orifice area
(cm?)
supraannular top hat 21 30 29.61 +8 95 16.59 +£5.79 2.62 +0.35 1.18 £ 0.33
bileaflet 23 30 24.38 +7.53 13.29 +3.73 2.36 = 0.55 1.37£0.37
25 1 22.011.0 2.4
Carpentier-Edwards 19 56 43.48 £12.72 25.6 + 8.02 0.85+0.17
stented bioprosthesis 21 73 27.73 7.6 17.25 £ 6.24 2.37 +0.54 148 +£0.3
23 100 28.93 +7.49 15.92 + 6.43 2.76 £ 0.4 1.69 = 0.45
25 85 23.95 +7.05 12.76 + 4.43 2.38 +0.47 1.94 £ 0.45
27 50 22.14+S24 12.33 £5.59 2.31 +0.39 2.25+0.55
29 24 22.09.92 +2.9 2.44 + 0,43 2.84 +0.51
31 4 2-41 £0.13
Carpentier-Edwards 19 14 32.13 £3.35 24.19 +8.6 2.83+0.14 1.21 £0.31
pericardial 21 34 25.69+9.9 20.3 £ 9.08 2.59 +0.42 1.47 £ 0.36
stented bioprosthesis 23 20 21.72 + 8.57 13.01 £5.27 229 +0.45 1.75£0.28
25 5 16.46 +5.41 9.04 £2.27 2.02 +0.31
27 1 19.2+0 5.6 1.6
29 1 17.6 £ 0 11.6 2.1
Carpentier-Edwards 19 15 34.1+2.7 1.1 +£0.09
supraannular AV 21 8 25+8 14+5 1.06 +0.16
(CE-SAV)

stented bioprosthesis

CryoLife-O’Brien 19 47 12 +4.8 1.25+0.1
stentless 21 163 1033 £2 1.57 0.6
bioprosthesis 23 40 8.5 2.2

25 40 7.9 2.3

27 39 7.4 2.7
Duromedics (Tekna) 19 1 3.6
bileaflet 21 3 19.08 + 16 898 +5 1.3

25 12 19.87 7 72 2.64 +0.27

25 18 21+9 5+2 2.34 +0.38

27 15 225+12 6+3 1.88 0.6

29 1 13.0 34 2.1
Edwards Prima stentless 19 7 309+ 11.7 154+74 1+£0.3
bioprosthesis 21 30 31.22 £17.35 16.36 £ 11.36 1.25+£0.29

23 62 23.39 + 10.17 11.52 £5.26 2.8+04 1.49 +0.46

25 97 19.74 £ 10.36 10.77 £9.32 2.7+03 1.7 +0.55

27 46 159+7.3 7.1+3.7 2+0.6

29 11 11.21 8.6 5.03 +4.53 2.49 +0.52
Hancock I 21 1 3.5
stented bioprosthesis 23 14 19.09 +4.35 12.36 +3.82 2.94 +0.24

25 26 17.61 £3.13 11 +£2.85 2.36 +0.37

27 20 18.11 £6.92 10 £ 3.46 2.4 +0.36

29 2 2.23 +£0.04
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Appendix 11.1 (continued)

Peak gradient
(mmHg)

Mean gradient
(mmHg)

Peak velocity
(m/s)

Effective
orifice area
(cm?)

Hancock II

stented bioprosthesis

Tonescu-Shiley

stented bioprosthesis

Jyros bileaflet

bileaflet

Lillehei-Kaster

tilting disc

Medtronic Freestyle

stentless bioprosthesis

Medtronic-Hall

tilting disc

Medtronic intact

stented bioprosthesis

Medtronic mosaic
porcine

stented bioprosthesis

21

23
25
27
29

17

19
21
23

25
27
29

22

24
26
28
30

14

16
18
20

19
21

23
25
27

20

21
23
25
27
29

19

21
23
25
27
29

21
23
25

39

119
114
133
35

11

— W oo 3 A = W= =

— NN

85

141
164
105

24

30
27
17

16

55
110
41
16

51
121
71

20 +4

24.72 £5.73
202
14+3
15+3

42.0

23.17 + 6.58
27.63 +8.34
18.09 + 6.49

18,0
1475 £2.17
16.0

17.3

18.6
14.4
10.0
8.0

34.37 + 13.06

26.86 + 10.54
26.85 + 8.85
17.13 £ 7.04
18.66 +9.71

39.43 +15.4

33.9 +12.69
31.27 +£9.62
27.34 £ 10.59
25.27 £7.58
31.0

14.8 +4.1

16.64 + 6.91
10.7 +3

21.1£3.21

20.44 + 8.47
15.1 +1.56
9.9 +2.85

8.97 +0.57
730

10.8

114
8.4
5.7
6.0

13.0
7.99+2.6

72425
535+1.5
427+1.6

17.08 £ 5.28

14.1 +5.93
13.5+4.79
9.53 +4.26
8.66 +5.56

2371+9.3

18.74 + 8.03
18.88 £ 6.17
16.4 £ 6.05
15+3.94
15.6 +2.1

1243 7.3
12.47+7.4
10.08 +5.1

2.63 +0.32
275 +0.25
2.1+0.38

1.92+0.14
2.0

2.7

3.43+0.39
2.85+0.21
1.7

2.9+ 04

2.42 +0.36
2.43 +0.59
229+0.5
2.07 +0.53
1.6

2.5

2.73 +0.44
2.74 +0.37
2.6 £0.44
2.51+0.38
2.8

1.23 £ 0.27

1.39 +0.23
1,47 +0.19
1.55+0.18
1.6 +0.15

0.86+0.1
1.15+0.18

1.5

1.5
1.7
1.9
1.6

1.6 +0.32

1.9+0.5
2.03 +0.41
2.5+047

1.21 £0.45

1.08 £0.17
1.36 +0.39
1.9 +0.47
1.9+0.16

1.55 +0.39
1.64 +0.37
1.85+0.25
22+0.17

2.38 +0.54

1.6 0.7
2.1+0.8
21+1.6

(continued)
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Appendix 11.1 (continued)

27 30 9.0
29 6 9.0
Mitroflow 19 4 18.7 5.1 1033 1.13+0.17
stented bioprosthesis 21 7 20.2 15.4 2.3
23 5 14.04 = 4.91 7.56 +3.38 1.85 +0.34
25 2 17 +11.31 10.8 +6.51 2+0.71
27 3 13+3 6.57 £ 1.7 1.8+0.2
O’Brien-Angell 23 14.5+7.77 1.15+0.07
stentless
(annular position) 25 50 19 £ 12.72 1.12 £ 0.25
stentless bioprosthesis 27 18 +12.72 1.55 +£0.21
29 12 £7.07 2.05+1.2
O’Brien-Angell 23 9+14 1.58 £ 0.58
stentless
(supraannular position) 25 50 7.5+0.7 2.37+0.18
bioprosthesis 27 8.5+0.7 2.85+0.87
29 7+14 2.7+0.42
Omnicarbon 21 71 36.79 + 12.59 19.41 £5.46 2.93+047 1.25+0.43
tilting disc 23 83 29.33 £9.67 17.98 + 6.06 2.66 +0.44 1.49 = 0.34
25 81 24.29 +7.71 13.51 £3.85 2.32 +0.38 1.94 +0.52
27 40 19.63 +4.34 12.06 +2.98 2.08 +0.35 2.11 +£0.46
29 5 17.12 £ 1.53 10+ 1.53 1.9 +0.06 227 +0.23
Omniscience 19 2 47.5+3.5 28+1.4 0.81 =0.01
tilting disc 21 5 50.8 +2.8 282 +2.17 0.87 +0.13
23 8 39.8 +8.7 20.1 +5.1 0.98 + 0.07
On-X 19 6 21.3+10.8 11.8+34 1.5+0.2
bileaflet 21 11 164 +5.9 9.9+3.6 1.7+0.4
23 23 159+6.4 85+33 2.+0.6
25 12 16.5 +£10.2 9+53 24+0.8
27-29 8 114 +4.6 5627 32+0.6
Sorin Allcarbon 19 7 44 +7 29+8 33+0.3 0.9+0.1
tilting disc 21 25 36.52 +9.61 21.07 £6.72 2.93+0.2 1.08 £ 0.19
23 37 34.97 £ 10.97 18.72 + 6.49 2.9+041 1.31+0.2
25 23 22 +4.68 13.85 +3.97 2.37 +0.23 1.96 = 0.71
27 13 16.3 +3.3 10.15 + 3.76 2+0.25 2.51 £0.57
29 4 135 8+2 1.8+0.3 4.1x0.7
Sorin Bicarbon 19 19 29-53 +4.46 16.35 + 1.99 2.5+0.1 1.36 + 0.13
bileaflet 21 70 2452 +7.1 12.54 +3.3 2.46 0 31 1.46 £0.2
23 71 17.79 £ 6.1 9.61 +3.3 2,11 £0.24 1.98 = 0.23
25 40 18.46 + 3.1 1005+ 1.6 2.25+0.19 2.39 +0.29
27 8 12 +£3.25 7+15 1.73 £0.21 3.06 = 0.47
29 4 9+1.25 5+0,5 1.51 0.1 3.45+0.02

Sorin Pericarbon 23 15 39+13 25+8 2.0
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stentless bioprosthesis
St Jude Medical

bileaflet

St Jude Medical
hemodynamic plus
bileaflet
Stair-Edwards

ball-and-cage

Stentless porcine
xenografts

stentless bioprosthesis

Toronto stentless
porcine

stentless bioprosthesis

19

21
23
25
27
29
31

19
21

21

22
23
24
26

27
29

21
22

23
24
25
26
27
28

20
21

22
23
25
27
29

100

207
236
169
82
18

19
30

N BN
O W N

»—»—UJO'\UJ-PUJUJOOE

—

9

1
84
190
240
200

35.17 £ 11.16

28.34 +9.94
25.28 +7.89
22.57 +7.68
19.85 +7.55
17.72 £ 6.42
16.0

25.81 +£7.52
189731

29.0

32.6 + 12,79
34.13 + 10,33
31.83 +9.01

30.82 6.3
29+93

14+5
16 +5.6

13 +4.8
13+3.8
11.5+7.1
10.7

9.2

7.5

10.9
18.64 +11.8

23.0

13.55 +7.28
12.17 £ 5.75
9,96 = 4.56

791 +=4.17

18 96 = 6.27

1582 +5.67
13.77 £ 5.33
12.65 +5.14
11.18 £4.82
9.86 2.9
10 =6

16.44 +3.57
9.62 +3.37

21.98 +8.8
22.09 +7.54
19.69 + 6.05

18.5+3.7
163 +5.5

8.7+3.5
9.7+3.7

7.7+23
7.7+22
74+45
7+2.1
5.5

4.1

4.6
7.56 +4.4

7.08 +4.33
6.2 +3.05
4.8+233
394 +2.15

2.86 = 0.48

2.63 £0.48
2.57 £0.44
24 +045
224 +0.42
2+0.1
2.1+0.6

4+0
35+0.5
3.35+0.48
3.18+0.35

1.01 = 0.24

1.33 £0.32
1.6 £0.43

1.93 £ 0.45
2.35+0.59
2.81 £ 0,57
3.08 = 1,09

1.65+0.2
2.15+0.29

1.1

1.8

1.33 +0.38
1.32+£0.48

1.59 £ 0.6
1.4 £0.01

213+0.7
21502
3.2

2.3

1.3
1.21 £0.7

1.2

1.59 = 0.84
1.62+0.4
1.95+0.42
2.37 £ 0.67

3N

Manufacturer information: ATS ATS Medical, Minneapolis, Minn; Biocor St Jude Medical, and Toronto, St Jude Medical, St Paul,
Minn; Bioflow, Biomedical, Glasgow, UK; Bjork-Shiley and Ionescu-Shiley, Shiley, Inc., Irvine, Calif; Carbomedics, Carbomedics,
Austin, Tex; Carpentier-Edwards, Edwards Prima, and Starr-Edwards, Edwards Lifesciences, Irvine, Calif; CryoLjfe-O’Brien-Angell
and O’Brien-Angell, CryoLife, Inc. Kennesaw, Ga; Duromedics, Baxter Healthcare Corp, Santa Ana, Calif; Hancock I, Hancock II,
Medtronic Freestyle, Medtronic-Hall, Medtronic Intact, and Medtronic Mosaic, Medtronic, Minneapolis, Minn; Jyros, Jyros, London,
UK; Lillehei-Kaster and Omniscience, Medical, Inc., St Paul, Minn; Mitroflow, Mitroflow, Richmond, Canada; Omnicarbon,
MedicalCV, Inner Grove Heights, Minn; On-X, Medical Carbon Research Institute, Austin, Tex; Sorin Allcarbon, Sorin Bicarbon,
and Sorin Pericarbon, Sorin Biomedica Cardio, Saluggia, Italy; Stentless Porcine, Biomedical Ltd., Cambridge, UK
Source: Reproduced from Rosenhek et al. [9]. With permission
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Appendix 11.2 Normal Doppler echocardiographic values for mitral prostheses [9]

Biocor 27 3 13+1
stentless bioprosthesis 29 3 14+2.5
32 8 11.5£0.5
33 9 12+0.5
Bioflo pericardial 25 3 10+2 63+15 2+0.1
stented bioprosthesis 27 7 9.5+2.6 54+12 2+03
29 8 5+2.8 361 24+0.2
31 1 4.0 2.0 23
Bjork-Shiley 23 1 1.7 115
tilting disc 25 14 12+4 6+2 1.75£0.38 99 + 27 1.72 £ 0.6
27 34 10+4 52 1.6 £ 0.49 89 £ 28 1.81 £ 0.54
29 21 7.83 £2.93 2.83 +1.27 1.37 £ 0.25 79 + 17 2.1+0.43
31 21 6+3 2+1.9 1.41 +£0.26 70 + 143 22+0.3
Bjork-Shiley monostrut 23 1 5.0 1.9
tilting disc 25 102 13+2.5 5.57+23 1.8+0.3
27 83 12+2.5 453+22 1.7+04
29 26 13+3 426+ 1.6 1.6 +0.3
31 25 14 +4.5 49+1.6 1.7£0.3
Carbomedics 23 2 1.9+0.1 126 +7
bileaflet 25 12 10.3+£2.3 3.6+0.6 1.3+0.1 93 +8 29+0.8
27 78 8.79 £3.46 3.46 £ 1.03 1.61 £0.3 89 +20 29+0.75
29 46 87829 3.39 £ 0.97 1.52+£0.3 88+ 17 23+04
31 57 8.87£2.34 3.32 £0.87 1.61 £0.29 92 +24 2.8+1.14
33 33 8.8+£22 4.8+25 1.5+£0.2 93 +12
Carpentier-Edwards 27 16 6+2 1.7+0.3 98 +£28
stented bioprosthesis 29 22 47+2 1.76 = 0.27 92+ 14
31 22 44+2 1.54 £0.15 92+ 19
33 6 6+3 93 +12
Carpentier-Edwards 27 1 3.6 1.6 100
pericardial 29 6 5.25 +£2.36 1.67 0.3 110+ 15
stented bioprosthesis 31 4 4.05 +0.83 1.53 £0.1 90+ 11
33 1 1.0 0.8 80
Duromedics 27 8 13+6 5+3 161 £ 40 75+12
bileaflet 29 14 10+4 3x1 140 £ 25 85+22
31 21 10.5+4.33 33+1.36 1.38 £27 81x12
33 1 11.2 2.5 85
Hancock I or not 27 3 10+ 4 5+2 1.3+0.8
specified
stented bioprosthesis 29 13 7+3 2.46 +0.79 115 +20 1.5+0.2
31 22 4 +0.86 4.86 = 1.69 95+ 17 1.6 0.2
33 8 3+2 3872 90 + 12 1.9+0.2
Hancock IT 27 16 221 +0.14

stented bioprosthesis 29 64 2.77 +0.11
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Hancock pericardial
stented bioprosthesis
Ionescu-Shiley

stented bioprosthesis

Ionescu-Shiley low
profile

stented bioprosthesis
Labcor-Santiago
pericardial

stented bioprosthesis
Lillehei-Kaster

tilting disc

Medtronic-Hall

tilting disc

Medtronic Intact
porcine

stented bioprosthesis
Mitroflow

stented bioprosthesis

Omnicarbon

tilting disc

On-X

bileaflet

Soring Allcarbon

31
33

29
31
25

25
27
29
31

29

31
25
27
29
18

20
22
25

27
29
31
29
31
33
25

27
29
31

23

25
27
29
31
33

25

27-
29
31-
33

25

—

[0, T N

W 9 W

14

8.7
56x23
6.2+2.1

11.5+32
10.3 £4.5

9.8+3.8

2.61 =1.39
3.57£1.02
4.87 +1.08

4.87 +1.08
3.21 £0.82
3.22 £0.57
3.63+0.9

3.31 +0.96

2.74 +£0.37
4.5
28«15
3£13

3.5+0.51
4.2+1.44
4+13
6.9

3.07 +0.91
3.5+1.65
3.85+0.81

8.0

6.05 + 1.81
4.89 +2.05
493 +2.16
418+ 1.4

4+2

53+2.1
45+1.6

48+24

5+1

1.42+0.14
1.51 £0.27
1.43 +£0.15

1.45+0.15
1.31+0.24
1.38+£0.2

1.45 = 0.06

1.36 = 0.25

1.33 +£0.14

1.7

1.7
1.56 + 0.09
1.38 £0.27

1.4

1.57 0.1
1.45+0.12
1.6 +0.22
1.6 +0.26
1.4+0.24
2.0

1.5
1.43 +£0.29
1.32 +0.26

1.77 £ 0.24
1.63 +0.36
1.56 = 0.27
1.3£0.23

105 + 36
81 +23
93 +11

93+11
100 + 28
85«8

100 + 36

80 = 30

79 £ 15
97
85«18
80 + 34
140

67
94 +22
124 + 46

78
69 + 15
77 +17

90

90 + 20
102 £ 21
91 +22

102 + 16
105 + 33
120 + 40
134 + 31

105 +29

313

2.84 0.1
3.15+£0.22

22
2.12+0.48
2.11+0.73

19+1.1
22+05

25+1.1

22+06

(continued)
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tilting disc 27 20 13+2 41 1.8 +0.1 89+ 14 25+0.5
29 34 10£2 4+1 1.6+0.2 85 +23 2.8+0.7
31 11 9«1 4+1 1.6 +0.1 88 +27 2.8+0.9
Sorin Bicarbon 25 3 15 +0.25 4+0.5 1.95 £ 0.02 70+ 1
bileaflet 27 25 11£2.75 4+05 1.65 +0.21 82 +20
29 30 12+3 4+1.25 1.73 +£0.22 80+ 14
31 9 10+1.5 4+1 1.66 = 0.11 83+ 14
St Jude Medical 23 1 4.0 1.5 160 1.0
bileaflet 25 4 25+1 1.34 +1.12 754 1.35+0.17
27 16 11+4 5+£1.82 1.61 +0.29 75 £ 10 1.67 £0.17
29 40 10+3 4.15+1.8 1.57 £ 0.29 85+ 10 1.75+£0.24
31 41 12+6 446 +£2.22 1.59 £0.33 74 13 2.03+£0.32
Starr-Edwards 26 1 10.0 14
ball-and-cage 28 27 7+2.75 1.9 £ 0.57
30 25 122 +4.6 6.99 £2.5 7+0.3 125 +25 1.65 £ 0.4
32 17 11542 5.08 2.5 1.7£0.3 110 £ 25 1.98 £04
34 1 5.0 2.6
Stentless quadrileafiet 26 2 22+1.7 1.6 103 £ 31 1.7
bovine pericardial 28 14 1.58 £ 0.25 1.7+0.6
stentless bioprosthesis 30 6 1.42 £0.32 23+04
Wessex 29 9 3.69 +0.61 1.66 +0.17 83+19
stented bioprosthesis 31 22 3.31 +0.83 1.41 £0.25 80 +21

Source: Reproduced from Rosenhek et al. [9]. With permission
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Infective Endocarditis
and Related Conditions

Endocarditis, as a pathological entity, has been tradi-
tionally classified into infective endocarditis (IE), ver-
rucous endocarditis, and nonbacterial thrombotic
endocarditis (NBTE). Infective endocarditis can be sub-
divided into culture negative or culture positive endo-
carditis. NBTE has been associated with connective
tissue diseases, chronic inflammatory processes, burns,
and malignancy [1, 2]. Rheumatic verrucous endocardi-
tis is observed in acute rheumatic fever, but seldom
clinically recognized or diagnosed by imaging.

Infective endocarditis (IE) is an active intracardiac
infection involving one or more heart valve surfaces.
Other cardiac structures may become primarily or sec-
ondarily involved including myocardium, chordae,
endocardium, and pericardium. The causal organism is
usually bacterial, fungal, or Rickettsial. The clinical
distinction between acute and subacute types has little
current value, and it is preferable to think in terms of
active and healed endocarditis. Practically, the ana-
tomical location of the infection and the identity of the
infective agent are probably the most important factors
that determine the prognosis.

Predisposing Factors

Infective endocarditis may be increasing due to the
increased aging population, nosocomial infections, use
of cardiovascular prostheses, immunosuppression, and
intravenous drug use (IVDU). The pathobiology
depends upon both individual immune responses and
virulence factors of the organism. Rheumatic valve
disease was traditionally the most common valve
lesion underlying IE. Today, three broad groups of

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

individuals are affected: (a) younger individuals with
rheumatic valve disease, congenital heart lesions and
IVDU; (b) older individuals with degenerative cardiac
lesions including mitral valve prolapse, age-related
aortic stenosis, and mitral annular calcification (MAC);
and (c) patients with prosthetic heart valves.

Endocarditis may arise on normal valves, or more
commonly in patients with abnormal cardiac anatomy.
The most common preexisting valvular lesions are
left-sided including aortic stenosis (particularly con-
genitally bicuspid aortic valve), aortic insufficiency,
and mitral insufficiency. Many hearts have congenital
heart disease including ventricular septal defect, pat-
ent ductus arteriosus, coarctation, transposition of the
great arteries, tricuspid and pulmonary atresia or
stenosis, and tetralogy of Fallot. Hypertrophic cardio-
myopathy and prosthetic grafts or valves may also
predispose to IE.

For bacterial IE to occur there must be valvular
thrombus, circulating bacteria, and bacterial growth on
the valve. Hearts may develop valvular thrombus due
to abnormal blood flow and valve or intracardiac anat-
omy. Invasive procedures may cause valvular thrombi
(pacemakers, indwelling heart catheters, grafts, and
other prostheses). Thrombus may develop due to jet
lesions or on contact surfaces or other areas of mechan-
ical trauma. Intravenous drug use (IVDU) may result
in a repetitive bacterial challenge to the body. Bacteria
may originate from a variety of sources including
teeth, tonsils, bowel, genitourinary tract, bone, biliary
tract, uterus, lung, and skin. In IVDU, skin and gastro-
intestinal organisms predominate.

The clinical diagnosis of IE may be challenging
with combinations of fever, a new heart murmur,
emboli (Osler nodes, Janeway lesions, Roth spots),
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petechiae and subungual hemorrhages. Renal failure
may be present due to infarct, abscess, pyelonephritis,
and focal necrotizing, or diffuse proliferative glom-
erulonephritis. Congestive heart failure due to major
coronary emboli with infarct, microemboli, myocardi-
tis, or (most commonly) valvular destruction may also
be prominent.

Diagnostic Approach

Detection of vegetations at surgery or necropsy has
long been considered the definitive evidence of the dis-
ease. A noninvasive and reliable means to detect veg-
etation is essential to the early diagnosis of IE.
Echocardiography has been used in the diagnosis of
endocarditis for at least 3 decades and incorporated in
the widely used Duke criteria for the diagnosis of IE
(Table 12.1) [3]. The typical echo features of a vegeta-
tion is an echogenic mass distinct from the underlying
cardiac structure, adherent to valves, endothelial sur-
faces or intracardiac prosthetic devices, and frequently
associated with oscillatory motions (Fig. 12.1) [4]. It

Table 12.1 The modified Duke criteria for the diagnosis of
infective endocarditis®

Major criteria

Positive blood culture

* Two separate blood cultures positive for typical organisms
without a primary source

* Persistently positive blood cultures

* Single culture or positive serology of Coxiella burnetti

Endocardial involvement

* New valvular regurgitation

* Typical echocardiographic evidence of vegetation, abscess
or new prosthetic dehiscence

Minor criteria
Predisposing heart condition or intravenous drug use
Fever (>38°C)
Vascular phenomena
Immunologic phenomena
Microbiologic evidence (positive blood culture or serology)
not meeting major criterion
“Definite endocarditis requires two major criteria or one major
and three minor criteria or five minor criteria
Source: Adapted from Li et al. [3]
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should be visible throughout the cardiac cycle and in
multiple views. An abscess is a localized abnormal
echo lucent area within the perivalvular tissue that
does not communicate with the circulation, and it may
have a nonhomogeneous echo appearance (Fig. 12.2)
[4, 5]. Among the many technological advancements,
the development of transesophageal echocardiography
(TEE) has been the most important in this regard, as it
can detect smaller vegetations as compared to transt-
horacic echocardiography (TTE). TEE has an axial
resolution of 1 mm and can reliably detect vegetations
2-5 mm in size, whereas TTE detects only 25% of
vegetation <5 mm and about 50% of vegetations
between 5 and 10 mm [6, 7]. For the detection of veg-
etations, TEE has a sensitivity of 87-100% and a spec-
ificity of 91-100%. The sensitivity and specificity of
TTE are 30-63% and 83—100%, respectively (Fig. 12.3)
[6-11]. TEE also demonstrates superiority in the detec-
tion of perivalvular complications with a sensitivity of
78-100% and specificity of 92% in the diagnosis of
perivalvular abscess, whereas TTE has a sensitivity of
28-86% and specificity of 85-90% for the same indi-
cation [12-19].

In patients suspected to have IE, many centers use
TEE exclusively, as a missed diagnosis or even a
delayed diagnosis can adversely affect patient out-
come. Our approach as to when to use TEE instead of
TTE is summarized in Fig. 12.4. The relative value of
TEE versus TTE in the diagnosis of IE depends very
much on the likelihood of the disease in a particular
patient. We consider patients with positive blood cul-
ture fulfilling the Duke Major criterion to be at an
intermediate to high likelihood for IE and those patients
with only Duke minor criteria (one or several) to be at
a low risk for IE. In patients with a low likelihood of
the disease, TTE is generally adequate, while in patients
with intermediate or high probability of the disease, a
negative TEE may not be sufficient to exclude the dis-
ease, due to the lower sensitivity of the transthoracic
approach. In the patients with a low clinical suspicion
for endocarditis, if TTE shows no evidence of IE, alter-
nate diagnosis should be considered and pursued. On
the other hand a positive TTE in these patients should
be interpreted with caution and put into the proper clin-
ical context, as there are many echocardiographic con-
ditions that mimic vegetations (Table 12.2). If a mimic
of vegetation is suspected, TEE can be considered to
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Fig. 12.1 Transesophageal transverse (a) and longitudinal (b) views demonstrate a multi-lobulated mass, typical of vegetation, on
the mitral valve. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Fig. 12.2 Transesophageal views of the aortic root in long-axis (a) and short-axis (b) show localized thickening of the posterior
aortic root up to 1 cm in thickness with a nonhomogenous appearance and localized area of echo-lucency (arrows) typical of a peri-
valvular abscess. Ao aorta, LV left ventricle
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Fig. 12.3 In this patient with mitral valve infective endocarditis, the mitral vegetation is not detected by transthoracic echocardio-
gram illustrated by the parasternal long-axis view (a). The transesophageal view (b) shows the vegetation (arrow) on the atrial sur-
face of the posterior mitral leaflet. This is not unusual since transesophageal echocardiography has a higher sensitivity in detecting
vegetations as compared to transthoracic echocardiography. Ao aorta, LA left atrium, LV left ventricle

provide additional anatomic details useful in the dif-
ferential diagnosis.

When the clinical suspicion of IE is intermediate or
high, proceeding directly to TEE may be cost-effective
due to the higher sensitivity of TEE in the detection of
vegetation of abscess [20], provided TEE can be per-
formed readily without delay and the echocardiogra-
pher is experienced and able to perform a goal-oriented
TEE with a very low complication rate. TTE should be
performed if there is any contraindication to or any
significant delay in performing TEE. In uncooperative
or confused patients, it is appropriate to perform TTE,
but it is important to remember that a negative TTE
does not necessarily rule out the diagnosis. For instance
in a series of patients with Staphylococcal bacteremia,
TEE detected vegetation in 19% of patients with nega-
tive TTE [21]. There should be a low threshold to per-
form TEE if the clinical suspicion persists despite a
negative TTE.

In patients with high risk features such as those with
prosthetic heart valves and those with Staphylococcal
bacteremia, even a negative TEE may not exclude the
diagnosis as patients may be at an early stage of IE
before the vegetation becomes large enough to be
detectable. A repeat study in 7—10 days should be con-
sidered to look for evolving evidence of endocarditis,
which is a dynamic process [22]. Despite the high image
quality provided by TEE, false-positive and false-nega-
tive studies can occur (Table 12.2). False negative stud-
ies are more likely if the quality of TEE is suboptimal or
preexisting valvular abnormalities are present.

Complications

The complications of IE can be grouped into local,
paravalvular, and systemic categories. Systemic
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Fig. 12.4 Echocardiographic
evaluation of patients with
suspected infective
endocarditis. *High risk
features include prosthetic
heart valves, virulent
organisms such as
Staphylococcus aureus, and
probable perivalvular
involvement
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Repeat TEE in 7-10 days
should be considered

complications are common and should be looked for in
all patients with IE (Table 12.3).

Local

Infective endocarditis may give rise to a variable array
of valvular findings including infected thrombi (vege-
tations) and sequelae of valvular destruction. Hearts
may be examined at pathology when there has been
clinical suspicion of endocarditis, or an unexpected
valvular lesion may be encountered. Regardless of the
situation, before immersion in fixative, an attempt
should be made to visualize the valves. If a suspicious
lesion is encountered, sterile instruments should be
used for the remainder of the examination and portions

of the thrombus should be submitted for culture. Swabs
are not recommended. Excised valves may be picked
up fresh from the operating suite and portions of
thrombus or mass are selected by pathology personnel
for culture. Cultures should never be interpreted in
isolation. Microscopy of the valve or thrombus to con-
firm the presence of infective microorganisms is essen-
tial. Clinical history and premortem or preoperative
blood cultures should also be consulted.

Infected vegetations of variable size are detected
along the lines of valve closure or at the low pressure
end of jet lesions. Common sites include the atrial side
of the mitral valve or the left atrial endocardium in
cases of mitral insufficiency, the ventricular side of the
aortic valve, the ventricular septum or the anterior
mitral leaflet in aortic insufficiency, and on the right
ventricular endocardium in the setting of membranous
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Table 12.2 Conditions that can mimic a vegetation on
echocardiography

Preexisting valvular abnormalities
* Flail leaflet

* Calcified nodules

* Fibrin strands

Sequelae of prior valve surgery
* Sutures

* Annuloplasty ring

* Peri-annular hematoma

Components of prosthetic valves
» Sewing ring and stents
* Prosthetic poppet

Normal structures
e Lambl’s excrescence
* Ruptured fenestration

Thrombi
Tumor — myxoma and papillary fibroelastoma
Extrinsic mediastinal masses

Artifacts

Table 12.3 Systemic complications of infective endocarditis

Sepsis

Immune complex related

Leucocytoclastic vasculitis

Glomerulonephritis

Osler node (painful nodules on pads of fingers and toes)
Roth spots (oval retinal lesions with pale centers and
surrounding hemorrhages)

Arthritis

Right sided emboli — pulmonary emboli, abscess,
empyema

Paradoxical embolus through patent foramen ovale
Left-sided emboli — systemic organ infarct (including
cerebral and myocardial infarcts), organ ischemia, atrophy,
infected/mycotic aneurysm, infective vasculitis

ventricular septal defect. Left-sided lesions are more
common than right sided, except for cases related to
interventional devices, catheters, or IVDU. Both right-
and left-sided valve lesions may be found in IVDU
[23, 24]. Vegetations are usually gray, pink, or brown
and are often friable. They may be single or multiple
and affect more than one valve. Infection may also
involve the intima of a blood vessel distal to a coarcta-
tion or involve the pulmonary artery side of an infected
patent ductus arteriosus.
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Fig. 12.5 Excised aortic valve with bacterial infective endo-
carditis. The valve originally had three cusps but only one is still
identifiable. The others are destroyed by tan color infected
thrombus vegetation. Valve destruction is a characteristic feature
of infective endocarditis

Vegetations may be located anywhere on the valve
cusp or leaflet or endocardial surface (Fig. 12.5). In
fact this is an important distinguishing feature to note,
as valve thrombi associated with nonbacterial throm-
botic endocarditis (NBTE) and those verrucous
thrombi related to rheumatic fever do not have this
variability in location, and are usually only along the
lines of valve closure. Libman Sacks — lupus antico-
agulant lesions may be on both sides of the valve, but
are still centered on the line of closure. Thrombi from
NBTE, rheumatic fever, Libman Sacks are not associ-
ated with valve destruction.

Infected valves usually have destructive ulcers,
defects, perforations, aneurysms, erosions, and chordal
ruptures (Figs. 12.6-12.9, Table 12.4). The amount
of thrombus and valve destruction may mask the under-
lying predisposing valve disease. With spread of the
infection onto the chordae or papillary muscles, these
structures may rupture. If an aneurysm sac tip ruptures,
the valve may become severely regurgitant due to
defects (Figs. 12.10, 12.11). Thrombi may obstruct the
valvular orifice creating stenosis, although this is rare
compared to insufficiency. Vegetations may cause valve
dysfunction due to interference with efficient valve
coaptation and closure. This is especially true of cul-
ture negative endocarditis with large vegetations includ-
ing HACEK organisms (Hemophilus, Actinobacillus,
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Fig. 12.6 Excised aortic
valve with adherent dark
infected thrombus. On one of
the cusps, an aneurysm or
outpouching is forming
(arrow)

Fig. 12.7 Excised congeni-
tally bicuspid aortic valve.
There is abundant shaggy
infected thrombus with valve
holes from the infection

Fig. 12.8 Excised aortic valve with cusp destruction from
infection

Cardiobacterium, Eikenella, and Kingella) and fungal
endocarditis.

Extension of the infection to adjoining local struc-
tures is common (aortic valve to anterior mitral leaflet,
posterior leaflet mitral valve to left atrial endocardium,
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and aortic valve to ascending aorta), including “kissing”
lesions where adjacent valves touch. Fistulas from the
aortic valve to the right and left atria and the right ven-
tricle may occur. Extension into the myocardium and the
conduction system may occur when the infection involves
the valve ring or annulus. Jet lesions, as a result of valvu-
lar insufficiency, may cause endocardial lesions to form.

By microscopy, the appearance of the vegetation
which is essentially an “infected thrombus” depends
upon both the virulence and destructiveness of the
organism, and upon the time at which the vegetation is
examined. Early in the disease course, or with very
virulent organisms, there is fibrin, acute inflammation,
and clumps of organisms. With therapy the organisms
may calcify, and the thrombi organize from the base.
One may be left with an organizing thrombus, acute
and chronic inflammation with neovascularization, and
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Fig. 12.9 Excised mitral valve with adherent thrombus. The
infection has produced leaflet holes

Table 12.4 Pathology of valvular sequelae of infective
endocarditis

Acute

* Vegetations — infected thrombi

* Valve ulcers or erosions

e Aneurysms

* Chord rupture

* Annular and ring abscess

* Endocardial jet lesions

* Flail leaflet or cusp

Chronic

¢ Perforations

e Calcified nodules
 Valve tissue defects
* Valve fibrosis

fibroblastic proliferation but no easily recognizable
organisms. Giant cells may be seen and if prominent
one should consider Coxiella, mycobacteria, or fungi.
Foamy macrophages may suggest Whipple disease.
Electron microscopy, immunofluorescence, polymerase
chain reaction, or molecular techniques are contribu-
tory in the diagnosis [25-28].
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Fig. 12.10 Heart from autopsy of a patient who died of sepsis
and heart failure. The aortic valve has a large diverticulum which
has ruptured. At autopsy the defect had a long windsock of
thrombus attached to it (arrow)

Fig. 12.11 Excised mitral valve. The infection produced an
aneurysm which has ruptured and left a defect (arrow)

Special stains are useful to detect microorganisms.
Treatment with antimicrobials alters the utility of these
stains. Gram stain is useful to detect bacteria, but with
therapy after a few weeks the organisms may not stain.
Silver stains should always be performed, not only to
detect fungi, but also to detect bacteria that have lost
their Gram positive staining, yet still stain their cell
walls with silver stain. Giemsa stain may be done to
detect Rickettsia. Periodic acid-schiff (PAS) stain is
useful to diagnose Whipple disease.



Local

Correlation with culture results from preoperative or
premortem blood cultures and from cultures at surgery
is essential. Communication with the clinicians may
save much frustration if the stains are negative and the
organism is already known from cultures at another
health care institution. In cases that are culture nega-
tive, the common culprit organisms include Eikenella,
Brucella, Neisseria, fungi, Chlamydia, acid-fast bacilli
or right-sided endocarditis where the lungs filter out
the organisms. HACEK (Hemophilus, Actinobacillus,
Cardiobacterium, Eikenella, Kingella) organisms may be
particularly difficult to grow. Clinical history may also
give clues to possible infective etiology as certain infec-
tions are associated with occupations, travel, exposures,
or lifestyles. Serology may be informative for infections
such as Bartonella, Brucella, or Q fever (Coxiella).

Commonly there are destructive sequelae with
healed valve infection (Table 12.4). The infected veg-
etations organize forming calcific valve nodules. The
valve may have defects at the edges or central defects
with irregular perforations (Figs. 12.12, 12.13). Around
the holes or perforation there may be nodules of organ-
isms that eventually form fibrocalcific nodules.
Staining for microbes is still useful even for what
appear to be only calcific nodules.

The destruction of the valve tissue may lead to
defects at the margins with resulting poor valve closure.
Distinguishing a post-IE perforation from a congenital
accessory orifice may be difficult. Atrioventricular
valve congenital orifices should have surrounding chor-
dae, while a post-IE perforation would not. Semilunar
valve cusp fenestrations, an age-related finding, are also
confused with perforations. Fenestrations are located
laterally on the semilunar valve cusps near the commis-
sures and are always above the line of valve closure.
Chordae may be ruptured resulting in flail leaflets and
valve regurgitation. The ruptured chords may knot and
calcify along with the organizing infected thrombi. The
valve leaflet itself may thicken and the chords may fuse.
All these are significant contributors to chronic valve
regurgitation.

Ventricular papillary muscles may rupture for mul-
tiple reasons with IE. The infection may extend from
an adjacent chord and cause myocardial necrosis and
rupture. A coronary arterial embolus may cause a
myocardial infarct with papillary muscle rupture, simi-
lar to any acute myocardial infarct. Finally an embolus
may lead to a papillary muscle myocardial abscess
with local tissue destruction and muscle rupture.
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Fig. 12.12 Excised aortic valve. Prior infection is organizing
leaving defects (fop cusp) and a cusp hole (middle cusp) that
cause valve regurgitation

Echocardiographic Correlates

An active vegetation is an echo lucent mass with an
irregular shape. It is usually located at the upstream
side and near the tips of the valvular leaflets. It can be
sessile or pedunculated. When it is pedunculated, it
demonstrates high frequency motion independent of
the underlying cardiac structure (Figs. 12.1, 12.14,
12.15). Satellite vegetations should be looked for along
the path of the entire “infected” flow jet, such as aortic
regurgitation flow jet in the setting of aortic valve
endocarditis. In these patients, satellite lesions can be
present on the ventricular surface of the anterior mitral
leaflet, the supporting valvular structure and even the
left ventricular myocardium if the aortic regurgitant jet



326

Fig. 12.13 Excised aortic
valve. The infection has
resulted in a large cusp hole

12 Infective Endocarditis and Related Conditions

Fig. 12.14 The vegetation (arrow) on the medial scallop of the anterior mitral leaflet can be detected in the parasternal long-axis
(a), short-axis (b), apical four-chamber (c) and apical two-chamber (d) views. LA left atrium, LV left ventricle

is directed posteriorly. On the other hand if the aortic
regurgitant jet is directed anteriorly, satellite vegeta-
tion can occur on the myocardium of the anterior
ventricular septum. In the setting of mitral valve endo-
carditis with mitral regurgitation, a satellite lesion can

form on the left atrial wall along the path of the mitral
regurgitant jet.

Vegetations undergo evolution with drug treatment.
As a general rule, vegetations regress in size and
become more echodense [29] (Figs. 12.16, 12.17).



Fig. 12.15 Transesophageal views of the aortic valve in long-axis (a, b) and short-axis (¢, d) show multiple large vegetations
(arrows) on the aortic valve. The vegetations prolapse into the left ventricular outflow tract during diastole, associated with severe
aortic regurgitation on color-flow imaging. LA left atrium, LV left ventricle

Fig.12.16 Transesophageal views (a, b) of the mitral valve showing a large mass (arrow) on the anterior mitral leaflet, associated with
severe mitral regurgitation. The mass appears to be echodense consistent with a healed vegetation. LA left atrium, LV left ventricle
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Fig. 12.17 Transesophageal 3D view of the mitral valve from
the left atrial perspective in the same patient as in Fig. 12.16
shows the large healed vegetation (arrow) on the anterior mitral
leaflet. AV aortic valve

Valvular dysfunction is the norm following endocardi-
tis, and indeed less than 10% of affected valves will
retain normal function despite successful medical
treatment for IE [30]. If there is no significant valvular
dysfunction, the mere persistence of vegetation does
not appear to predict a poor prognosis.

There are multiple mechanisms for the develop-
ment of valvular regurgitation in IE. In the acute stage,
the proper coaptation of the leaflets may be interfered
with by the presence of vegetation or by erosion of the
leaflet as a result of the vegetative process. In the
chronic setting, fibrosis and retraction of the leaflets
are the most likely cause of valvular insufficiency.
Vegetations may also erode the subvalvular chords
leading to a flail leaflet.

The vegetative process can also lead to perfora-
tion if the vegetation is located away from the site of
leaflet coaptation. Thus, perforation should be sus-
pected if the regurgitant jet is located away from the
site of leaflet coaptation (Fig. 12.18). The develop-
ment of leaflet aneurysm or acquired diverticulum
may be a prelude to perforation (Figs. 12.6, 12.10,
12.11). Indeed, IE is usually the cause of an acquired
leaflet diverticulum or aneurysm, as a result of local-
ized inflammation and destruction of the structural
components of the valvular leaflet (Fig. 12.19). Not
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surprisingly concomitant perforation of the aneu-
rysm is common [31]. Valve aneurysms without per-
foration can be a source of embolism. Elucidation of
the mechanism of valvular insufficiency is useful to
management since mitral valve repair may be very
feasible in situations such as perforation in patients
whose infection has been successfully treated by
antibiotic therapy.

Several morphologic features of the vegetation have
been examined in predicting the risks of embolic events.
Many studies have shown that the size of the vegetation
is the most consistent feature that relates to the risk of
embolic events [32] (Fig. 12.20). However, vegetation
size may be of limited clinical utility, since there is a
considerable overlap in vegetation size between patients
with and without embolic events [33]. Thus, clinical
decision as to whether to proceed with surgical inter-
vention to prevent embolism should not be based on
echocardiographic findings alone.

Paravalvular Complications

Paravalvular lesions include leaks, fistulas, and
abscesses (Table 12.5). Paravalvular leaks due to tissue
destruction and paravalvular abscess may be seen with
native valve IE (aortic more than mitral), but are espe-
cially common adjacent to infected valve prostheses
[34] (Figs. 12.21-12.23). These leaks may cause clini-
cally significant congestive heart failure and hemoly-
sis. Extension of the valve infection into surrounding
structures predicts a high mortality, a high risk of sig-
nificant heart failure and the need for cardiac surgery
[25]. Paravalvular lesions may be acute or become
chronic. They are not static complications and may be
progressive.

Extension of an active valve infection to adjacent
intracardiac structures is common including infected
lesions where adjacent valves touch or are contiguous,
such as the aortic valve to the back of anterior mitral
leaflet, the posterior leaflet mitral valve to the left atrial
endocardium, and the aortic valve to the ascending aorta
[35]. Jet lesions as a result of valvular insufficiency may
cause infected endocardial lesions to form [23, 35].

Infections may extend from the mitral and aortic
valves to the valve annuli [36]. This complication is
considerably more common in the aortic position as
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Fig. 12.18 Transesophageal views of the mitral valve in a patient with mitral valve endocarditis who had mitral repair surgery to
correct mitral regurgitation. In the preoperative images (a, b) no vegetation was detected but there was a perforation (arrow) at the
anterior mitral leaflet. Color-flow image (b) shows that there was mitral regurgitation from the coaptation site and from the perfora-
tion. Images post-surgery (¢, d) show that the perforation has been successfully patched with only trivial residual mitral regurgitation
(d). LA left atrium, LV left ventricle

compared to the mitral. This may manifest as an aortic
root abscess, or the mitral annulus or mitral annular
calcification (MAC) may become infected.

MAC may ulcerate giving rise to thrombus deposi-
tion with potential for embolization and infection. If
infected, there is usually leaflet perforation and myo-
cardial abscess [37]. If the infection spreads into the
lateral atrioventricular groove the circumflex coronary
artery may become distorted from local effects of the
infection, and may become inflamed with an arteritis
leading to thrombosis. Annular abscesses may also
erode to the free pericardial surface producing fibrin-
ous or suppurative pericarditis and hemopericardium.

Aortic root abscesses may be a source of embolic
material and may compress structures around the aortic

root. If the proximal coronary arteries are distorted,
myocardial ischemic sequelae may result. The forma-
tion of a root or annular abscess is not an end event.
Rather these structures are progressive with potential
formation of perforations or fistulas.

Due to the central position of the aortic valve, infec-
tion of this valve may form fistulas with practically
any cardiac chamber (Figs. 12.21-12.23, Table 12.6)
[38]. Infection in the left aortic cusp or sinus may
spread through the aortic wall and cause pericarditis or
tamponade, or a fistula may extend into the left atrium.
Infection of the posterior (noncoronary) aortic cusp or
sinus may cause a fistula to either the left or right
atrium. Infection of the right aortic cusp or sinus may
cause a fistula to the right atrium, and the right
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Fig.12.19 In this patient with Staphylococcal endocarditis, the transesophageal view (a) shows a large tubular diverticulum (arrow)
arising from the posterior aortic cusp. The tip of the diverticulum is perforated. Color-flow image (b) shows aortic regurgitation
traversing the diverticulum into the left ventricle during diastole. Acquired valvular diverticulum is invariably due to endocarditis
and is usually associated with perforation. Ao aorta, LA left atrium, LV left ventricle
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Vegetation Size
Study >10 mm <10 mm OR Weight OR (fixed)
o o 95%CI (%) 95% CI
Buda 1986 6/11 10/31 ——e——— 3.97 2.52 [0.62, 10.28]
De Castro 1997 16/31 9/26 —_— 7.90 z.01 [0.69, 5.89]
Deprele 2004 20/35 10/45 —=—3 6.26 4.67 [1.77, 12.32]
Di Salvo 2001 40/67 26/111 —s—— 13.16 4.84 [2.51, 9.34)
Erbel 1988 3/14 11/82 _—t 4.21 1.76 [0.42, 7.33]
Hwang 1983 7/31 2/10 3.91 1.17 [0.20, 6.80]
Jafte 1990 8/32 2/18 —_—  3.20 2.67 [0.50, 14.22]
Lutas 1986 9/26 &8/50 —— - £5.97 2.78 [0.92, 8.40]
Mangoni 2003 28/51 15/43 . 12.25 2.27 [0.99, 5.24]
Mugge 1989 22/47 11/58 —_— 8.4 3.76 [1.57, 8.99]
Sanfilippo 1991 z8/58 26/90 —— 17.59 2.30 [1.15, 4.57]
Stafford 1985 21/41 z/21 —F 2.15 9.98 [2.05, 48.45)
Stewart 1960 14/47 4/40 ——e=—) 5.06 3.82 [1.14, 12.77]
‘Wann 1979 447 3/14 e E———— A T, ] 4.89 [0.68, 34.96)
Wiong 1983 3/16 3/15 4.20 0.92 [0.16, 5.49]
Total (95% CI) 514 654 - 100.00 3.09 [2.35, 4.05]
Total events: 229 (large =/=10 mm), 142 (small < 10 mm)
Test for heterogeneity: Chi* = 10,65, df = 14 (P =0.71),F = 0%
Test for overall effect: Z =816 (P < 0,.00001)
01 02 05 1 s 10

Fig. 12.20 Pooled analysis of the association of vegetation size and the risk of systemic embolism. CI confidence interval, OR odds

<10 mm less risk

ratio (Reproduced from Salehian and Chan (32). With permission)

2
210 mm more risk
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Table 12.5 Pathology of paravalvular sequelae of infective
endocarditis

¢ Paravalvular leaks

* Prosthesis dehiscence

Annular and root abscess

Fistula or sinus formation

Pseudoaneurysm

* Conduction system destruction

¢ Myocardial abscess

* Pericarditis

Hemopericardium

Coronary artery compression

» Coronary artery erosion, thrombosis, or rupture

Spread to the chords or papillary muscle with rupture —
important to remember the fibrous continuity of the aortic
and mitral valves

Fig. 12.21 Aortic root abscess around an infected valve pros-
thesis. When the aorta was opened the valves detached from the
underlying tissues. The adjacent abscess contains inflamed
thrombus (arrow)

ventricle/right ventricular outflow tract. An aorto-right
ventricular fistula is possible due to the presence of the
atrioventricular component of the interventricular sep-
tum. Extension into the underlying myocardium and
the conduction system may be found when the infec-
tion involves the valve ring or annulus.

IE may involve the coronary arteries due to distor-
tion from an aortic root abscess or they may become
directly infected by local extension through the coro-
nary ostia or by formation of mycotic/infected aneu-
rysms. Mycotic aneurysms may occur in normal
arteries but also there may be infection of an underly-
ing atherosclerotic plaque. Mycotic aneurysms may

Fig. 12.22 Same patient as Fig. 12.21. Aortic root abscess has
produced a fistula between the aortic root and the right atrium.
The probe is passed just above the septal anterior commissure of
the tricuspid valve

Fig. 12.23 Same patient as Fig. 12.21. The aortic root abscess
has produced a fistula between the root and the left atrium. The
opened left atrium with an irregular defect is seen

Table 12.6 Aortic root fistulae

» Right cusp infections may connect with the right atrium
and ventricle and also with the epicardium causing
tamponade

 Left cusp infections may connect to the left atrium and to
the epicardium with tamponade

* Noncoronary (posterior) cusp infection may connect to
both the right and left atria

thrombose and infected thrombi may seed the myocar-
dium leading to myocardial abscesses.

Myocardial abscesses may be embolic or form as a
result of local extension of the valvular infective
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process into the adjacent myocardium. Aortic root
abscesses and myocardial abscesses may impinge
upon or destroy the conduction system in the areas of
the atrioventricular node and His bundle. Clinically,
this manifests as a progressively worsening degree of
heart block and may be an important clinical sign that
treatment is failing or disease is progressing.

Extension of infection to the pericardial space may
lead to hemopericardium and tamponade or to peri-
carditis. Fibrinous pericarditis is a common finding
with IE, but the pericardium may also become infected
leading to suppurative pericarditis.

12 Infective Endocarditis and Related Conditions

Echocardiographic Correlates

On echocardiography, a perivalvular abscess can be
identified by the detection of a localized abnormal
thickening of the perivalvular tissue [5] (Fig. 12.24).
This condition is far more common with aortic valve
endocarditis than with mitral valvular endocarditis.
Abscess formation is a dynamic process so patients
with suspected or known perivalvular abscess should
be closely followed by echocardiography (Figs. 12.24,
12.25). These patients have a worse prognosis com-
pared to patients without abscess formation. Although

Fig. 12.24 Transesophageal echocardiograms in a patient with Staphylococcal endocarditis. The first study (a, b) show mild thick-
ening (arrow) of the posterior aortic root. The second study (¢, d) 1 week later shows an increase in the thickness of the posterior
aortic root (arrows). There are areas of echo-lucency within the thickening best seen in the short-axis view (d). These evolutional
changes confirm that there was a posterior aortic root abscess. LA left atrium, LV left ventricle
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Fig. 12.25 In this patient with prosthetic valve endocarditis, transesophageal views of the aorta in long-axis (a) and short-axis (b)
show increased thickness of the posterior aortic root consistent with abscess. The patient was treated medically due to his comorbidi-
ties. Repeat transesophageal echocardiogram (¢, d) was performed 2 months later, showing that the abscess had drained and there was
a pseudoaneurysm at the posterior aortic root with a communication (arrow) with the left ventricular outflow tract. These changes
illustrate the progression of paravalvular abscess and the perivalvular complications in this setting

surgical intervention is frequently performed in these
patients, some patients may respond to medical treat-
ment alone [5].

Echocardiography has provided new insight regarding
the evolution of perivalvular abscess. This information is
mainly derived from echocardiographic follow-up stud-
ies in patients with perivalvular abscess who were con-
sidered to be too high-risk for surgical intervention and
received medical treatment only [5]. A part of
the abnormal thickening, usually the central portion,
becomes more echo lucent followed by cavitation and
communication with an adjacent cardiac chamber. In

periaortic abscess, the communication is usually with the
aortic root or the left ventricular outflow tract. The area
of lucency increases in size and the abscess wall becomes
more defined and echodense (Fig. 12.25). The end result
is a localized bulge at the aortic root which expands in
diastole, if it communicates with the aortic root, and
expands in systole if it communicates with the left ven-
tricular outflow tract (Fig. 12.26). The evolution of the
perivalvular abscess can result in the communication
between two adjacent cardiac chambers leading to the
formation of a fistula (Figs. 12.27, 12.28). The location
of the periaortic abscess predicts the path of the fistula, as
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Fig. 12.26 Transesophageal echocardiogram (a) showing the presence of pseudoaneurysm (arrow) at the posterior aortic root com-
municating with left ventricular outflow tract. The color-flow image (b) shows low velocity flow from the left ventricular outflow
tract into the pseudoaneurysm. Severe mitral regurgitation is also present. LA left atrium, LV left ventricle

discussed above. Concomitant valvular destruction is
very common in these patients and thus careful assess-
ment of the color-flow images often utilizing frame-to-
frame analysis is important to distinguish flow jets due to
valvular regurgitation from other abnormal flow jets
due to perivalvular regurgitation and fistula formation
(Figs. 12.28, 12.29).

Right-Sided Endocarditis

Right-sided endocarditis usually occurs in patients with
IVDU or in patients with indwelling catheters or
pacemaker leads. However, IVDU patients frequently
have left-sided IE which is important to recognize due
to its worse prognosis as compared to right-sided IE

(Fig. 12.30). The in-hospital mortality of right-sided IE
is <5% compared to 10-20% in left-sided IE [33, 39].
Levine et al. reported left-sided involvement in 57% of
IVDU patients [40], although the tricuspid valve was
also involved in many of these patients. Overall the tri-
cuspid valve is the most common valve to be affected in
IVDU patients who are generally younger and have a
lower incidence of underlying heart disease as com-
pared to patients with left-sided IE. The incidence of IE
in IVDU patients is about 1-5% per year and they
account for about 5-20% of the IE cases in most centers
[39]. Staphylococcus aureus is the most common etio-
logic agent, accounting for about two thirds of the cases.
Fungal endocarditis is also common.

There is concern regarding valve replacement in
IVDU patients due to the risk of future IE. The event-
free survival following valve replacement in these
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Fig. 12.27 The parasternal short-axis (a) shows the presence of a fistula at the posterior aortic root in a patient with endocarditis.
Color-flow image (b) shows flow into the right ventricle during systole confirming that the fistula is communicating between the left
ventricular outflow tract and the right ventricle. Ao aorta, LA left atrium, RVOT right ventricular outflow tract

patients has been reported to be 0.65 at 36 months and
0.52 at 60 months [41]. These are discouraging numbers
but need to be balanced with the likely 100% mortality
without surgery. The main indications for valve replace-
ment in IVDU patients are similar to patients with left-
sided IE. They are refractory heart failure (in this case
right-sided failure), persistent sepsis despite antibiotic
therapy and recurrent embolization [41]. Patients with
tricuspid valve vegetation >2 cm and with a dilated right
heart may also benefit from valve surgery [42].
Right-sided IE can be readily diagnosed by TTE,
since tricuspid valve vegetations tend to be large
(>1 cm) and are readily detected [43] (Fig. 12.31).
Pulmonary valve cusp vegetations can also be readily
detected by TTE, although the number of reported
cases in small [44] (Fig. 12.32). In general, TEE is not
required for the detection of vegetation to make the
diagnosis, but TEE can provide important information
when intracardiac complications are suspected [43].

Prosthetic Valve Endocarditis

Valve prostheses may become infected early after sur-
gery or infected after hospital discharge [45-48].
Prosthetic IE can be divided into early (less than 1 year)
and late (greater than 1 year) time periods with differ-
ing causes and organisms. Early endocarditis is usually
due to infection at the time of surgery, re-occurrence of
residual infection, if the indication for valve replace-
ment was endocarditis to start with, or new infection
due to the invasive treatment including catheters and
indwelling lines. Early organisms are often fungi or
skin flora, most commonly Staphylococci. Late pros-
thetic endocarditis is usually similar in pathoetiology
and microbiology to community-acquired native valve
endocarditis, with Streptococci being common.
Coagulase-negative Staphylococci can be the etiologic
agent for both early and late prosthetic IE due to their
high affinity to prosthetic material.
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Fig. 12.28 Transesophageal echocardiogram of the aorta in long-axis (a, ¢) and short-axis (b, d) show large vegetations involving
the aortic valve. There is also a pseudoaneurysm (arrows) involving the posterior and medial aspect of the aortic root. Color-flow
images (c, d) show the presence of severe aortic regurgitation and fistula communication between the aorta and the right atrium. Ao
aorta, LA left atrium, LV left ventricle, RV right ventricle

Invariably prosthetic endocarditis leads to infection
of the prosthetic ring, which may lead to valve dehis-
cence or a paravalvular leak. Annular abscess is not
uncommon, with complications similar to native root
abscess (Figs. 12.21-12.23). With bioprostheses, the
actual cusp tissue may be destroyed leading to cusp
thrombi, destruction, erosions, and perforations simi-
lar to native valves. Mechanical prostheses may get
variable sized thrombi, but the actual prosthesis usu-
ally remains intact and the infection is mainly in the
sewing ring and surrounding tissues. The thrombi on a
mechanical or a bioprosthesis may interfere with nor-
mal function and the prosthesis may become dysfunc-
tional with disc or cusp immobility or the bioprosthetic
cusp destruction causes regurgitation [23, 49].

The development of new perivalvular regurgita-
tion is usually indicative of IE, underscoring the

importance of a baseline echocardiographic study after
valve replacement. Echocardiographic evaluation of a
patient with suspected prosthetic valve IE can be chal-
lenging, because of the presence of preexisting peri-
valvular abnormalities related to the underlying valve
disease and the effects of surgery, the confusing find-
ings of the different components of the prosthetic valve
and reverberation artifacts caused by the prosthetic
material. TEE is superior to TTE in this clinical setting
and should be performed even when a good quality
TTE shows no evidence of infection (Figs. 12.33,
12.34). The sensitivity of TTE in the diagnosis of pros-
thetic valve IE is 25-36%, lower than that of TEE
which is 77-100% (Fig. 12.34) [33, 50, 51]. Aortic
prosthetic valves are more difficult to image optimally
by TEE, accounting for the majority of the false-
negative cases (Fig. 12.35) [51].
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Fig. 12.29 In this patient with bioprosthetic aortic valve and aortic root abscess, the abscess has cavitated and developed into a
pseudoaneurysm (a). There is dehiscence of the posterior sewing ring (arrows) with severe paravalvular aortic regurgitation (b). Ao
aorta, LA left atrium, PSA pseudoaneurysm

Fig. 12.30 Apical four-chamber (a) and five-chamber (b) views in a patient with intravenous drug use and Staphylococcal endo-
carditis show that in addition to vegetation (arrow) on the tricuspid valve in the four-chamber view (a), there is a large vegetation
involving the aortic valve (short arrow) and a large aortic root abscess (long arrow) in the apical five-chamber view (b). LA left
atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 12.31 Transthoracic apical four-chamber (a) and parasternal short-axis (b) views in a patient with intravenous drug use and
endocarditis showing vegetations involving the tricuspid valve. Transesophageal views of the same patient (¢, d) show similar find-
ings. In patients with tricuspid valve endocarditis, the sensitivity of transthoracic study is similar to that of transesophageal studies
because the vegetations generally are quite large and usually well seen. LA left atrium, LV left ventricle, RA right atrium, RV right
ventricle

Both bacterial and fungal organisms are important
causes of prosthetic IE [52]. Peripheral emboli are
not uncommon [45]. Although a paravalvular leak
may be technically related to poor tissues, suture
unraveling, suture tissue cut through, and other tech-
nical matters, it is important to keep the possibility of
IE in mind with all paravalvular leaks. Annular
abscess and fistulas are much more common with
prostheses, as compared to native valves. It is a dis-
turbing and memorable experience to image a near
totally dehisced valve prosthesis by echocardiogra-
phy and for the surgeon to be able to remove the pros-
thesis from a patient without much need to cut tissue

or sutures as all have been destroyed by the infection.
Sutures, pledgets, and the aortotomy site may also
become infected.

Chronically, paravalvular defects and paravalvular
leaks may form and become clinically significant with
regurgitation, heart failure, or hemolysis. Destruction
of the adjacent tissues may lead to intracardiac fistulas,
conduction system destruction and arrhythmias, and
coronary artery inflammation and thrombosis [45].
The mortality of prosthetic IE remains high, with or
without surgery. Fungal infection of prosthesis is a sur-
gical indication due to near total mortality without sur-
gery [46, 53, 54].
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Fig. 12.32 Parasternal short-axis view (a) in a patient with vegetation (arrow) involving the pulmonic valve. Color-flow image (b)
shows no significant pulmonic regurgitation. Ao aorta, LA left atrium

Fig. 12.33 Transesophageal views of the aortic bioprosthetic valve in long-axis (a) and short-axis (b) show the presence of a large
vegetation (arrow) involving one of the prosthetic leaflets. This vegetation is not imaged on the transthoracic study
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Fig. 12.34 Transesophageal 3D image of the bioprosthetic
valve from the aortic perspective shows the large vegetation
(arrow) attached to one of the posterior bioprosthetic leaflets.
This is the same patient as in Fig. 12.33

Culture Negative Endocarditis

Patients with clinical and echocardiographic evidence of
native or prosthetic valve endocarditis with persistently
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negative blood cultures should be investigated for pos-
sible fungal endocarditis and endocarditis secondary to
other unusual or fastidious microorganisms, including
HACEK groupbacteria, Bartonella, Brucella, Chlamydia,
Coxiella, Corynebacterium, Legionella, Listeria,
Mycobacterium, Mycoplasma, Neisseria, Nocardia, and
nutritionally variant Streptococci. Special media (hyper-
tonic, B6 and cysteine-enriched), lysis centrifugation
techniques, and resin treatment to remove antibiotics
have been recommended. A minimum 3-week incuba-
tion of blood cultures has been recommended for all
patients with culture negative endocarditis. Serology and
moleculartechniques arealsouseful [55]. Histopathologic
examination of embolic material along with culture has
been helpful in confirming fungal etiologies for both
prosthetic and native valve endocarditis. This is one of
the reasons that all extracted emboli should be examined
microscopically by a pathologist. In this clinical setting,
echocardiographic findings assume even greater impor-
tance in making the diagnosis.

mmHg

Fig. 12.35 Transesophageal echocardiogram in a patient with Staphylococcal prosthetic valve endocarditis shows a large mass
involving the aortic valve (a, b). There is also increase in thickness of the posterior aortic root consistent with abscess. The large size
of the vegetation leads to aortic stenosis with turbulent flow distal to the aortic valve (c) and a peak transvalvular gradient of

45 mmHg (d)
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Fungal Endocarditis

Fungal endocarditis is usually encountered with IVDU,
postsurgically or with immunosuppression [56]. Fungi
represent 1-10% of the infectious pathogens causing
infective endocarditis. About 5-15% of prosthetic IE
and 12-20% of intravenous drug-related IE is fungal in
etiology. Candida albicans, non-albicans Candida and
Aspergillus species are the most common etiologic
agents. Immunocompromised hosts may not develop
classic valvular endocarditis, but instead may have
non-valvular and mural sites of endocardial infection.
Fungal vegetations are usually quite large and friable
(Figs. 12.36, 12.37). Valve stenosis and embolic events
are common. Both native and prosthetic valve fungal
endocarditis are associated with severe complications,
including disseminated infection, large and friable
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valvular vegetations with a propensity to embolize,
and valve ring and myocardial abscesses.

Fungal endocarditis is difficult to diagnose as
fungemia occurs in only 50% of cases. Fungi tend to
form mycelial masses and have a tendency for vascu-
lar invasion, thus decreasing their identification in
blood. Documented fungemia is rare for Aspergillus,
Histoplasma, and Mucor, as these fungi are uncom-
monly grown in routine blood cultures.

Histopathologic examination of embolic material
with culture has been helpful in confirming fungal
etiology. Unfortunately, this diagnostic procedure is
dependent on a complication of fungal endocarditis
that all clinicians would like to avoid. In cases of
Aspergillus endocarditis, histopathologic examina-
tion and fungal cultures of skin lesions have been
effective. Choroiditis may be present. The diagnosis

Fig. 12.36 Transthoracic apical four-chamber (a) and parasternal short-axis (b) views how bulky vegetations (arrows) involving all
three tricuspid leaflets in a patient with intravenous drug use and Candida endocarditis. Transesophageal views of the same patient
(¢, d) show similar findings. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 12.37 Excised aortic valve cusp with fungal endocarditis.
The infected thrombus is large, bulky, and obscures the underly-
ing valve cusp

of Histoplasma endocarditis has been established
through surgical biopsy and fungal cultures of bone
marrow, liver, and oropharyngeal ulcers [49].
Serological tests are of limited value in the diagnosis
of fungal endocarditis, but may be useful in confirm-
ing endocarditis due to Cryptococcus and Histoplasma.
Candida serological tests are unreliable and false-
positive tests for Candida precipitins occur commonly
in post-cardiac surgery patients with no evidence of
endocarditis [54].

Although rare cases of fungal endocarditis have been
successfully treated with antimycotic therapy alone,
most clinicians advocate aggressive debridement and
antimycotic therapy, regardless of whether the involved
cardiac valves are native or prosthetic. About 10% of
patients thought to be free of fungal endocarditis will
subsequently re-develop it. Some advocate that the
optimum treatment of fungal native or prosthetic valve
endocarditis includes life-long, suppressive, antimy-
cotic therapy.

Nonbacterial Thrombotic Endocarditis

Nonbacterial thrombotic endocarditis (NBTE) is also
known as thrombo-endocarditis and marantic endo-
carditis. This type of valve lesion describes deposition
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of fibrin and platelets on cardiac valves in the absence
of microorganisms [57]. Association with malignancy
and debilitation was noted early. Deppisch et al. reported
a retrospective clinicopathological analysis of 4,096
autopsies at Mount Sinai hospital from 1965 to 1974
[58]. Of 102 patients diagnosed premortem with NBTE,
only 65 had pathological confirmation. Of these 65
patients, the most common underlying associated con-
dition was malignancy (51 patients) and of all the malig-
nancies adenocarcinoma, by itself, or with a second
malignancy, was the most common neoplasm. The other
14 patients had no malignancy, but had chronic debili-
tating diseases including systemic lupus erythematosus
(SLE), and cirrhosis [58]. The other etiological mecha-
nism of NBTE is the presence of a hypercoagulable
state. The association of thrombosis (hypercoagulable
state) and disseminated intravascular coagulation and
malignancy was first noted by Trousseau [59, 60]. This
association was also seen with other underlying sys-
temic diseases including chronic inflammatory condi-
tions, stress from burns, or dehydration [60]. The
hypercoagulable state has been attributed to production
of procoagulants, tumor mucin release or elevated clot-
ting factors, fibrin degradation products, or thrombocy-
tosis, or platelet activation through platelet activating
factors released secondary to the localized valvular
injury and fibrin depositions [2].

Before the wide availability of echocardiography,
NBTE was most commonly discovered at postmor-
tem examination [1]. Lopez reviewed the autopsy and
echocardiographic records from Cedars-Sinai Medical
Center between 1982 and 1984 [61]. Six patients had
confirmed postmortem pathological diagnosis of
NBTE and also an adequate premortem echocardio-
graphic assessment by M-mode and 2D echocardiog-
raphy within 45 days of death. Five of the six patients
were diagnosed with valvular vegetations by 2D
echocardiography. There was excellent correlation
between the echocardiographic measurements and
the autopsy findings.

The most common morphologic finding of NBTE is
a vegetation-like lesion, a localized mobile echogenic
mass attached to a normal appearing valve [1]. These
lesions are located along the lines of valve closure and
there is no associated underlying valve destruction
(Fig. 12.38). The common sites are the atrial side of
the atrioventricular valves and the ventricular side of
the semilunar valves [1, 62]. Vegetation size can vary
from small 2-3 to 10 mm.
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Fig. 12.38 Opened mitral valve with nonbacterial thrombotic
endocarditis. This patient had malignancy. The tan small thrombi
are located on the atrial side of the valve leaflets along the line of
closure (arrows)

Left heart valves are almost exclusively affected
with the aortic and mitral valves equally affected. The
majority of the NBTE vegetations were associated
with some degree of valvular insufficiency (54%), but
two thirds had only mild insufficiency and only 2-3%
needed surgery [1]. NBTE may still be clinically sig-
nificant as the vegetation still has a propensity for
embolic events including stroke, myocardial infarct,
and systemic organ ischemia.

Rheumatic Fever Verrucous Endocarditis

Rheumatic fever is a pancarditis including endocardi-
tis and valve involvement [63]. Chronic rheumatic
valve disease is an important cause of aortic and mitral
valve disease. The acute valve lesions of rheumatic
fever are less recognized as they are clinically silent
and usually undetectable by imaging.

Grossly, in the acute phase of rheumatic fever, the
valves become thickened and less translucent. Tiny
1-2 mm thrombi (verrucae) are present at the lines of
closure — on the atrial surface of the atrioventricular
valves and the ventricular surfaces of the semilunar
valves. Thrombi may also be present on the chords,
left ventricular papillary muscles, or the left atrial
endocardial surface. Chordal rupture may occur. The
mitral valve is most often affected, followed by the
mitral and aortic valves together, and lastly the aortic
valve alone. Commonly, there is mitral insufficiency;
however, this is usually due to ventricular dilatation
(from heart failure and myocarditis related to the

rheumatic fever). These valve changes are usually too
small to be detected by imaging, but may be noted at
surgery or pathology examination.

By microscopic examination, the earliest changes
that occur at the valve rings are swelling, edema, and
accumulation of acid mucopolysaccharides. There
may be acute and chronic inflammation, including
plasma cells, neovascularization with capillary prolif-
eration, fibroblasts, and fibrinoid necrosis of collagen.
Structures resembling Aschoff bodies may rarely be
present [64].

Libman Sacks Endocarditis,
Antiphospholipid, and Anticardiolipin
Antibody Syndrome

Valve lesions, both focal and diffuse, are seen in sys-
temic lupus erythematosus (SLE) with or without the
presence of antiphospholipid antibodies. The antiphos-
pholipid syndrome (APS) is defined by the presence of
these antibodies and thrombocytopenia, repeated abor-
tion, and arterial and/or venous thrombosis. About half
the cases are primary and the other half secondary to
SLE. These antibodies, which are heterogeneous in
type and nature, may be present in disease states other
than SLE (other autoimmune diseases, malignancy, or
drug induced) or they may be part of a primary syn-
drome. The antibody may cause endothelial dysfunc-
tion allowing valvular thrombosis to occur or the
mechanism may involve antibody deposition and an
immune reaction [65, 66].

The valvular pathology described in SLE and the
APS is variable [66]. Most of the older studies of these
processes are postmortem based, while in modern stud-
ies, assessment with imaging modalities are common.
These divergent studies give different results. There is
also a bias in the older literature, as the presence of the
valvular thrombi was considered to be one of the major
specific autopsy criteria for SLE. Less overt valve
lesions are seen in current patients and this may reflect
a change in the medical management of SLE.

The classic valve lesions are termed Libman Sacks
endocarditis. These small sterile thrombi may occur
anywhere on the endocardial surface, but have a pro-
pensity for left-sided valves. The thrombi are sessile
and usually about 3—4 mm, although lesions up to
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Fig. 12.39 This 64-year-old woman had systemic lupus erythematosus and markedly elevated antiphospholipid antibody level. She
had no clinical evidence of endocarditis and blood cultures are negative. The transesophageal image (a) showed a large mobile mass
on the aortic valve protruding into the left ventricular outflow tract during diastole. The color-flow image (b) showed no aortic regur-
gitation, strongly suggesting that this is not an infective vegetation. Ao aorta, LA left atrium, LV left ventricle

1.4 cm have been seen. They are present in about 10%
of lupus patients, and the prevalence is associated with
disease duration, disease activity, and antiphospholipid
antibodies [67]. The valvular lesions can be quite large
when there is associated antiphospholipid syndrome
(Fig. 12.39). The most common location is along the
line of valve closure and the opposite corresponding
area on the other side of the leaflet or cusp. No valve
destruction is present, an important fact to distinguish
these thrombi from those of infective endocarditis
(Fig. 12.40). Microscopy reveals bland thrombi with
little chronic inflammation. In earlier reports, before
the use of steroids, more inflammation, fibrinoid necro-
sis, and hematoxylin bodies were described. Special
stains to rule out the presence of infective endocarditis
are important.

Although clinically silent from a valvular dysfunc-
tion point of view, the thrombi may be responsible for
embolic events including stroke, myocardial infarct,
and systemic organ ischemia. Some of the clinical
manifestations of SLE may not be vasculitic, but rather
thromboembolic in nature.

Fig. 12.40 Large Libman Sacks vegetations that were quite
large and friable but did not destroy the underlying valve leaflet

Summary

Infective endocarditis has protean manifestations and
may mimic many diseases. Prompt and accurate diag-
nosis is essential to the management of these patients.
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The pivotal role of echo in the diagnosis of IE is recog-
nized by the widely used Duke criteria for IE. It is the
only noninvasive means to reliably detect valve vegeta-
tion, which is the hallmark of the disease. Transthoracic
echo has a limited sensitivity in the detection of vegeta-
tion, and in up to 20% of patients TTE provides subop-
timal images due to poor acoustic windows from chest
deformity, obesity, pulmonary disease, or preexisting
valvular abnormalities including the presence of pros-
thetic heart valves. In these situations, TEE is preferred
since it can consistently provide high quality images
and has been demonstrated to have a high sensitivity in
the detection of vegetations and abscesses. TEE should
be performed in high-risk patients even in the setting of
a negative TTE to detect evidence of IE and in the set-
ting of a positive TTE to assess local complications
such as intracardiac pseudoaneurysm or fistula.
Echocardiography has also provided valuable insight
into the natural history of perivalvular abscess.
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Neoplasm, Cardiac Tumor

The pathologist and cardiologist in routine practice do
not commonly encounter tumors of the heart and great
vessels. Prior to the 1960s, cardiac tumors were rarely
diagnosed before the death of the patient and could
only be examined at autopsy. The development of car-
diac surgery has allowed resection of these tumors.

The reported incidence depends on the time period
being reported, and also whether the series is autopsy
or surgical based. Older series, before cardiopulmo-
nary bypass and modern imaging techniques, were
postmortem based [1]. Premortem diagnosis of cardiac
tumors has become possible with the advent of more
sophisticated imaging and surgical excision. Primary
cardiac tumors are rare, and observed in only about
0.002-0.33% of autopsies [1-3]. Reyen reviewed 22
autopsy-based series of primary cardiac tumors and
found an incidence of 0.021% in a group of 731,309
autopsy patients [4]. In a 20-year (1972-1991) review
of 12,485 autopsy cases, Lam reported a 0.056% inci-
dence of primary cardiac tumors and a 1.23% inci-
dence of secondary tumors involving the heart [3]. Of
the cardiac primaries, almost all represent benign neo-
plasms, mostly myxomas in the adult population [5-7].
Pediatric population has a different variety of tumors
with fibroma and rhabdomyoma being most common.
It should be recognized that the reported incidence
from some institutions may represent a high referral
bias and may not reflect the actual incidence within the
general population.

Metastatic secondary tumors to the heart outnum-
ber primary cardiac tumors [3]. The reported incidence
varies depending on the time period being reported and
the reporting institution. Abraham et al., in a review of
3,314 autopsies, found a 2.9% incidence of metastatic
tumor involving the heart [8]. The reported incidence
of cardiac metastases probably may have increased
as a result of improvements in cancer therapy, thus

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

prolonging life and increasing the likelihood of cardiac
metastases.

Cardiac neoplasms have widely varied clinical signs
and symptoms [9-11]. The presentation depends not
only upon the size of the tumor, but often upon the ana-
tomical location. Growth rate, friability, and invasive-
ness are also important factors that determine the clinical
features of the neoplasm. Large tumors may be relatively
silent, whereas small tumors in an unfortunate location
may give rise to devastating clinical consequences.

Right atrial or right ventricular tumors may result in
right heart failure from atrioventricular or pulmonary
outflow obstruction. These tumors present with periph-
eral edema, hepatomegaly, ascites, dyspnea, syncope,
and sudden death [12]. If the tumors interfere with valve
function, they may result in valvular regurgitation or
stenosis due to a mass effect. Right-sided cardiac tumors
may embolize to the lungs and present with chest pain,
pulmonary infarction, and hemoptysis. Chronic embo-
lization may also mimic chronic thromboembolic dis-
ease with pulmonary hypertension.

Pericardial tumor involvement may result in chest
pain typical of pericarditis [9, 13]. The tumors may be
hemorrhagic and present with pericardial effusion and
tamponade. Constrictive pericarditis may also result
from tumor infiltration.

Left atrial tumors, especially those that are mobile
or pedunculated, may lead to systemic embolism
involving the coronary, cerebral, and peripheral cir-
culations [12-14]. This can lead to myocardial infarc-
tion, stroke, or ischemia to viscera or limbs. Left
atrial tumors may also interfere with mitral valve
function resulting in mitral stenosis or regurgitation.
Valve dysfunction manifests as left-sided heart fail-
ure with shortness of breath, orthopnea, paroxysmal
nocturnal dyspnea, pulmonary edema, fatigue, cough,
and chest pain [2].

349

DOI: 10.1007/978-1-84996-387-9_13, © Springer-Verlag London Limited 2011



350

Left ventricular intramural tumors may be asymp-
tomatic or present with a mass effect. With protrusion
into the endocardial cavity, hemodynamic compromise
may result [9]. Local extension of the tumor may cause
conduction or coronary artery compromise with chest
pain, myocardial infarction, arrhythmia, heart block,
or sudden death.

Some tumors, such as myxoma, have associated
constitutional symptoms including anorexia, weight
loss, fatigue, and malaise which may mimic a variety
of systemic disorders [2, 12, 14, 15]. Interestingly,
there may be hematological abnormalities, including
anemia, polycythemia, leukocytosis, thrombocytosis,
and elevated sedimentation rate [9]. Tumor produc-
tion of mediators, including interleukins, has been
reported [15].

Echocardiographic Approach

Echocardiographic detection of a cardiac tumor is a
rare occurrence and is frequently associated with con-
siderable excitement given the dramatic echocardio-
graphic features of many cardiac tumors. Cardiac
tumors can be difficult to diagnose as they have differ-
ent presentations including systemic symptoms and
embolic events. In many instances, the diagnosis of car-
diac tumor may be an incidental finding. For instance,
about a third of patients with myxoma in our centre
were asymptomatic and the diagnosis was an incidental
finding during an echocardiographic examination for
another indication [16].

The most common echocardiographic feature of a
cardiac tumor is the presence of an abnormal intracar-
diac mass. Clearly, not all intracardiac masses are
tumors, and not all cardiac tumors present as an intrac-
ardiac mass. When an intracardiac mass is detected by
echocardiography, a systematic approach is essential
to arrive at the correct diagnosis. Many other possible
conditions should be excluded before one makes the
diagnosis of cardiac tumor. A critical evaluation of the
echocardiographic findings is particularly important,
since it is the imaging modality that is most frequently
used in the detection of cardiac tumor. In the series of
546 cardiac tumors by Blondeau et al., echocardiogra-
phy was utilized in about 80% of the cases, whereas
computed tomography was used in only 7% of the
cases [17]. Although other imaging modalities such as
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magnetic resonance imaging (MRI) may assume a
larger role, echocardiography will remain the gold
standard in the diagnosis of most cardiac tumors
because of its noninvasive nature and superior tempo-
ral resolution.

Our approach in the evaluation of intracardiac mass
is to start with a broad perspective bearing in mind that
tumor is but one of many potential causes of an intrac-
ardiac mass. The most common causes of an echocar-
diographic mass are listed in Table 13.1. Artifacts
should always be one of the first conditions to consider
in dealing with an intracardiac mass. Reverberation
artifact arising from a mechanical mitral valve can give
the impression of a mass within the left atrium and
conversely, the reverberation artifact can mask the
presence of a left atrial mass (Fig. 13.1). Other com-
mon artifacts include acoustic shadowing from a very
bright echo reflector, beam width artifact, and side lobe
artifacts. Artifacts are particularly common in patients
with suboptimal images. Multiple image windows
including the use of the transesophageal window may
be needed to exclude these artifacts.

Extracardiac masses may appear to be intracardiac.
Sequential images with slight transducer angulation
should be used to demonstrate the extent of the mass
and its relationship to the cardiac structures in order to
avoid confusing an extrinsic mass with an intracardiac
mass (Fig. 13.2). The right and left atria are more prone
to the effect of extrinsic compression by an extracar-
diac mass, and thus, extracardiac masses should be
carefully excluded when a left atrial or right atrial mass
is detected by echocardiography. Extrinsic cardiac
conditions that can simulate an intracardiac mass
include pectus excavatum, the spine, hiatus hernia,
hematoma, pericardial cyst, bronchogenic cyst, and
noncardiac tumors such as lymphoma and posterior
mediastinal neurogenic tumors (Figs. 13.3—13.5). It is

Table 13.1 Differential diagnosis of a cardiac mass

» Artifact

¢ Extracardiac mass

* Normal structure or variants
¢ Thrombus

* Vegetation

¢ Tumors

¢ Infections
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Fig. 13.1 The parasternal long-axis (a) and four-chamber (b) views in a patient with a mechanical ball valve mitral prosthesis show-
ing reverberation artifacts (arrow) in the left atrium, which may be confused for left atrial masses. LA left atrium, LV left ventricle,
RA right atrium, RV right ventricle

Fig. 13.2 This is a patient with a known hiatus hernia. The apical four-chamber views obtained on two separate occasions show that
there is an apparent large mass (arrows) in the left atrium (a), which is not seen in (b). A sliding hiatus hernia may move into the
thorax and indent the left atrium such that it is imaged on one occasion and not the other. If hiatus hernia is suspected, the diagnosis
can be confirmed by the detection of enhanced echogenicity following ingestion of a carbonated drink. LA left atrium, LV left ven-
tricle, RV right ventricle
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Fig. 13.3 This apical four-chamber view (a) was obtained in a patient with low cardiac output following cardiac surgery. Large masses
appear to be within the right and left atria (arrows). These masses were correctly diagnosed to be extracardiac hematomas indenting
the atria. After evacuation of the pericardial hematoma, the apparent atrial masses were no longer seen (b). LA left atrium, LV left

ventricle, RA right atrium, RV right ventricle

Fig. 13.4 This is a transesophageal view in a patient with a bron-
chogenic cyst in the posterior mediastinum indenting and displac-
ing the adjacent cardiac structure. Ao aorta, BC bronchogenic cyst,
LA left atrium, MPA main pulmonary artery, RA right atrium

worth emphasizing that a solid tumor in the far view
can appear cystic. In our experience this is particularly
the case with lymphoma.

Normal cardiac structures can be quite prominent and
confused with an abnormal mass (Table 13.2). The

Fig. 13.5 This is a 5 cm pericardial cyst located on the anterior
heart near the left atrial appendage. It was an incidental finding at
autopsy. The cyst is opened demonstrating red brown fibrin on the
inside. Pericardial cysts may be located all around the heart.
Pathologists, surgeons, and cardiologists gain an appreciation of
the many neoplastic and nonneoplastic mediastinal lesions that
exist. Ectopic thyroid tissue has even been reported near the heart

partition between the left upper pulmonary vein and the
left atrial appendage can be quite bulbus, but the correct
diagnosis can be made by its typical location and appear-
ance (Fig. 13.6). Similarly, the crista terminalis can be
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Table 13.2 Normal cardiac structures mimicking an intracardiac
mass

Crista terminalis

Eustachian valve

Thebesian valve

Chiari network

Bulbous partition between left atrial appendage
and left pulmonary vein

Moderator band

Accessory papillary muscle

False tendon — pseudotendon

Ventricular trabeculation

Lipomatous hypertrophy of atrial septum

Age-related valve nodules on closing margin

Prominent interatrial septal mobility

Fig. 13.6 This transesophageal echocardiogram shows an appar-
ent intracardiac mass (arrow) which represents the bulbous parti-
tion between the left atrial appendage and the left upper pulmonary
vein. This is a normal anatomical variant. LAA left atrial append-
age, LV left ventricle, LUPV left upper pulmonary vein

prominent in some patients and should not be confused
with an abnormal right atrial mass (Fig. 13.7). Additional
images should be used to show the typical course of this
muscle bundle running from the origin of the superior
vena cava down the right side of the vena cava and curv-
ing toward the tricuspid orifice, thus dividing the trabecu-
lated atrial appendage from the posterior smooth-wall
right atrial cavity. A mobile and redundant atrial septum
can mimic an atrial myxoma due to tangential section of
the atrial septum (Fig. 13.8). In the elderly, mitral annular
calcification can be quite large with central liquefaction
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and should not be confused for a cardiac tumor
(Figs. 13.9, 13.10). Unusual infections caused by actin-
omycetes or mycobacteria may affect the myocardium
and give rise to an intracardiac mass (Figs. 13.11,
13.12). Hydatid cyst is a rare condition which is usually
intramyocardial involving the ventricular septum or the
left ventricular free wall. This possibility needs to be
considered when an intracardiac cystic mass is encoun-
tered in a patient from a sheep-raising country, where
echinococcal infection may be endemic.

After excluding artifacts, extracardiac masses, and
normal structures, the diagnosis of an abnormal intrac-
ardiac mass can be made, and the differential diagnoses
then include thrombus, vegetation, or tumor. The dif-
ferentiation of these three entities is largely based on the
location and morphologic characteristics. Associated
findings, such as evidence of stasis, and clinical correla-
tion, such as the presence of fever, are very useful.
Similarly, evolutional changes over time or with treat-
ment may also be helpful. The typical features of throm-
bus and vegetation are listed in Table 13.3. Thrombus
occurs in areas of stasis and is more common in the left
atrial appendage or the left ventricular apex in the set-
ting of anterior wall myocardial infarction. Thrombus
tends more likely to be single and well defined. Mobile
thrombus is less common. Old thrombi may appear
echo dense.

Valve vegetations are located on or near the coapta-
tion area on the upstream side of the cardiac valves. They
can be single or multiple and are usually highly mobile.
Old vegetations can be echogenic in appearance. The
presence of leaflet destruction or paravalvular extension
is a good indication that one is dealing with a destructive
process such as vegetation rather than thrombus.

Differentiating a tumor from a vegetation or throm-
bus can be difficult, and it is crucial to interpret echo
findings in light of the clinical setting. A cardiac tumor
should be suspected when a cardiac mass is detected
without clinical evidence of infection or predisposing
conditions for intracardiac stasis. The location and
morphologic features are very helpful. The useful fea-
tures to differentiate a benign primary cardiac tumor
from malignant or secondary cardiac tumors are listed
in Table 13.4.

Benign primary cardiac tumors obey the anatomic
confines. For instance, a left atrial myxoma does not
invade the pulmonary veins, the underlying left atrial
wall, or the left ventricle. Benign tumors are usually
well circumscribed and do not involve the pericardium.
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Fig. 13.7 The transesophageal echocardiogram in the transverse plane (a) shows a mass (arrow) in the right atrium. The longitudinal
plane (b) shows that this mass (arrow) is located at the entrance of the superior vena cava. Additional images (not shown) show that
this is the crista terminalis, which runs from the origin of the superior vena cava down to the tricuspid orifice

On the other hand, malignant or secondary tumors fre-
quently invade beyond the anatomic borders of any one
cardiac chamber. They are poorly demarcated and the
pericardium is frequently involved. The most common
metastatic tumors that involve the heart are lymphoma,
breast carcinoma, lung carcinoma, and malignant mel-
anoma. Angiosarcoma is the most common primary
malignant cardiac tumor.

Primary Benign Cardiac Tumors

Primary benign cardiac tumors are rare but receive
most attention because of their unique morphologic
features. The location and morphology are important
clues to identify the type of cardiac tumor (Table 13.5).

The two most common benign cardiac tumors are myx-
oma and papillary fibroelastoma (PFE). Their features
are compared in the Table 13.6.

Cardiac Myxoma

Cardiac myxoma is the most common benign cardiac
tumor. Myxomas occur more often in women than men
[18]. A recent analysis of multiple surgical-based series
including 1,195 individuals having surgical excision of
myxomas found 67% female patients and 33% male
patients. In the same review, three series that included
autopsy patients found 71% females and 29% males
[18]. The Armed Forces Institute of Pathology (AFIP)
reports more male patients, but this likely reflects a
referral pattern [7, 18].
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Fig. 13.8 This is a patient with a redundant and mobile atrial septum. The atrial septum is imaged tangentially such that it appears
as a mass (arrow) attaching to the atrial septum (a, d). Additional views are important to show that this apparent mass is due to the
mobile atrial septum (b, ¢). LA left atrium, LV left ventricle, RA right atrium

Fig. 13.9 The apical four-chamber (a) and long-axis (b) view in an 82-year-old woman show very prominent mitral annular calci-
fication (arrow) with some degree of central liquefaction. The typical location is a key feature differentiating mitral annular calcifica-
tion from other intracardiac masses. LA left atrium, LV left ventricle, RV right ventricle
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Fig. 13.10 Elderly woman with renal failure. The mitral annu-
lar calcification in the left atrioventricular groove is soft and
caseous like. It produced a left atrial mass. When this is encoun-
tered there is confusion with an abscess as the white material is
soft and may protrude out when the heart is opened or when the
valve is removed. Microscopic examination provides clarifica-
tion. Similar changes may occur surrounding the aortic root. LA
left atrium, MV mitral valve

Fig. 13.11 This 51-year-old man developed fever and a pericar-
dial effusion which was drained. The apical four-chamber view
showed a large mass involving the right ventricular apex and
right ventricular free wall (arrows). Endocardial biopsy con-
firmed abscess with Actinomycosis infection. LA left atrium, LV
left ventricle, RA right atrium, RV right ventricle

Patient age ranges from 2.5 to 97 years, 90% between
the ages of 30 and 60 years [18]. Myxomas occur only
rarely in children. The familial myxoma syndrome has
been reported under the acronyms NAME (nevi, atrial
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Fig. 13.12 Endomyocardial biopsy from patient in Fig. 13.11.
(a) Shows purulent cellular material and a large purple filamen-
tous structure typical of Actinomyces. If appreciated on gross
exam, these are termed sulfur granules due to their yellow color.
(b) Is the Gram stain demonstrating the Gram-positive filamen-
tous organisms. This patient had been scheduled to receive che-
motherapy for a sarcoma. After this diagnosis he received
antibiotics and recovered

myxoma, myxoid neural fibroma, ephelides), LAMB
(lentigines, atrial myxoma, mucocutaneous myxomas,
blue nevi), and the Carney syndrome (cardiac myxomas
and extracardiac manifestations including skin pigmen-
tation, testicular tumors, cutaneous myxomas, myxoid
breast fibroadenomas, cortical adrenal hyperplasia, and
pituitary hyperactivity) [19]. Familial myxomas are
more than often multiple, recurrent, and right sided as
compared to sporadic myxomas. The affected patients
are younger than those with sporadic myxoma.
Myxomas usually present as embolic events with
transient ischemic attacks or strokes. Peripheral emboli
are possible. Tumors may obstruct the left atrial chamber
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Table 13.3 Echo features of thrombus and vegetation

Location .
and LA appendage

Morphology * Usually single

¢ Mobile fronds less common

¢ Echo-dense when chronic

Associated findings 0

LA left atrium, LV left ventricle

Table 13.4 Echo features of benign and malignant cardiac tumors

Benign tumors

* Obey anatomic boundaries
* Well circumscribed

* Pericardium not involved

Malignant or secondary tumors

* Invade beyond anatomic boundaries
* Poorly demarcated

* Involvement of the pericardium

Table 13.5 Diagnostic features of cardiac tumors

Location
* Atria versus ventricles
¢ Intracavitary versus intramural

Morphology

* Sessile versus pedunculated

¢ Smooth surface versus mobile fronds
¢ Echo-lucent versus echo-dense

Table 13.6 Comparison of myxoma with papillary fibroelastoma

Attached to fossa ¢ On cardiac valves

ovalis

Location

Pedicle * Sometimes present ¢ Present

Central core with
multiple mobile fronds

Surface ¢ Smooth, can have 3

mobile fronds

Variable, often .
large

Size . Usually small, less

than 1 cm in size

and mimic mitral stenosis with congestive heart failure.
Myxomas may be clinically silent and some are detected
at autopsy as an incidental finding or as a regressed atrial
nodule.

Myxomas are endocardial-based lesions that do not
infiltrate into the underlying tissue. They are com-
monly located on the left atrial side of the interatrial

Area of stasis, i.e., LV apex

Cause for stasis, i.e., dilated LV 3
* Underlying wall motion abnormalities
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* On or near coaptation area on the upstream
side of the valves

 Frequently multiple
* Mobile fronds are common
¢ Echo-dense when chronic

Leaflet destruction and regurgitation
Perivalvular involvement

Fig. 13.13 This left atrial myxoma is soft, gelatinous, and mul-
tilobulated. It is easy to understand why such tumors may pro-
lapse into the mitral valve, entrap thrombi, and embolize pieces
of tumor and thrombus.

septum. They can be firm and lobulated, myxoid and
gelatinous, or friable and irregular (Figs. 13.13-13.15).
They do not occur often on the free wall of the atrium.
They do not invade the underlying myocardium and do
not invade into the adjacent pulmonary veins. The
location and noninvasiveness are important benign
features.

The cells of the myxoma possess an abundant
eosinophilic cytoplasm and have indistinct cell borders.
They arise in a myxoid background. Fibrosis, calcifi-
cation, and hemorrhage are common, and extramedul-
lary hematopoiesis may occur. Calretinin immunostain
is a useful stain that is positive in most myxomas. This
may be useful in tumors that have regression or are
covered with thrombus. Vascular immunostains, such
as CD31 and factor VIII, mark the blood vessels within
the tumor.
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Fig. 13.14 This is a large
left atrial myxoma that had
mitral stenosis-like
symptoms due to its size. It
has been bisected to
demonstrate the mottled red
and dark appearance from a
large amount of hemorrhage
in the tumor. Such degenera-
tive changes including
hemorrhage, calcification,
and bone formation are not
uncommon

Fig. 13.15 This is a left atrial myxoma of another common
gross morphology. This tumor has been bisected. The outer sur-
face is seen on the fop of the picture, and the cut surface on the
lower. The myxoma is smooth, hard, and compact. Degenerative
changes with fibrosis, calcification, and organized hemorrhage
predominate. It may be difficult to find residual myxoma cells

Cardiac myxoma is typically located in the left
atrium with attachment to or near the fossa ovalis
(Figs. 13.16, 13.17). It generally has a smooth surface
but can have mobile components (Figs. 13.18, 13.19).
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Fig. 13.16 A small myxoma is demonstrated in the transesopha-
geal longitudinal plane showing the typical attachment to the fora-
men ovale. LA left atrium, RA right atrium, SVC superior vena cava

Fig. 13.17 Transesophageal 3D view of the myxoma in the
same patient shown in Fig. 13.16, demonstrating the multiple
fronds on the surface of the myxoma
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Fig. 13.18 The parasternal long-axis view shows a large left
atrial myxoma with a smooth surface obstructing the mitral inflow
leading to mitral stenosis and heart failure. LV left ventricle

It has a slightly echo-lucent appearance and there may
be heterogeneous acoustic pockets within the myxoma.
The size can vary, although it can be quite large when
they are detected and can cause obstructive symptoms
(Figs. 13.18, 13.19).
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Right atrial myxoma may occur (Fig. 13.20). If the
myxoma is right sided or multiple, the possibility of a
familial myxoma syndrome should be entertained.
Valve myxomas are rare [20]. There has been confusion
in the past with some myxomas of the valves actually
representing hamartomas or papillary fibroelastomas.

The treatment of a myxoma is by resection of the
mass with a cuff of underlying atrial septal wall
(Fig. 13.21). Patch repair of the residual septal defect
is performed. With a good margin, the surgery should
be curative. Myxomas that are soft may embolize and
cause cerebral or systemic emboli and ischemia.
Malignant myxomas reported in the literature may be
embolic foci that have become attached to the vessels
and grown locally.

Cardiac Rhabdomyoma

Cardiac rthabdomyoma is the most common primary
pediatric tumor of the heart and is a hamartoma of
developing cardiac myocytes [21-23]. These lesions

Fig. 13.19 A large left atrial myxoma is shown in the transthoracic modified four-chamber view (a) and the transesophageal four-
chamber view (b). The myxoma obstructs the mitral inflow. It is polypoid in shape with multiple fronds on its surface. LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle
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Fig. 13.20 This 55-year-old woman was investigated for pulmonary hypertension. The transesophageal transverse plane (a) and longi-
tudinal plane (b) showed the presence of a right atrial myxoma with typical attachment near the foramen ovale. LA left atrium, RA right

atrium, RV right ventricle, SVC superior vena cava

Fig. 13.21 Left atrial myxoma which was solid but soft and
gelatinous. It showed a stalk and was excised with a cuff of atrial
septum where it was attached

lack the capacity for metastasis or invasion. Although
the behavior of the cardiac rhabdomyoma is benign, its
positioning within critical areas in the heart can lead to
lethal arrhythmias and chamber obstruction. The natu-
ral history of these lesions is to spontaneously regress.
Rhabdomyomas are usually detected prenatally or dur-
ing the first year of life. They account for over 60% of
all primary cardiac tumors. Studies have demonstrated
that the incidence of cardiac rhabdomyoma is 0.002—
0.25% at autopsy, 0.02-0.08% in liveborn infants, and
0.12% in prenatal reviews [24]. There is an increasing
clinical recognition of cardiac rhabdomyomas in utero
due to use of ultrasound imaging as part of routine pre-
natal screening.

Cardiac rhabdomyomas frequently occur in associ-
ation with tuberous sclerosis, an autosomal dominant
inherited or sporadically occurring disorder character-
ized by widespread hamartomas that variably involve
the brain, kidneys, heart, skin, and other organs. Half
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the individuals with tuberous sclerosis will develop a
cardiac rhabdomyoma. Similarly, approximately, about
half the children diagnosed with cardiac rhabdomyo-
mas will demonstrate clinical or radiological evidence
of tuberous sclerosis or have a positive family history.
Genetic analysis has identified two disease genes:
TSC-1 on chromosome 9q34 encodes for the protein
hamartin and TSC-2 on 16p13 encodes for tuberin
[23]. These proteins are both tumor suppressor genes
that appear to assist in the regulation of growth and
differentiation of developing cardiomyocytes.

Cardiac rhabdomyomas range from 1 mm to 10 cm
in greatest dimension and can be single or multiple
(Fig. 13.22). Cardiac rhabdomyomas most frequently
arise in the ventricular myocardium, but may be located
in the atria, epicardial surface, or cavo-atrial junction.
Larger lesions can lead to obstruction of inflow or out-
flow tracts. Rhabdomyomas are round or lobulated and
grossly well circumscribed. They possess a solid tan-
white homogeneous consistency and are often watery
and glistening on cut surface. Calcification and hemor-
rhage are infrequent. Intracavitary extension can occur
in as many as half of the cases.

By microscopy, rhabdomyomas are well-circum-
scribed nodules that lack a capsule, but are distinct from
the normal surrounding myocardium. The rhabdomy-
oma cells are round or polygonal in shape and are
enlarged with clear cytoplasm. The clear cytoplasm is
secondary to loss of glycogen that occurs during stan-
dard slide preparation techniques. Glycogen reacts
strongly with periodic acid Schiff (PAS) stain. The
nuclei of the rhabdomyoma cells are central or eccen-

Fig. 13.22 Opened ventricle of a child with multiple rhab-
domyomas. These are small white myocardial nodules seen
under the endocardium and also protruding into the endocardial
cavity (arrows)
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trically located. In some cells, eosinophilic septae stretch
from the cell membrane to a centrally placed nucleus,
imparting a “spider-like” appearance to the cell. These
“spider cells” are pathognomonic for cardiac rhab-
domyomas. The septae of spider cells stain strongly for
ubiquitin by immunostaining. The ubiquitin pathway
facilitates myofilament degradation, intracytoplasmic
glycogen vacuolization, and the production of spider
cells. Spider cells then undergo apoptosis, myxoid
degeneration, and regression of the rhabdomyoma. The
myogenous origin of rhabdomyoma cells is demon-
strated by the strong expression of striated muscle mark-
ers including actin, myoglobin, vimentin, and desmin.
Ubiquitin, hamartin, and tuberin are also positive.
Proliferation markers such as MIB-1 are negative.

The clinical features of cardiac rhabdomyomas are
variable and are dependent upon the location, size, and
number of lesions [21-23]. Symptoms arise due to
chamber or valve obstruction, arrhythmias or failure
from extensive myocardial involvement. Tumors
obstructing the right-sided inflow or the outflow of the
ventricles can lead to decreased cardiac output, atrial
and caval hypertension, hydrops fetalis, and death.
Arrhythmias, both ventricular and atrial, are not uncom-
mon. Wolff—Parkinson—-White syndrome has been
observed in a higher proportion of patients with tuber-
ous sclerosis, as compared to the general population.
Death may occur due to obstruction of ventricular
blood flow, arrhythmias, valve stenosis, or from loss of
functional myocardium secondary to extensive tumor
involvement.

Rhabdomyomas are frequently diagnosed by fetal
echocardiography during the prenatal period. Multiple
lesions are often associated with tuberous sclerosis.
Cardiac rhabdomyomas appear as well-circumscribed
homogenous hyperechoic masses that most frequently
involve the ventricles, but can be found at any location
in the heart (Fig. 13.23). They frequently regress spon-
taneously (Fig. 13.24). Small multiple lesions may
manifest as a thickened myocardium on ultrasound
and magnetic resonance imaging (MRI). MRI is uti-
lized if the results of echocardiography are inconclu-
sive or if aggressive surgical management is being
planned. On MR imaging, rhabdomyomas have a sig-
nal intensity similar to that of myocardium on
T1-weighted images. On T2-weighted images, the sig-
nal intensity is increased. MRI is also used to evaluate
the presence of tuberous sclerosis involving the brain,
kidneys, and liver.
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Fig. 13.23 (a) Parasternal long-axis view in a neonate showing multiple intracardaic masses consistent with rhabdomyomas.
Tumors are present in the right ventricle, left atrium, and left ventricle. (b) Apical four-chamber views show an additional tumor in
the left ventricular apex (Figures provided by Dr. J. Lougheed). LA left atrium, LV left ventricle

50.5 MI1.2

124 bpm

0.9 Mi1.2

Fig. 13.24 (a) Parasternal long-axis view in a child shows a mass (arrow) in the left ventricular outflow tract. (b) A follow-up study
shows that the mass has spontaneously regressed (Figures provided by Dr. J. Lougheed). LA left atrium, LV left ventricle

Papillary Fibroelastoma

Cardiac papillary fibroelastoma (PFE) is the second
most common benign tumor of the heart, commonly
occurring on heart valves [25]. PFE is the most com-
mon primary tumor of cardiac valves. PFE can occur
in any age-group, with the majority occurring in adults
and the highest prevalence in the eighth decade. They
occur most frequently on valvular surfaces, particu-
larly on aortic and mitral valves.

The majority are asymptomatic. Common present-
ing symptoms include stroke or transient ischemic
attack, followed by angina, myocardial infarction,

sudden death, heart failure, and embolism. Large tumor
size, left-sided location, and particularly increased
tumor mobility are echocardiographic features associ-
ated with embolism [26].

PFEs consist of multiple fibroelastic papillae origi-
nating from a stalk. They resemble a polyp or a sea
anemone (Figs. 13.25-13.27). They are usually solitary
but multiple lesions have been reported after radiation
or open heart surgery. Histologically, these avascular
papillary fronds consist of collagen, proteoglycans, and
elastic fibers. The resemblance to Lambl’s excrescences
has led to the suggestion of a common pathoetiology,
perhaps from trauma or organized thrombus. Other
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Fig. 13.25 These are multiple aortic valve papillary fibroelasto-

mas. They are photographed in water allowing demonstration of
their multiple thin sea anemone-like fronds

Fig. 13.26 There is a mobile mass (arrow) attached to the pul-
monic valve in this 64-year-old woman. She had a history of
malignant melanoma which had been resected. The pulmonic
valvular mass was excised and was a papillary fibroelastoma. LA
left atrium, MPA main pulmonary artery, RA right atrium, RV
right ventricle

suggested etiologies include congenital origin, or com-
plications of valve degeneration, cytomegalovirus, or
cardiac surgery.

If a PFE is detected, it is usually surgically resected
[27]. The treatment of an asymptomatic patient or an
incidentally found lesion is less clear. Large, left-sided
mobile tumors should be excised to prevent sudden
death and emboli. Small, nonmobile tumors may be
followed with serial echocardiography and removed if
they increase in size, become mobile or symptomatic
(Fig. 13.28).

PFEs are usually pedunculated and can be easily
surgically removed with associated endocardial tissue.
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Fig. 13.27 This is the papillary fibroelastoma removed from the
pulmonary valve of the patient in Fig. 13.26. This was a rela-
tively large compact tumor, but when put in water, the multiple
fronds were evident

Valve shaving can be done with little removal of the
underlying valve. Care should be taken to avoid frag-
mentation to prevent embolization. Any resulting valve
defects can be closed primarily or with autologous
pericardium. Valve repair is preferred. Surgical resec-
tion is curative, safe, and well tolerated.

Patients who are not surgical candidates can be
treated with systemic anticoagulation or antiplatelet
agents to reduce thrombus formation, although there is
no clear evidence to support this. Some think that the
embolic events associated with a PFE are not due to
the tumor itself, but rather due to thrombus that gets
entrapped in the fronds of the PFE [28]. Antiplatelet
agents may thus be indicated.

Other Benign Neoplasms

Lipomas are usually intramyocardial tumors which
affect both sexes equally. They have a typical echo-
dense appearance and have been associated with car-
diac arrhythmia (Fig. 13.29).

Fibromas are more commonly seen in children.
They are intramyocardial and generally affect the ven-
tricular septum or the left ventricular free-wall. They
tend to be solitary and can be large [29]. Cardiac fibro-
mas may be a neoplasm, or some consider them to be a
fibrous hamartoma. They may present with ventricular
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Fig. 13.28 The parasternal long-axis (a, d) and short-axis (¢, d) views show that there is a small sessile mass on the left coronary
cusp of the aortic valve consistent with a papillary fibroelastoma. This is an incidental finding in a 72-year-old woman who has not
had surgical excision of this aortic valvular mass. LA left atrium, LV left ventricle

arrhythmias or become large enough to distort the ven-
tricle causing flow obstruction or heart failure [30].
Cardiac fibromas often bulge into the chamber lumen.
They are firm or rubbery and do not demonstrate hem-
orrhage or necrosis (Fig. 13.30). They are usually white
or tan in color and seem well circumscribed and dis-
tinct from the surrounding myocardium. Calcifications
are typically present, a useful finding on routine imag-
ing. The microscopic features of fibromas show fibro-
blasts and dense mature collagen. Elastic fibers can be
identified with the use of special stains. The fibroblast
cells are not atypical and the mitotic rate is low, if any
are found. There is no necrosis but calcification is fre-
quently observed. At the edge, the tumor interdigitates

with the adjacent normal myocardium and the neo-
plasm is not actually circumscribed.

Treatment of a fibroma is usually by surgical exci-
sion [30]. It may be tempting for the surgeon just to
shell these hard masses out of the myocardium, but
this would lead to incomplete resection and possible
recurrence. As complete as possible excision is recom-
mended but leaving tumor at the margin is common.
The fibroma could recur but they are slow growing.

A cardiac hamartoma is composed of an overgrowth
of mature cells and tissue. Vascular, mesenchymal, and
hamartoma of mature cardiac myocytes are possible [31].
These are usually intramyocardial and do not become
invasive. They can be associated with arrhythmia. The
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Fig. 13.29 The transesophageal views (a, b, ¢) show that the atrial septum is echo-dense and massively hypertrophied with sparing
of the foramen ovale. These findings are consistent with lipomatous hypertrophy of the atrial septum. Despite the severe nature of
lipomatous infiltration of the atrial septum and right atrial wall, there is no obstruction to intracardiac blood flow (d). LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle, SVC superior vena cava

echo features of hamartoma are similar to those of
fibroma (Figs. 13.31, 13.32a, b).

Primary Malignant Cardiac Tumors

Sarcoma

Up to a quarter of the primary cardiac tumors can be
malignant. Cardiac sarcomas represent a significant
diagnostic challenge. They frequently involve the atria,
and pericardial invasion is common. Pericarditis is a
typical clinical presentation. Careful echocardiographic
examination will show that the tumor is generally wide
based and extends beyond anatomic boundaries. For

instance, a left atrial sarcoma can usually involve adja-
cent pulmonary vein and invade the right atrium or peri-
cardium. Sarcomas are the most common primary
malignancy, accounting for 70-80% or more of malig-
nancies in some series [2, 5, 7, 32]. Like lymphomas,
the classification of sarcomas has changed with modern
diagnostic immunohistochemical and molecular modal-
ities, and thus reclassification of some cases in the lit-
erature is possible and not unexpected.

There are predominantly three groups of cardiac
sarcomas that pose a diagnostic challenge: (a) spindle
cell neoplasms, (b) pleomorphic or giant cell neo-
plasms, and (c) small cell or round cell neoplasms.
Spindle cell carcinoma can usually be ruled out either
by sampling or immunohistochemistry. Lymphomas,
carcinomas, and mesothelioma may mimic giant cell
or pleomorphic sarcoma. A panel of immunostains
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Fig. 13.30 This large cardiac fibroma tumor was removed from
the left ventricle. It was white on cut surface. It had small calci-
fications which were noted on chest X-ray. Small pieces of red
myocardium remain on the surface

that includes leukocyte common antigen (LCA), cytok-
eratins AE1/AE3, B72.3, epithelial membrane antigen
(EMA), carcinoembryonic antigen (CEA), and vimen-
tin are invaluable in the distinction. Round cell sarco-
mas can be confused with hematogenous malignancies,
and small cell carcinoma. Many of these neoplasms
may be distinguished by electron microscopy or
molecular diagnosis for specific chromosomal or gene
product detection. Some of these ancillary studies
could be done retrospectively on paraffin-embedded
tissue, while others require fresh tissue.

13 Neoplasm, Cardiac Tumor

Angiosarcoma is the most common sarcoma
encountered in the heart. It is typically on the right side
of the heart with pericardial involvement [33]
(Figs. 13.33, 13.34). The tumor forms bulky hemor-
rhagic masses often with bloody pericardial effusion
(Fig. 13.35). The heart may seem to be encased with
the hemorrhagic mass. By microscopy, the histological
pattern may be as variable as soft tissue extracardiac
angiosarcoma. Some are spindle cell neoplasms. Some
have atypical endothelial cells with vascular spaces
full of blood. Others may be high grade, or epitheloid.
Factor VIII or CD31 immunostains are usually posi-
tive. Angiosarcomas are usually unresectable. They
may be treated with a pericardial window or a limited
pericardiectomy. Metastases may occur outside the
heart. Often, death is from heart failure, constriction,
and tamponade.

Left-sided sarcomas may clinically mimic atrial
myxomas and thus be encountered by the surgical
pathologist [34]. They are soft and polypoid but unlike
myxoma, they are located away from the interatrial sep-
tum and may invade the atrial wall, the extracardiac soft
tissues, or extend into the pulmonary veins (Fig. 13.36).
These are often spindle cell sarcomas, resembling
malignant fibrous histiocytoma, leiomyosarcoma, fib-
rosarcoma, myxoid fibrosarcoma, osteosarcoma, or

Fig. 13.31 This young woman presented with a cardiac arrest and ventricular arrhythmias. The transesophageal transgastric views
of the left ventricle in long-axis (a) and short-axis (b) demonstrated a well-defined intramyocardial mass in the basal and mid ante-
rior wall of the left ventricle. She had surgery and this was a hamartoma. LV left ventricle
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Fig. 13.32 (a) This is the left ventricle hamartoma removed from the patient in Fig. 13.31. It was soft, tan, and had red nodular areas
(arrow). (b) By microscopy, this is a mesenchymal hamartoma composed of cardiac myocytes (C), smooth muscle (S), blood ves-
sels, nerves, and fat (F). These are all mature elements and such a hamartoma is benign

Fig. 13.33 This 30-year-old man presented with chest pain. In addition to a small pericardial effusion, a large mass (arrows) was
present involving both the right atrial and right ventricular free-wall, with protrusion into the right atrium. The mass is imaged in the
right ventricular inflow (a), parasternal short-axis (b), apical four-chamber (c), and subcostal (d) views. Involvement of the pericar-
dium (arrows) by this large mass is clearly demonstrated in the subcostal view (d). Biopsy confirmed that this was an angiosarcoma.
Ao aorta, LV left ventricle, RV right ventricle
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Fig. 13.34 This is the angiosarcoma tissue from the same
patient in Fig. 13.33. The cytology examination of the pericar-
dial fluid demonstrated clusters of malignant spindle cells with
blood vessels and blood. Immunostaining was positive for
endothelial cell markers such as CD 31, confirming the vascular
nature of the sarcoma

Fig. 13.35 Autopsy heart cut in short axis. This is a patient with
angiosarcoma. The heart is surrounded by tan, soft, sarcoma
tumor mass involving the pericardium (arrows). F epicardial fat,
LV left ventricle

chondrosarcoma. Mitotic counts, cellularity, pleomor-
phism, and tumor necrosis are very important parame-
ters in the grading and assessment of some of these
tumors [35, 36]. Resection with atrial reconstruction
may be attempted. Pulmonary resection may be neces-
sary. Reoccurrence is common and these tumors also
have a poor prognosis.

Tumors located in the right ventricle outflow tract
are often in continuity with pulmonary trunk sarcoma
(Fig. 13.37). Most of these are “intimal sarcomas”
with no differentiation noted (myxosarcomas). Other

Fig. 13.36 This is a left atrial myxosarcoma surgically excised
for relief of mitral stenosis-like symptoms. This sarcoma was on
the posterior wall and infiltrated through the atrial wall and
extended up and occluded an adjacent pulmonary vein. The sur-
face defect (arrow) is from an endomyocardial biopsy done
before the surgery. This transseptal biopsy confirmed the tissue
diagnosis preoperatively. The patient’s symptoms improved but
metastatic disease followed

Fig. 13.37 This is a pulmonary artery myxosarcoma removed
during pulmonary thromboendarterectomy procedure. The patient
had dyspnea and was thought to have chronic thromboembolic
pulmonary hypertension. The soft tumor fills the lumen. These sar-
comas are of many tissue types and almost all patients do poorly

types of sarcomas are also seen, including leiomyosar-
comas, osteosarcomas, and chondrosarcomas. These
right ventricle—pulmonary trunk sarcomas are usually
soft, polypoid, and obstructive and are often associated
with pulmonary embolic events. Growth along the
great arteries or retrograde into the ventricle has been
observed. Pulmonary metastases are common. They
may clinically mimic pulmonary thromboembolism,
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saddle or chronic, and are associated with pulmonary
hypertension [37, 38]. Sudden death from massive
tumor embolization is possible. Resection may be
attempted, often with lung segmentectomy or lobec-
tomy, but the prognosis is still poor.

Metastatic Secondary Tumors

Metastatic disease of the heart is much more common
than primary benign or malignant cardiac tumors [3].
Regardless of origin, the neoplasms may be clinically
silent or present with signs and symptoms reflecting
the location of the deposits. The common tumors that
metastasize to the heart include breast carcinomas,
gastric carcinoma, lung carcinoma, lymphomas, esoph-
ageal carcinomas, and melanomas [8]. Many of these
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are in close proximity and the metastasis may actually
be local tumor invasion directly into the myocardium
and the great arteries (Figs. 13.38, 13.39). Tumor may
also extend into the heart via the caval veins or pulmo-
nary veins. Renal cell carcinoma and hepatoma fre-
quently invade the right atrium via the inferior vena
cava (Fig. 13.40). Thus if a right atrial mass is present,
careful scanning of the inferior vena cava should be
performed. Finally, local lymph node metastatic
deposits may enter the heart by direct invasion or via
lymphatics.

Pericardial deposits are the most common meta-
static location observed (Figs. 13.41, 13.42). These
deposits cause pericarditis, hemorrhagic effusions,
effusive constrictive pericarditis, or pericardial con-
striction. Hemopericardium with tamponade may
occur. A pericardiectomy or a pericardial window may
be required for treatment and diagnosis.

Fig. 13.38 In this patient with squamous cell lung carcinoma, metastatic invasion of the left atrium and left ventricle is demon-
strated in the parasternal long-axis (a), short-axis (b), apical four-chamber (c), and subcostal four-chamber (d) views. Invasion
into the right atrium (arrow) is detected in the subcostal view (d). LA left atrium, LV left ventricle, RA right atrium, RV right
ventricle
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Fig. 13.39 In this patient with small cell carcinoma of the lung, extension of the tumor to involve the ascending aorta (a), the aortic
arch (c), and the pulmonary arteries (b, d) is demonstrated by transesophageal echocardiography. No obstruction to aortic or pulmo-
nary blood flow is detected. AA ascending aorta, LPA left pulmonary artery, MPA main pulmonary artery, 7A transverse aorta
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Fig. 13.40 In this patient with a hepatoma (hepatocellular carcinoma), there is a large mass in the right atrium in the four-chamber
view (a). Color-flow imaging (b) shows that there is obstruction to venous flow into the right atrium. The subcostal view (c) shows
that there is tumor infiltration of the inferior vena cava (short arrows) with protrusion into the right atrium (long arrows). LA left
atrium, LV left ventricle
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Fig. 13.41 Heart with metastatic carcinoma involving the peri-
cardial surfaces (arrows). Such tumor deposits may cause effu-
sion or constriction

Fig. 13.42 External surface of the heart with metastatic carci-
noma. There are multiple microscopic pericardial deposits that
are seen only by microscopy. No masses are seen. The surface is
bloody and there was a bloody pericardial effusion

Myocardial metastases are seen with melanomas
and carcinomas (Fig. 13.43). They may be silent, cause
arrhythmias, or form a mass lesion that interferes with
ventricular function. Endocardial lesions may be poly-
poid. They may obstruct the chamber if they get large
enough. Often, this type of metastatic deposit extends
in from a vein.

Cardiac metastatic deposits are often accompanied
by other extracardiac deposits. Resection is rarely
attempted.

Summary

In the echocardiographic assessment of an intracardiac
mass, a systematic approach is important to exclude

Fig. 13.43 Short axis cut showing the left ventricle with a well-
circumscribed white deposit of lung carcinoma. Other metastatic
deposits were present in the body

artifacts, extracardiac mass, and normal structures.
The location and morphologic features are helpful to
differentiate thrombus from vegetation and from tumor.
Associated findings and the clinical settings are very
useful to the differential diagnosis. It is important to be
aware of artifacts and learn how to avoid them. Always
be mindful of extrinsic masses, which can be quite
confusing. The location and typical morphologic fea-
tures can be helpful, but need to be considered in the
clinical context.
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Congenital Heart Disease

Many patients with congenital heart disease survive
into adulthood. In some cases, this is due to the mild
nature of the disease, while in others, it is the result of
palliative or curative procedures performed during
childhood. In this chapter, we shall provide an over-
view of our approach in the echocardiographic assess-
ment of patients with suspected congenital heart
disease, a description of the common congenital heart
diseases that present in the adult population, and finally,
a discussion of the long-term sequelae in adult patients
who have had corrective or palliative cardiac surgery
for congenital heart diseases. Surgery in these patients
is seldom totally corrective, but instead, can be associ-
ated with significant residual structural and hemody-
namic abnormalities. Long-term complications related
to the complex procedures are also common.

Segmental Approach

To obtain a comprehensive assessment of the cardiac
anatomy, the echocardiographic approach involves a
detailed segmental analysis of the heart (Table 14.1).
The segmental approach is a logical and step-by-step
description of the location of the cardiac chambers in
the chest, the relationship of the cardiac chambers to
each other, and the connections of cardiac chambers
with one another or with the great arteries or pulmo-
nary and caval veins [1-3]. There is great variation in
cardiac anatomy in congenital heart diseases, and
it can be misleading to have a preconceived idea of
what the anatomy should be. The segmental approach
provides a good understanding of the location,

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

relationship, and connections of cardiac chambers
which forms the basis for the diagnosis of even the
most complex conditions [4].

Knowledge of anatomical differences between the
chambers is essential and is outlined in Chap. 1. In
situs solitus, the morphologic right atrium is on the
right side of the heart and receives the superior and
inferior vena cavae. The right atrial appendage is pyra-
midal or triangular in shape and has a wide orifice.
The right atrial free wall has a terminal crest with pec-
tinate muscles and the right side of the atrial septum
has a fossa ovalis. The abdominal aorta is located to
the left and slightly posterior to the inferior vena cava
(Fig. 14.1). Situs inversus finds the morphological right
atrium located on the left side of the heart. If there are
two right atria (right atrial isomerism) or two left atria
(left atrial isomerism), the condition is described as
situs ambiguous.

A normal D-loop right ventricle is organized with
the outflow tract to the left of the inflow, whereas the
outflow is positioned to the right of inflow in the L-loop
right ventricle. As the atrioventricular valves (mitral
and tricuspid valves) are formed by delaminating from
their underlying developing ventricles, identification
of the specific atrioventricular valve logically leads to
the identification of the underlying ventricle. The mor-
phologic features to identify the left and right ventri-
cles are summarized in Table 14.2. Although the right
ventricle is usually crescentic or “D” shaped and the
left ventricle ellipsoid in shape, caution should be
exercised in using this feature to identify the ventricles
as the shape can be readily affected by the loading
conditions faced by the ventricles (Fig. 14.2). In con-
genitally corrected transposition, the right ventricle
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Table 14.1 Segmental analysis in patients with suspected
congenital heart disease

Location of atria (situs)
Solitus — RA on right side
Inversus — RA on left side
Ambiguous — undifferentiated atria/two similar atria

Location and relationship of ventricles
D-loop — morphologic RV anterior and to the right
L-loop — morphologic RV posterior and to the left

Relationship and connections of the great arteries
Concordant — aorta arising from LV and pulmonary
artery from RV
Discordant (transposition) — aorta arising from RV and
pulmonary artery from LV
Double outlet — both aorta and pulmonary
artery arising from RV or LV

RA right atrium, RV right ventricle, LV left ventricle

Fig. 14.1 The subcostal view is used to demonstrate cardiac
situs. This short-axis view in situs solitus shows that the abdomi-
nal aorta is located leftward and slightly posterior to the inferior
vena cava. A anterior, AA abdominal aorta, IVC inferior vena
cava, L left, P posterior, R right

Table 14.2 Morphologic features of the ventricles

Left ventricle

Atrioventricular valve ¢ Bileaflet (mitral valve)

* Septal insertion closer to crux
» Contiguous with semilunar valve

Trabecular pattern * Fine trabeculations
* Smooth septum

Papillary muscle * Two papillary muscles on free wall

14 Congenital Heart Disease

functions as the systemic ventricle, and assumes an
ellipsoid shape, while the left ventricle is more cres-
centic in shape. Distinguishing anatomic structures
such as the infundibular septum (right ventricle), the
continuity of the aortic and mitral valves (left ventri-
cle), and large ventricular trabeculae carnae (right ven-
tricle) are more useful for true anatomic distinction
(Figs. 14.3-14.6).

In relation to the pulmonary valve, the aortic valve
is posterior, inferior, and to the right. The aortic root
ascends to the right of the main pulmonary artery,
courses superiorly, and then curves leftward and
posteriorly to give rise to the left aortic arch. The
main pulmonary artery has a more immediate
posterior course to bifurcate into the right and left
pulmonary arteries. The ductus arteriosus arises at
the pulmonary bifurcation near the origin of the left
pulmonary artery to connect to the undersurface of
the distal aortic arch. The coronary arteries arise
from the aortic sinuses in the aortic root. The aorta
and pulmonary artery are identified not by their posi-
tion, but by their connections to their respective
branch vessels.

When performing an echocardiographic examina-
tion, detailed anatomic information should be obtained
from all the available imaging windows, including
transesophageal windows if necessary. Due to the tre-
mendous variability in cardiac anatomy, it is important
not to restrict the examination to only the conven-
tional views and standard transducer orientations.
Indeed, both the views and transducer orientation
should be modified to provide the most diagnostic
information, with the aim that the location, relation-
ship, and connections of the cardiac chambers, veins,
and great arteries are clearly demonstrated to provide
the diagnosis.

Right ventricle

Trileaflet (tricuspid valve)

Septal insertion more apically displaced
Discontiguous with semilunar valve;
infundibular septum present

Coarse trabeculations
Moderator band present

Multiple, with papillary muscles(s)
on septum
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Fig. 14.2 This is a patient with complete transposition of the great arteries with a Mustard procedure. The morphologic right ven-
tricle is the systemic ventricle which is hypertrophied and larger than the left ventricle shown in the apical two-chamber (a) and the
parasternal short-axis (b) views. In the parasternal short-axis view (b), the ventricular septum is flattened and the morphologic left
ventricle assumes a “D” shape. The shape of the ventricle is not a reliable identifying anatomical feature of the underlying

ventricle

Fig. 14.3 Corrected transposition of great arteries. The right
heart connects the right atrium to the morphological left ventri-
cle with a morphological mitral valve in between. The morpho-
logical right atrium (RA) has pectinate muscles. The left ventricle
(LV) has a morphological mitral valve with two leaflets

Unrepaired Lesions

Atrial Septal Defect

There are three main types of atrial septal defect, as
defined by the location of the defect [5] (Fig. 14.7).
The most common type is the secundum atrial septal

Fig. 14.4 Corrected transposition of great arteries. The right-
sided outflow consists of a morphologic left ventricle (LV) and
the pulmonary trunk (P7). Note that the pulmonic valve and the
mitral valve have continuity — a feature of a morphological left
ventricle

defect which involves the primum septum and located
where we expect the foramen ovale (Figs. 14.8, 14.9).
This may be congenital or secondary to a dilated left
atrium which stretches the septum (as in mitral steno-
sis-Lutembacher syndrome). Primum atrial septal
defect involves the atrial septum near the internal crux
of the heart and forms a part of an atrioventricular
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Fig. 14.5 Corrected transposition of great arteries. The left
atrium (LA) connects to the morphological right ventricle (RV)
with an intervening tricuspid valve. The morphological left
atrium is smooth and has no pectinate muscles. The tricuspid
valve has the expected septal chordal attachments (arrow). The
right ventricle is hypertrophied as this is the systemic ventricle

Fig. 14.6 Corrected transposition of great arteries. The left-
sided outflow tract connects a morphological right ventricle
(RV) to the aorta (Ao). As this is an anatomical right ventricle,
there is discontinuity between the tricuspid valve and the semi-
lunar aortic valve due to the presence of an infundibular septum
(D). Septal chordal attachments are also seen (arrow)

septal (atrioventricular canal) defect (Fig. 14.10). The
last type is the sinus venosus atrial septal defect which
can be located superiorly near the entrance of the supe-
rior vena cava or inferiorly just above the entrance of
the inferior vena cava (Fig. 14.11).

Transthoracic echocardiography has a sensitivity of
about 90% in the detection of secundum atrial septal

)V

secundum ASD

sinus

venosus ASD primum ASD

Fig. 14.7 This is a schematic diagram showing the three com-
mon types of atrial septal defects (ASD)

defect, the most common type of atrial septal defect
[6]. The best imaging window is one that allows the
ultrasound beam to have an orthogonal relationship
with the atrial septum. This is usually the subcostal
window, particularly in younger patients (Fig. 14.12).
In older patients and those in whom subcostal views
are suboptimal, a low parasternal window can be use-
ful. The objective is to image the defect in the atrial
septum with clear visualization of the rim. The prob-
lem of dropout should be borne in mind particularly if
the atrial septum is imaged tangentially.

Demonstration of shunting at the defect by color
flow imaging is helpful for diagnosis. This must be dif-
ferentiated from flow entering from the vena cava which
is usually directed to the foramen ovale. Demonstration
of flow convergence in the left atrium prior to its
entrance into the right atrium in the setting of left to
right shunt is an important feature of atrial shunting and
differentiates this from the caval flow on to the foramen
ovale (Fig. 14.12). Color flow imaging can also help
differentiate a small atrial septal defect from stretched
patent foramen ovale with small left to right shunting.
In the former, the shunt flow is perpendicular to the
atrial septum, while in the later, the shunt flow runs par-
allel to the atrial septum (Fig. 14.13).

The best view to image primum atrial septum is the
apical four-chamber view in which the internal crux is
clearly seen (Fig. 14.10). The sensitivity of transtho-
racic echocardiography exceeds 90% in the detection of
this condition. Other associated findings such as mitral
valve cleft are frequently present, as will be discussed
in the section under atrioventricular septal defect.

Sinus venosus type of defect can be difficult to detect
by transthoracic echocardiography, since both the
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Fig. 14.8 The typical echocardiographic findings of a patient with a large secundum atrial septal defect are shown. In the parasternal
long-axis (a), short-axis (b), and apical four-chamber (c¢) views, right ventricular volume overload is evident by a dilated right ven-
tricle. In real time imaging, the ventricular septum usually shows paradoxical motion. The atrial septal defect is best seen in the
subcostal view (d). Color flow imaging shows left to right shunting across the atrial septal defect

Fig. 14.9 Secundum type atrial septal defect in the midinter-
atrial septum (left atrial view)

superior and inferior vena cavae are not well imaged by
this approach [6]. The overall sensitivity is about 50%
for defects located just beneath the entrance of the

superior vena cava. The sensitivity for defects located
just above the entrance of the inferior vena cava is not
well determined and likely quite low. [7] The subcostal
window is the optimal one to image these defects
(Fig. 14.11). The imaging plane needs to be tilted ante-
riorly to visualize the superior vena cava so as to image
the superior portion of the atrial septum. A common
associated abnormal finding is the presence of an anom-
alous pulmonary vein. This is usually difficult to diag-
nose with certainty by the transthoracic approach.
Transesophageal echocardiography provides an
excellent assessment of the atrial septum and has a
very high sensitivity (over 95%) in detecting all three
types of atrial septal defect (Figs. 14.14—14.16). It also
allows the identification of anomalous pulmonary
veins. In patients with an inferior sinus venosus atrial
septal defect, care needs to be taken to image the atrial
septum all the way down to the entrance of the inferior
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Fig. 14.10 This is a 23-year-old man with partial atrioventricular septal defect. The parasternal long-axis view (a) shows a narrow left
ventricular outflow tract, common in this condition. The parasternal short-axis view (b) shows that there is a cleft in the anterior mitral
leaflet. The apical four-chamber view (c) shows the large primum atrial septal defect. This zoomed view (d) shows the large primum
atrial septal defect, as well as the abnormal orientation of the atrioventricular valves. LA left atrium, LV left ventricle, RA right atrium,

RV right ventricle

Fig. 14.11 The subcostal view shows the presence of a sinus
venosus atrial septal defect (arrow). LA left atrium, LV left
ventricle, RA right atrium, RV right ventricle

vena cava. Associated findings of right ventricular vol-
ume overload are present with all three types of atrial
septal defect if they are associated with significant
shunting. The presence of a clearly dilated right ven-
tricle indicates the presence of shunting>2:1.

Ventricular Septal Defects

There are several classifications for ventricular septal
defects (VSD) [8]. Our institution prefers classifying
ventricular septal defects into membranous, inlet, out-
let, and trabecular types (Fig 14.17) [9]. The smooth-
walled inlet is divided from the outlet septum by the
inferior limb of the septal band, and it transitions into
the apical trabecular septum at the insertions of the pap-
illary muscles. The outlet septum is also smooth-walled
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Fig. 14.12 The large
secundum atrial septal defect
is shown in the subcostal
view (a). The color flow
image (b) confirms a large
left to right shunt across the
defect. LA left atrium, LV left
ventricle, RA right atrium, RV
right ventricle

Fig. 14.13 The transesopha-
geal bicaval view (a) shows
the presence of patent
foramen ovale with
significant overlap of the
primum atrial septum with
the secundum atrial septum
such that the left to right
shunt flow runs parallel to
the atrial septum as shown in
the color image (b). LA left
atrium, RA right atrium

and is divided by the superior limb of the septal band
from the anteroapical trabecular septum. The membra-
nous ventricular septal defect is best assessed by the
parasternal long and short-axis views, bearing in mind
its close relationship to the aortic root and septal tricus-
pid leaflet. Frequently, a small aneurysm can be seen at
this region (Figs. 14.18-14.20). The inlet ventricular
septal defects are muscular abnormalities and can be
single or multiple. A septal defect involving the basal
inlet region is part of the atrioventricular septal defect
complex. The trabecular ventricular septal defects also
involve the muscular septum. The outlet ventricular sep-
tal defect can be associated with aortic valve cusp pro-
lapse into the defect resulting in aortic valve regurgitation
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(Fig. 14.21). This type of VSD can be well visualized
using the parasternal short-axis view, as this defect is in
close proximity to the pulmonic valve. With the trabecu-
lar ventricular septal defect, the actual defect can be dif-
ficult to image due to the trabeculated nature of this
portion of the ventricular septum, and thus color flow
imaging is essential in the detection of these types of
defects (Fig. 14.22).

Doppler interrogation of the flow across a ventricu-
lar septal defect can provide important information, as
it can give an assessment of the pressure in the right
ventricle. Careful examination of the spectral Doppler
signal indicates that the shunting is indeed continuous
with low velocity flow in diastole reflecting the higher
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Fig. 14.14 The transesopha-
geal bicaval view shows
multiple small secundum \
atrial septal defects (a), and \
a small degree of left to right
shunting through these
defects by color-flow
imaging (b). LA left atrium,
RA right atrium

o 118 w0

Fig. 14.15 This transesophageal four-chamber view shows the
presence of a large primum atrial septal defect, associated with
dilatation of the right atrium and right ventricle. LA left atrium,
LV left ventricle, RA right atrium, RV right ventricle

diastolic pressure in the left ventricle as compared to
the right ventricle (Fig. 14.23).

Atrioventricular Septal Defect

This congenital defect has multiple components, and
is termed “complete” when all the components are pres-
ent, and “partial” when all the components are not
present. [5] The components include an atrial septal defect
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of the primum variety, ventricular septal defect of the
inlet variety, and abnormal atrioventricular valves,
including the cleft anterior mitral leaflet (Fig. 14.24).
When any one of these components is detected, it is
important to look for the presence of the other compo-
nents. In addition, the left ventricular outflow tract is
unusually elongated producing the “goose-neck” appear-
ance, as described by contrast ventriculography. The
papillary muscles may be closer than normal. A para-
chute mitral valve and double orifice mitral valve are
seen with higher frequency in this condition. Pulmonary
hypertension changes may be detected.

The defect involving the atrial septum and the upper
ventricular septum are best seen with the four-chamber
view. In this view, the tricuspid and mitral valves are seen
to arise at the same level, which is a very useful diagnos-
tic feature particularly in patients with partial atrioven-
tricular septal defect and in whom the echocardiographic
findings may be more subtle (it should be remembered
that normally, the mitral valve inserts higher on the crux
as seen on the four-chamber view) (Fig. 14.10). A cleft of
the mitral valve is best seen using the short-axis view at
the level of the mitral leaflet. The cleft typically points
to the midpoint of the ventricular septum. In the patient
with an isolated mitral cleft, which is a different entity,
the mitral cleft points anteriorly. The depth of the cleft is
difficult to appreciate by two-dimensional echo, but can
be better seen by three-dimensional echocardiography
(Fig. 14.25). Overriding of the valves and straddling of
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Fig. 14.16 A sinus venosus
atrial septal defect located
just under the entrance of the
superior vena cava is shown
in the transesophageal
bicaval view (a). Left to right
shunting is demonstrated by
color flow imaging (b). LA
left atrium, RA right atrium
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Fig 14.17 This is a schematic diagram showing the different
types of ventricular septal defects

the chordae over the defect are important to detect as
these features are important for the planning of surgical
repair (Figs. 14.26, 14.27).

Patent Ductus Arteriosus

The ductus arteriosus, between the left pulmonary
artery and the aorta, is a vital fetal circulation structure
that normally closes shortly after birth and becomes
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the ligamentum arteriosum (Fig. 14.28). Occasionally,
the ductus may remain open to provide circulation to
the lungs (in conditions such as pulmonary atresia with
VSD) and medication may be used to keep it open.
Patent ductus arteriosus (PDA) refers to a state in
which the ductus remains open pathologically [10].
PDA can be best imaged using the parasternal short-
axis view showing the pulmonary bifurcation and the
suprasternal view with slight leftward and posterior tilt
to show the proximal left pulmonary artery (Figs. 14.29,
14.30). It is difficult to show both ends of the ductus
with the same view. To image patent ductus arteriosus
by transesophageal echo, we start with the distal aortic
arch in short axis using a vertical imaging plane. The
transesophageal probe is then gently advanced to show
the proximal left pulmonary artery just under the aortic
arch and further slight rotation right to left will usually
bring out the ductus. Color flow imaging generally
facilitates this process.

Coarctation

Coarctation refers to the narrowing of the aorta usually
at the region of the ligamentum arteriosum, near the
origin of the left subclavian artery (Figs. 14.31, 14.32).
The aortic arch needs to be imaged from the supraster-
nal and high right and left parasternal windows to
image the distal ascending aorta, transverse aorta, and
proximal isthmus just distal to the left subclavian
artery. A bright discrete shelf may be visualized, and
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Fig. 14.18 A small membranous ventricular septal defect in a 28-year-old woman is shown with the use of color imaging in the
parasternal long-axis (a) and short-axis (b) views. The short-axis view in (c¢) shows a small ventricular septal aneurysm at the mem-
branous septum (arrow). Continuous wave Doppler confirms a high velocity jet across the ventricular septal defect (d). Ao aorta, LA
left atrium, LV left ventricle, RA right atrium

: L!' . Fig. 14.20 Right ventricle (RV) and tricuspid valve from same
patient as Fig. 14.19. The tricuspid valve is often attached or

Fig. 14.19 Membranous ventricular septal defect is seen below  slightly aneurysmal in the area on the right side of the ventricular

the aortic valve (AV). LVleft ventricle septal defect (arrow). The leaflet may actually seal the defect
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Fig. 14.21 An outlet
ventricular septal defect in a
23-year-old man is demon-
strated with the aid of color
flow imaging in the
parasternal short-axis view
(b). The defect is located just
under the pulmonic valve.
The parasternal long-axis
view (a) shows mild aortic
regurgitation, which is
frequently seen with this type
of ventricular septal defect.
Ao aorta, LA left atrium, LV
left ventricle, PA pulmonary
artery, RA right atrium
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Fig. 14.22 Multiple trabecular ventricular septal defects (arrows) in a 27-year-old woman are shown in the parasternal long-axis
(a) and multiple parasternal short-axis (b—d) views. In (b), the membranous ventricular septum is shown with no defect. A small jet
of tricuspid regurgitation is present. Ao aorta, LA left atrium, LV left ventricle, RA right atrium
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Fig. 14.23 A small
membranous ventricular
septal defect is shown in the
color flow image of the
parasternal short-axis view
(a). Continuous wave
Doppler shows a high
systolic flow in systole, as
well as low velocity diastolic
flow reflecting the higher
diastolic pressure in the left
ventricle compared to the
right ventricle (b). Ao aorta,
MPA main pulmonary artery
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Fig. 14.24 Young woman who had prior repair of complete
atrioventricular septal defect. Sutures still visible from the patch.
She still has a mitral valve cleft (C). Unfortunately, she devel-
oped thrombus (red material) in the cleft which embolized to her
coronary arteries and caused her to have sudden death

frequently associated with a hypoplastic small trans-
verse aorta and aortic isthmus. (Fig. 14.33) [11]. In
adult patients, the coarctation is usually of the “sim-
ple” variety. This means that it is not associated with
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Fig. 14.25 The 3D image from the perspective of the left atrium
shows a deep cleft (arrow) involving the anterior mitral leaflet in
a41-year-old woman with partial atrioventricular defect. AV aor-
tic valve, LAA left atrial appendage

other intracardiac anomalies except congenitally bicus-
pid aortic valve, which is a frequently associated find-
ing present in about half of the patients.

If the coarctation is severe and has escaped detection
until adulthood, extensive collaterals around the coarc-
tation are likely present. Systemic arterial hypertension
is common and can be difficult to manage. The optimal
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Fig. 14.26 This 19-year-old woman has had surgery for complete atrioventricular septal defect. The parasternal long-axis view (a)
shows that the tip of the anterior mitral leaflet is thickened (arrow) consistent with suture repair of a mitral valve cleft. This is con-
firmed (arrow) in the parasternal short-axis view (b). The apical four-chamber view (c) shows echo brightness at the internal crux of
the heart consistent with surgical patch repair of the primum atrial septal defect and ventricular septal defect. The close-up views of
the mitral valve (d, e) show that there is mitral regurgitation arising away from the coaptation of the mitral leaflet indicating that the
mitral regurgitation originates from the mitral leaflet cleft which has not been completely repaired

treatment remains unclear in an otherwise asymptom-
atic patient with severe aortic coarctation. In patients
who have had surgery or stenting for coarctation, the
repaired aortic segment needs to be assessed and fol-
lowed, since long-term complications such as resteno-
sis and pseudoaneurysm may occur (Fig. 14.34).

Left Superior Vena Cava

Normally, the right cardinal vein contributes to the for-
mation of the superior vena cava. The left cardinal vein
contributes to the formation of the coronary sinus.
Persistent left superior vena cava represents persistence

of the left anterior cardinal vein with drainage into a
dilated coronary sinus [12]. Indeed, persistent left supe-
rior vena cava is the most common cause of a dilated
coronary sinus (>10 mm in diameter in the parasternal
long-axis view) (Fig. 14.35). Other causes of a dilated
coronary sinus include anomalous pulmonary venous
drainage into the coronary sinus, coronary artery fistula
draining into the coronary sinus, and severe tricuspid
regurgitation with dilated right atrium.

Persistent left superior vena cava has a prevalence of
0.5% in the general population and the prevalence is
higher in patients with congenital cardiac anomalies. It
can be readily detected by saline contrast injection in
the left antecubital vein, showing early contrast in the
coronary sinus before opacification in the right atrium.
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Fig. 14.27 Left ventricular outflow tract in a patient with prior
repair of complete atrioventricular septal defect. This is the same
patient as in Fig. 14.24. The “mitral” left-sided valve is in continu-
ity with the aortic valve. Note the septal chordal attachments which
are remnants of straddling chordae. Ao aorta, LV left ventricle
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Fig. 14.28 Patent ductus arteriosus (arrow) connecting the
aorta (Ao) and the pulmonary artery (PA)

Color flow imaging from the suprasternal window can
identify a vertical vein to the left of the aortic arch, but
imaging its connection to the coronary sinus is difficult.
As it approaches the coronary sinus, the left superior
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vena cava can be visualized as a circular vascular struc-
ture between the left atrial appendage and the left upper
pulmonary vein (Fig. 14.36). When the coronary sinus
is severely dilated (>2.5 cm in diameter), concomitant
atresia of the right superior vena should be suspected,
and saline injection into the right antecubital vein will
show early opacification of the coronary sinus before
the right atrium, similar to the effect of saline contrast
injection into the left antecubital vein in the same patient
[13]. Persistent superior vena cava is a benign condition
as it carries minimal hemodynamic consequences. Its
presence is an important factor when interventions, such
as pacemaker implantation, are contemplated.

Congenital Sinus of Valsalva Aneurysm

This is an uncommon finding, although the true preva-
lence is difficult to determine as unruptured sinus of
Valsalva aneurysms are not associated with symptoms
and generally unrecognized. If detected, for example, a
right sinus aneurysm may be detected as a mass in the
right ventricular outflow tract, mimicking a neoplasm
or a thrombus. On the other hand, a ruptured sinus of
Valsalva aneurysm has a dramatic presentation of chest
pain, acute onset of heart failure, and a loud continuous
murmur. The parasternal long and short-axis views are
most useful in identifying the location and hemody-
namic consequences [14]. It can be differentiated from
ventricular septal aneurysm by its location in the aortic
sinus beyond the aortic annulus. Ruptured aneurysm of
the noncoronary sinus usually drains into the right
atrium; ruptured aneurysm of the left coronary sinus
into the left atrium; but ruptured aneurysm of the right
coronary sinus may lead to fistula communication
between the aorta and the right atrium, or between the
aorta and the right ventricle. Surgical repair of this con-
dition is highly successful with good long-term results
(Figs. 14.37-14.39).

Postsurgical Conditions

Patients who have had complete correction for tetral-
ogy of Fallot, intraatrial baffle for transposition of the
great arteries, and Fontan procedure for lesions such as
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Fig. 14.29 A small patent ductus arteriosus in a 44-year-old man is shown in the parasternal short-axis view (a) with the aid of color
flow imaging (b), the suprasternal long-axis (c) and the suprasternal short axis (d) views. The color flow images confirm a small
degree of shunting which arises from the undersurface of the proximal descending aorta just distal to the take off of the left subcla-
vian artery and drains into the pulmonary artery near the origin of the left pulmonary artery

tricuspid atresia generally survive into adulthood and
are the common surgically repaired complex congeni-
tal heart diseases that are encountered in the adult
echocardiographic laboratory. These patients derive
obvious benefits from the surgery, but in the vast
majority of these patients, the surgery does not restore
normal intracardiac hemodynamics and they are sub-
ject to long-term sequelae.

Tetralogy of Fallot Postrepair

The underlying abnormalities of tetralogy of Fallot
include a large ventricular septal defect, pulmonic steno-
sis (usually infundibular), overriding aorta, and right
ventricular hypertrophy [15]. The underlying causative

defect is an anterior deviation of the infundibular sep-
tum. Pulmonary valvotomy or creation of systemic pul-
monary shunt (such as a Blalock-Taussig shunt) may be
palliative. Complete repair consists of patch closure of
the ventricular septal defect and relief of the pulmonic
stenosis by resection of muscle from the infundibulum,
possible pulmonary valve surgery, and patch enlarge-
ment of the infundibulum and/or pulmonary artery
(Figs. 14.40, 14.41). The long-term sequelae following
complete repair are shown in Table 14.3.

The most common long-term sequela is severe
pulmonic regurgitation, either related to pulmonary val-
votomy or the use of a transannular patch to enlarge the
pulmonary artery and the infundibulum. Ventricular
arrhythmias from right ventricular outflow tract surgical
scar are also important [16]. Color flow assessment of
the severity of pulmonary regurgitation can be difficult.
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Fig. 14.30 A large patent ductus arteriosus with Eisenmenger physiology in a 45-year-old woman is shown in the suprasternal long-
axis view (a—c). This is a large ductus (arrow) and color flow imaging shows low velocity flow across the ductus indicating the presence
of severe pulmonary hypertension, which is confirmed by the high pulmonary regurgitation velocity shown in (d)

Continuous wave or pulsed wave Doppler shows a
dense signal with low velocity and rapid drop-off [17]
(Fig. 14.42). The regurgitation results in a dilated and
dysfunctional right ventricle. It is a clinical dilemma to
decide the optimum time to perform repeat surgery to
eliminate pulmonic regurgitation so as to avoid irrevers-
ible right ventricular dysfunction. [18] (Figs. 14.43,
14.44). Left ventricular dysfunction is sometimes pres-
ent, but the cause is uncertain.

Complete Transposition
of the Great Arteries Post Repair

Complete transposition of the great arteries is a
condition in which the aorta arises from the morpho-
logic right ventricle and the pulmonary artery from the

morphologic left ventricle (termed ventricular-arterial
discordance). These patients can survive to adulthood
following surgical procedures to correct the direction
of intracardiac blood flow. Most adult patients who
have had surgery for this condition would have had an
atrial baffle or switch procedure such as the Mustard
procedure or the Senning procedure. A small but grow-
ing group of younger patients would have had an arte-
rial switch (Jantene) procedure [19].

In patients who have had atrial switch, the intraatrial
baffle needs to be carefully examined to detect obstruc-
tion or leak (Fig. 14.45). The baffle obstruction usually
involves the systemic venous limbs of the baffle. In some
of these patients, percutaneous intervention with stent
placement may alleviate the obstruction (Fig. 14.46). In
these patients, the anatomic right ventricle is the sys-
temic ventricle and worsening ventricular dysfunction
with heart failure is a long-term concern. The tricuspid
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Fig. 14.31 Coarctation of the aorta. Cross section of the aorta
demonstrates that the lumen narrows to a small hole

Fig. 14.32 Aortic coarctation - longitudinal cut demonstrating the
hour glass-shaped aorta with the narrowed segment in the middle.
This was surgically resected with graft placement
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valve, the systemic atrioventricular valve, may be dys-
plastic with features suggestive of Ebstein’s anomaly.
The presence of significant tricuspid regurgitation may
further accelerate the deterioration of the systemic right
ventricle. Early tricuspid valve repair or replacement
may be considered to preserve the ventricular function.
Arrhythmia is a common long-term complication. Atrial
flutter, atrial tachycardia, and sinus node dysfunction
occur in about half of these patients.

In patients who have had an arterial switch proce-
dure, the arterial anastomotic sites should be assessed,
particularly the pulmonary artery, as supravalvular
pulmonic stenosis can develop at this region. The
development and progression of new aortic valve
regurgitation can occur. Coronary artery anastomoses
should also be evaluated.

Fontan Operation

This procedure diverts all the systemic venous return
directly into the pulmonary arteries, generally without
a subpulmonary ventricle. This operation was initially
developed for patients with tricuspid atresia, but has
since been used for other forms of single ventricle cir-
culation. There are many modifications to the opera-
tion. The classic approach uses a direct atrio-pulmonary
anastomosis of the right atrial appendage with the main
pulmonary artery. The atrio-pulmonary connection is
generally difficult to image by transthoracic echocar-
diography (Fig. 14.47). Transesophageal echocardiog-
raphy is frequently employed to assess the patency of
this anastomosis and to detect thrombus within the
dilated right atrium [20] (Fig. 14.48). An extracardiac
conduit diverting the vena caval flow directly into the
pulmonary arteries has gained popularity, and such
connections are even more difficult to assess with
echocardiography. Other imaging modalities such as
computed tomography and magnetic resonance imag-
ing should be used in these patients.

Summary

Congenital heart diseases encompass a wide range of
conditions ranging from the simple to the complex.
The simple congenital cardiac lesions may escape
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Fig. 14.33 This suprasternal
long-axis (a) view in a
57-year-old woman who has
had previous surgery for
coarctation shows that there
is a small residual shelf at the
undersurface of the proximal
descending thoracic aorta
consistent with mild
coarctation. Flow accelera-
tion at this region is
demonstrated by color flow
imaging (b). AA aortic arch,
DA descending aorta, RPA
right pulmonary artery

Fig. 14.34 This 20-year-old man has had previous surgical repair for coarctation using a Dacron patch. The suprasternal long-axis
view (a) shows localized aneurysmal dilatation involving the proximal descending thoracic aorta (arrow) at the site of previous patch
repair. Transesophageal echocardiogram confirms localized aneurysmal dilatation of the descending thoracic aorta (b—d). The rela-
tively normal-sized descending thoracic aorta is illustrated by the aortic segment shown in (¢). The aneurysmal segment is shown in
its short-axis in (d). At repeat surgery, pseudoaneurysm formation due to dehiscence of the Dacron patch was identified. AA aortic
arch, DA descending aorta, RPA right pulmonary artery
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Fig. 14.35 This is a 36-year-old man with a dilated coronary sinus due to the presence of a persistent left superior vena cava drain-
ing into the coronary sinus. The dilated coronary sinus is shown in the parasternal long-axis (a), short-axis (b), apical (¢) and sub-
costal (d) views. To visualize the coronary sinus from the apical window, the imaging plane needs to be tilted posteriorly. CS
coronary sinus, LA left atrium, LV left ventricle, RA right atrium, RV right ventricle

Fig. 14.36 The left superior
vena cava can be readily
demonstrated using
transesophageal echocardiog-
raphy. In (a), the left superior
vena cava can be identified as
a vascular structure located
anterior to the left-sided
pulmonary veins and
posterior to the left atrial
appendage, and it can be
enhanced by injection of
agitated saline into the left
antecubital vein (b). LA left
atrium, LV left ventricle,
LSVC left superior vena cava,
RV right ventricle
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Fig. 14.37 A ruptured aneurysm of the right aortic sinus in an 18-year-old woman is demonstrated in the parasternal long-axis (a,
b) and parasternal short-axis (¢, d) views. The sinus of Valsalva aneurysm has a typical windsock appearance (arrow). Color flow
imaging shows that there is continuous flow between the aorta and the right ventricle via the ruptured aneurysm. Ao aorta, LA left
atrium, LV left ventricle

Fig. 14.38 This patient had a
ruptured sinus of Valsalva
aneurysm arising from the
noncoronary sinus (arrows)
draining into the right atrium
(a). He underwent successful
surgical repair with ligation of
the aneurysm (b).
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Fig. 14.39 This surgically excised Sinus of Valsalva aneurysm
is a thin-walled fibrous structure. This one had not ruptured
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Fig. 14.40 This 21-year-old man has had complete repair for Tetralogy of Fallot. The parasternal long-axis views (a, b) show no
residual ventricular septal defect. Parasternal short-axis (¢) shows that the right ventricular outflow tract was widely patent and
residual pulmonic valvular tissue is detected (arrow). Color flow image (d) shows severe pulmonic regurgitation which is a common
sequela in these patients. LA left atrium, LV left ventricle, PA pulmonary artery
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Fig. 14.41 This young patient had sudden death. He had com-
plete repair of tetralogy of Fallot with right ventricle outflow
patch (P) enlargement and infundibular resection. At autopsy,
the outflow tract had a subvalvular ridge (arrow) and was rest-
enotic. PV pulmonary valve, *=VSD patch

Table 14.3 Common postoperative sequelae and complications
in tetralogy of Fallot following surgical correction

Arrhythmia Residual hemodynamic
abnormalities and ventricular scar
PA distortion Prior systemic pulmonary shunt
RVOT obstruction Inadequate infundibular
resection or contraction
of RVOT pericardial patch
RVOT aneurysm Severe pulmonary regurgitation

Pulmonary regurgitation Transannular patch

Tricuspid regurgitation ~ RV dilatation

Aortic root dilatation Underlying aortopathy

LV dysfunction Suboptimal cardiac protection
during surgery

LV left ventricle, PA pulmonary artery, RV right ventricle, RVOT
right ventricular outflow tract

Fig 14.42 The pulsed Doppler demonstrates the typical spectral
signal of severe pulmonic regurgitation in a patient who has had
complete repair of tetralogy of Fallot. The pulmonic regurgita-
tion has a lower velocity and a rapid drop off
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Fig. 14.43 Right ventricular end-systolic volume at rest, before
and after pulmonary valve replacement (PVR), in patients with
tetralogy of Fallot who had severe pulmonary regurgitation fol-
lowing surgical correction. In many of these patients, right ven-
tricle volume remains elevated despite PVR (Reproduced from
Therrien et al. [18]. With permission)
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Fig. 14.44 This 40-year-old man had complete repair for tetralogy of Fallot and a repeat operation with implantation of a biopros-
thetic valve to correct severe pulmonic regurgitation. The parasternal long-axis view (a) shows that the ventricular septal patch is
intact (arrow). The parasternal short-axis view (b) shows the presence of a bioprosthetic valve in the pulmonic position. Despite
elimination of pulmonic regurgitation, the right ventricle continues to be dilated and hypokinetic, as shown in the parasternal short-
axis (c¢) and apical four-chamber (d) views. A pacemaker lead is seen in the right atrium and right ventricle (d). Ao aorta, LA left
atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig.14.45 This 30-year-old man had a Mustard procedure for complete transposition of the great arteries. The parasternal long-axis
view (a) shows that the aorta is anterior to the pulmonary artery confirming transposition. The atrial baffle (arrows) is seen in the
apical views (b—d). In (c), the pulmonary venous end of the baffle is shown and is widely patent. In (d), the baffle (arrows) diverting
the blood flow from the inferior vena cava into the morphologic left ventricle is shown. Ao aorta, LV left ventricle, PA pulmonary
artery, RV right ventricle
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Fig. 14.46 Patient with complete transposition of the great arter-
ies treated with a Mustard atrial baffle procedure. His systemic
baffle had become obstructed and a stent (arrow) was success-
fully inserted. A defibrillator lead passed from the superior vena
cava (SVC), through the stent and ended in the left ventricle

®Length

Fig. 14.47 This 25-year-old woman with complete transposition of the great arteries, nonrestrictive ventricular septal defect, and
subpulmonic stenosis had undergone a Fontan operation. The parasternal long-axis views (a, b) show transposition, disconnected
hypoplastic main pulmonary artery (arrow), and a large nonrestrictive ventricular septal defect. The tricuspid valve is atretic as
shown in (c¢). In a high parasternal short-axis view (d), the conduit anastomosis (long arrow) from the right atrium to the pulmonary
artery is shown, posterior to the disconnected hypoplastic main pulmonary artery (short arrow)
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14 Congenital Heart Disease

Fig. 14.48 Transesophageal echocardiograms in this 21-year-old woman who had a Fontan operation. A dilated left ventricle is
shown in (a). The tricuspid valve is atretic (b). The Fontan conduit is shown in (c) (arrow). The right atrium is severely dilated (c,
d). Masses suggestive of thrombi (arrows) are detected in the dilated right atrium (d)

early detection and present for the first time in the adult
age. Serious complications, such as severe pulmonary
hypertension, may occur in some patients with the sim-
ple lesions. Patients with complex congenital cardiac
lesions generally require surgical intervention during
childhood, and frequently have long-term sequelae and
complications which require an in-depth understanding
of the intracardiac anatomic and hemodynamic abnor-
malities for proper management. Such an understand-
ingcanbeobtainedusingasystematicechocardiographic
approach in examining these patients. Since the cardiac
anatomy can be highly variable, the transducer position
and imaging plane should not be limited to the standard
windows, but should be modified as needed to provide
the maximum information.
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Cardiac Source of Embolism

Stroke is the third leading cause of death after heart
disease and cancer. Its prevalence increases with age,
affecting about 5% of people over 65 years of age.
Stroke is frequently associated with severe long-term
disability. There are multiple causes of stroke, and
determination of the etiology of stroke is important for
the acute management and the prevention of recurrent
events. About 20% of strokes are believed to be embo-
lic in nature related to cardiac abnormalities [1].
Another 30% are considered cryptogenic with no clear
etiology. Many cryptogenic strokes may also be embo-
lic in nature [2]. Thus, assessment for cardiac sources
of embolism should be an integral part of the investiga-
tion of patients who have had a stroke.

Diagnostic Difficulties

The clinical history and physical findings have long
been used to determine the etiology of stroke. A his-
tory of cardiac disease such as myocardial infarction
and valvular heart diseases increases the likelihood of
the stroke being cardioembolic in nature. Findings of
irregular heartbeats, valvular abnormalities, or ventricu-
lar dysfunction suggest the presence of intracardiac
thrombus which can embolize. In embolic stroke, the
onset of symptoms is usually sudden and may be associ-
ated with Valsalva maneuver such as cough and sneeze.
An embolic stroke tends to involve a large intracranial
arterial territory or multiple territories simultaneously
with significant neurological deficit which may improve
spontaneously with break up and distal embolization
of the embolus [3]. These clinical findings are helpful
but are not sufficiently reliable to establish the etiol-
ogy of stroke [4].

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

In many patients with stroke believed to be cardi-
oembolic in nature, the diagnosis of stroke mechanism
is circumstantial and largely made by excluding other
mechanisms such as atherosclerotic disease or lacunar
infarcts. In order to have a firm diagnosis, early arte-
riography is required to show evidence of embolic
arterial occlusion of the arterial bed responsible for the
stroke, but this is seldom performed. Many of the
patients with presumed cardioembolic strokes have
atherosclerotic risk factors and many have clinical evi-
dence of atherosclerosis. Furthermore, risk factors for
cardiac embolism are present in about 15% of patients
with lacunar stroke [5]. It is important to underscore
that the presence of a potential cardioembolic source
does not necessarily mean that it is the cause of the
stroke or that the stroke is cardioembolic in nature. We
believe that it is more helpful to consider cardioembo-
lic stroke as a syndrome with diverse potential causes
rather than a single entity [4]. The importance of any
potential cardiac source of embolism should be care-
fully adjudicated in the context of the clinical setting.

Diagnostic Approach

Since clinical features lack specificity in establishing
the etiology of stroke, a systematic approach is required
to investigate patients with stroke [6]. Neuroimaging
and cardiac investigations should be considered in many
of these patients (Fig. 15.1). Structural heart disease is
likely present if there is a history of prior myocardial
infarction, heart failure, or valve surgery. Clinical find-
ings of fever, heart failure, cardiomegaly, or heart mur-
mur also suggest structural heart disease and require
further investigation. Transthoracic echocardiography
(TTE) should be performed in these patients even when
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Ischemic stroke
Structural heart disease*
Present Absent
TTE Embolic or Other stroke
cryptogenic stroke subtypes
Positive Negative
Appropriate TEE Appropriate
treatment ECG monitoring treatment

Fig. 15.1 Cardiac investigations in patients with ischemic
stroke.*This is determined by clinical history and physical exam-
ination. Structural heart disease is present if there is a history of
prior heart disease, such as myocardial infarction or valve sur-
gery, or if there are physical findings suggestive of myocardial or
valvular dysfunction. ECG electrocardiogram, TEE transesopha-
geal echocardiography, TTE transthoracic echocardiography

the stroke is not believed to be cardioembolic in nature,
as the clinical determination of stroke etiology is impre-
cise and TTE findings may alter management. In
patients with embolic stroke or cryptogenic stroke,
transesophageal echocardiography (TEE) may be pre-
ferred due to its higher diagnostic yield as compared to
TTE. For instance, the sensitivity of TEE in detecting
left atrial thrombi is 95—-100% as compared to 39-73%
with TTE [7, 8]. TEE is semiinvasive and associated
with a very small but definite risk of complications [9].

Fig. 15.2 (a) Transesopha-
geal echocardiogram in a
patient with aortic stenosis
and atrial fibrillation shows a
dilated left atrium and left
atrial appendage with mild
spontaneous contrast and
suggestion of a mass (arrow)
within the left atrial
appendage. (b) The
thrombus (arrow) is clearly
demonstrated when the left
atrial appendage is optimally
imaged. LA left atrium, LAA
left atrial appendage, LV left
ventricle

15 Cardiac Source of Embolism

In our echocardiographic laboratory, assessment for
potential cardiac source of embolism is one of the most
common reasons for referral for TEE, accounting for
about 20% of the referrals [10]. Younger patients are
more likely to be referred for TEE, but many older
patients are also referred for this reason. Many TEE
findings have been associated with embolic events, but
a definitive cause effect relationship is difficult to
establish. Although echocardiography, particularly
TEE, is frequently used to evaluate patients with pre-
sumed embolic stroke, the clinical utility of TEE
remains to be determined. It is essential to interpret the
echo findings in the clinical context of each individual
patient, as a given echo finding may impact on man-
agement in one patient and not in another. For instance,
calcific aortic valve disease does not merit serious con-
sideration in the evaluation of mechanism of a stroke
in a 78-year-old man with hypertension and peripheral
vascular disease, but should be looked at with high
suspicion in a 50-year-old man who has suffered sud-
den blindness due to retinal arterial occlusion by a cal-
cific embolus.

Occult atrial fibrillation should be sought, as atrial
fibrillation is a known risk factor for stroke and antico-
agulation treatment reduces the risk of stroke [11]. The
implicit assumption is that the increased stroke risk in
atrial fibrillation is due to embolization of left atrial
thrombus, although other mechanisms are possible
(Fig. 15.2) [12]. Extended electrocardiographic moni-
toring may be needed to detect atrial fibrillation which
can be transient and intermittent. Holter monitoring for
2448 h detects atrial fibrillation in < 5% of unselected
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stroke patients [13]. On the other hand, a recent study
showed that extended monitoring revealed paroxysmal
atrial fibrillation in 23% of patients with cryptogenic
stroke or transient ischemic attack [14]. Thus extended
electrocardiographic monitoring should be considered
in patient groups with a higher yield of occult atrial
fibrillation and no other indications for anticoagula-
tion. These include patients with structural heart dis-
ease and negative TTE, patients with a high likelihood
of embolic stroke, and possibly patients with crypto-
genic stroke.

Diagnostic Yield versus
Therapeutic Yield

The diagnostic yield of TEE is superior to TTE and
dependent on the patient population. The yield is higher
in older patients and patients in atrial fibrillation. TEE
can detect potential cardiac sources of embolism in
more than 50% of patients with ischemic stroke and
without clinically overt heart disease [15], but it is
important to examine the significance of the cardiac
abnormalities detected by TEE and to determine
whether these impact on patient management. In many
of the studies examining the role of TEE in stroke
patients, the patient population was not well defined
and the studies were retrospective in nature with inher-
ent limitations [16-20]. Clearly, certain findings such
as vegetation, tumor, or thrombus are significant and
affect the management, but they account for a small
minority of the TEE findings in these studies. Many
findings have dubious significance, as they can be
detected by the clinical history such as prosthetic heart
valves, or they have no impact on management such as
mitral valve prolapse, or they have uncertain relevance
such as patent foramen ovale. The therapeutic impact
of echocardiography (TTE or TEE) is therefore much
less than the diagnostic yield may suggest [21, 22].
Strandberg et al. reviewed TEE findings in 441 patients
with ischemic stroke or transient ischemic attack within
31 days of the events and no history of heart disease
[23]. In 286 patients in sinus rthythm and no history of
heart disease, a major cardiac source was detected in
5% of patients and a minor cardiac source in 39%. The
minor cardiac sources were largely accounted for by
patent foramen ovale and aortic plaque, while the major
cardiac sources were left atrial thrombus or aortic
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thrombus. The clinical impact attributed to the TEE
findings was the initiation of anticoagulation therapy in
8% of patients. It can be argued that TEE is not neces-
sary in the patients already on anticoagulation or those
who have an indication for anticoagulation.

A high diagnostic yield of TEE is misleading, since
many of the findings are unlikely to influence manage-
ment. The therapeutic yield of TEE is modest and needs
to be better defined, despite the widespread use of TEE
in this clinical setting. Lacking is an evidence-based and
cost-effective approach in the evaluation of patients with
ischemic stroke [24]. Our approach shown in Fig. 15.1
is pragmatic and should be modified depending on the
clinical scenario. For instance, in a patient already hav-
ing an indication for anticoagulation therapy, echocar-
diography (TTE or TEE) may not be necessary.

Echocardiographic Findings

There are many echocardiographic findings that have
been implicated as potential cardiac sources of embo-
lism (Fig. 15.3). Some of these findings clearly have
important clinical significance as they are likely the
cause of the embolic event, while other findings are
weakly associated with embolic events and likely have
little impact on management. Controversy surrounds
certain findings such as a patent foramen ovale [25].
Ongoing research is needed to provide a proper per-
spective of the significance of many of these findings.

Many echocardiographic findings have been associ-
ated with an increased rate of embolic events. The
associated risks of embolic events are different among
these different echocardiographic findings, which can
be categorized into three groups according to the
estimated annual rate of thromboembolic events
(Table 15.1) [15, 25].

High-Risk Findings

The high-risk category refers to findings that are associ-
ated with greater than 10 % annual risk of embolism.
They include intracardiac thrombus (left atrial, left ven-
tricular, and valvular thrombi), left atrial myxoma,
mitral stenosis (with or without atrial fibrillation), and
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Fig. 15.3 Schematic diagram
showing the cardiac and
extracardiac conditions that
have been associated with

thromboembolic events plaque

15 Cardiac Source of Embolism

U

thrombus

vegetation
thrombus
tumour

aortic stenosis

valvular vegetations (Figs. 15.4, 15.5). When any of
these findings is detected by echocardiography, it is rea-
sonable to assume that it is the likely source of embo-
lism. The echocardiographic features of these entities
have been discussed in detail in the previous chapters.
An embolus in transit is a rare situation in which a large
thrombus from the deep veins in the lower extremities
migrates into the right atrium and crosses a coexisting
patent foramen ovale (Fig. 15.6) [26]. Patients with this
unusual finding not only have evidence of pulmonary
embolism, but are also at a very high risk of systemic
embolism. Surgical removal is the preferred treatment
option in many of these patients.

Atrial Fibrillation

Systemic embolization is a major complication of non-
valvular atrial fibrillation, and the risk can be estimated

thrombus, tumour
spontaneous contrast
atrial septal defect
atrial septal aneurysm
patent foramen ovale

vegetation

thrombus

tumour

mitral stenosis

mitral annular calcification

aneurysm
thrombus
spontaneous contrast

on the basis of associated clinical risk factors includ-
ing age, congestive heart failure, hypertension, diabe-
tes mellitus, and a history of stroke [11]. The prevalence
of atrial fibrillation increases with age, and the inci-
dence of stroke associated with atrial fibrillation also
increases with age [27, 28].

Anticoagulation therapy has been shown to reduce
the risk of stroke, particularly in high-risk individuals
[11]. In low-risk people, the risk of stroke should be
balanced with the risk of bleeding associated with anti-
coagulation therapy.

Mitral Stenosis

Mitral stenosis is associated with a high risk of throm-
boembolic events with or without atrial fibrillation
[25]. Patients with mitral stenosis should be on anti-
coagulation therapy, with the possible exception of
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Table 15.1 Potential cardiac sources of embolism

High-risk findings

Atrial fibrillation with multiple risk factors

LA thrombus

LV thrombus

Endocarditis (infective or marantic [nonbacterial
thrombotic])

Mitral stenosis

Myxoma

Complex aortic arch plaques

Moderate-risk findings

Recent myocardial infarction with LV dysfunction or
aneurysm

Severe LV dysfunction (EF < 35%)

Prosthetic heart valves on anticoagulation

Atrial fibrillation with absent or few clinical risk factors
LA spontaneous contrast

Mitral annular calcification with a mobile mass

Uncertain, likely low-risk findings

Mild to moderate LV dysfunction (EF > 35%)
Chronic LV aneurysm without thrombus

Aortic stenosis

Mitral valve prolapse

Mitral annular calcification

Patent foramen ovale

Intrapulmonary shunt

Atrial septal aneurysm

Lambl’s excrescence, valvular strands, fibroelastoma

EF ejection fraction, LA left atrium, LV left ventricle

Fig. 15.4 The parasternal
long-axis (a), short-axis (b)
and the 3D (c¢) views show
the presence of a large
free-flowing ball valve
thrombus (arrow) in a patient
with amyloid heart disease
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patients with mild mitral stenosis, sinus rhythm, and
normal left atrial size.

Aortic Plaque

The thromboembolic risks in patients with aortic plaque
appear to be related to the severity and complexity of
the plaque (Figs. 15.7, 15.8). In patients with severe
aortic arch plaque exceeding 4 mm in thickness, the
cerebral thromboembolic risk increases by several fold
as compared to controls [29]. However, optimal man-
agement remains unclear. The SPAF-III study suggests
that anticoagulation may reduce the embolic risks in
this setting although only high-risk patients with atrial
fibrillation were included in this study and hence this
observation may not be generalizable to other popula-
tions [12]. Treatment with statins may be useful [30].
Surgical removal of complex plaques does not appear to
be a good option since this procedure is associated with
a high risk of perioperative cerebrovascular event [31].
Descending aortic plaques should not be a risk factor
for cerebral embolization, but their presence suggests
that similar changes may affect the ascending aorta and
arch which should be carefully assessed for aortic
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Fig. 15.5 A large thrombus
is present within the left
ventricular apex in the apical
four-chamber (a) and
two-chamber (b) views in a
patient with a recent anterior
wall myocardial infarction.
LV left ventricle

Fig. 15.6 The apical long-axis
(a) and two-chamber (b)
views in a 39-year-old truck
driver with chest pain show a
long sausage-like mass within
the left atrium protruding into
the left ventricle. Other views
(not shown) showed that the
mass was trapped at the
foramen ovale with part of it in
the right atrium. This was a
large thrombus arising from
the leg veins which had
embolized into the right heart
and traversed into the left heart
via a patent foramen ovale.
These findings were confirmed
at surgery. LV left ventricle

Fig. 15.7 Transesophageal echocardiogram of the aortic arch
shows diffuse involvement with complex aortic plaques. Some  Fig.15.8 Transesophageal 3D view of the proximal descending
of the plaques (arrows) are mobile aorta shows multiple aortic plaques of varying sizes (arrows)
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Fig. 15.9 Transesophageal
longitudinal (a) and
transverse (b) views of the
proximal descending aorta
show a large plaque with
some degree of calcification,
as demonstrated by the
shadowing in the far field.
The presence of complex
plaques in the descending
aorta increases the likelihood
that similar findings are
present in the aortic arch and
ascending aorta which should
be carefully examined

plaques (Fig. 15.9) [12]. In a small subset of patients,
a large mobile thrombus can occur in the ascending
aorta or arch and be associated with cerebral embolic
events [32]. The underlying aortic wall may be normal
or may have a small plaque. The exact mechanism for
the formation of a large thrombus in these patients
remains unclear. Both anticoagulation therapy and
surgery have been used in this setting with favorable
outcome.

Moderate-Risk Findings

The second category includes conditions with a mod-
erate risk of embolism (annual risk of embolic events
between 1-10%). Acute left ventricular aneurysm post
myocardial infarction with no thrombus, atrial fibrilla-
tion with no or few risk factors, and dense left atrial
spontaneous contrast belong to this category.

Myocardial Infarction
and Left Ventricular Dysfunction

Left ventricular thrombus can occur in patients with myo-
cardial infarction or dilated cardiomyopathy. This can be
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readily detected by TTE, and anticoagulation therapy for
3-6 months is indicated to reduce the risk of embolic
events. Acute myocardial infarction is associated with an
increased risk of stroke (about 1-2.5%) within the first
4 weeks, and the risk is higher in anterior wall myo-
cardial infarction (Fig. 15.10) [33]. The use of antico-
agulation therapy for 3—6 months can be considered in
patients with anterior wall myocardial infarct with
significant left ventricular dysfunction in the absence
of left ventricular thrombus. In patients with dilated
cardiomyopathy, the risk of stroke is increased but low
and anticoagulation therapy is usually not recom-
mended. Future trials will provide more data in this
patient group [34].

Prosthetic Valves

Both bioprosthetic and mechanical heart valves are
associated with an increased risk of stroke, even with a
therapeutic level of anticoagulation (Fig. 15.11) [35].
The risk is higher with early generation valves, pros-
thetic valves in the mitral position, mechanical valves,
and concomitant atrial fibrillation. When a presumed
embolic event occurs despite therapeutic anticoagula-
tion, investigations should be performed to exclude
bleeding as a cause for the event. This can be followed
by the consideration of adding an antiplatelet agent or
intensifying the anticoagulation level.
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Fig. 15.10 Apical
four-chamber (a) and
two-chamber (b) views in an
84-year-old woman with
anterior wall myocardial
infarction show a large apical
left ventricular aneurysm. No
definite thrombus is seen
within the aneurysm. LA left
atrium, LV left ventricle, RA
right atrium, RV right
ventricle

Fig. 15.11 Transesophageal
transverse (a) and longitudi-
nal (b) views of a bileaflet
mitral mechanical prosthetic
valve show that there is a
small mass (arrow)
consistent with thrombus on
the atrial surface of the
anterior aspect of the sewing
ring. LA left atrium

Spontaneous Echo Contrast

Spontaneous echo contrast describes the phenomenon
of slow-moving smoke-like echo density in area of sta-
sis. Its swirling pattern resembles smoke from a chim-
ney. It reflects stagnant blood flow and is best seen in
the left atrial appendage (Figs. 15.12, 15.13) [36]. It is
associated with mitral stenosis and atrial fibrillation,
although it is sometimes detected in the absence of
valve disease and in sinus rhythm. Dense spontaneous
contrast is strongly associated with left atrial thrombus
and increases the risk of thromboembolic events by
more than threefold in patients with atrial fibrillation
(Fig. 15.14) [12]. Anticoagulation therapy is effective
in reducing the thromboembolic risks associated with
the spontaneous contrast in the left atrium. In patients

15 Cardiac Source of Embolism

Fig. 15.12 Transesophageal echocardiogram shows mild left
atrial spontaneous contrast (arrow) in a patient with mitral
stenosis and a dilated left atrium. LA left atrium, LV left ventri-
cle, RA right atrium



Uncertain, Likely Low-Risk Findings

Fig. 15.13 Transesophageal echocardiogram of the left atrial
appendage showing dense spontaneous contrast (arrow) within
the left atrial appendage. This is the same patient as in Fig. 15.12

with mild degree of spontaneous contrast and no his-
tory of thromboembolic events, the usefulness of anti-
coagulation therapy is unknown.

Uncertain, Likely Low-Risk Findings

Although the following echocardiographic findings
have been associated with ischemic stroke, their clinical
significance is uncertain and the annual embolic event
rate is relatively low at about 1% per year or less.
Chronic left ventricular aneurysm, simple aortic plaques,
and patent foramen ovale belong to this category.

Fig. 15.14 Transesophageal
transverse (a) and longitudi-
nal (b) views in a patient with
longstanding atrial fibrillation
show a severely dilated left
atrium with dense spontane-
ous contrast. Dense
spontaneous contrast is
frequently associated with
thrombus, which is not
present in this patient. A
pacemaker lead (arrow) is
present in the right atrium
and right ventricle
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Chronic Left Ventricular Aneurysm

Chronic left ventricular aneurysm is a source of stasis
leading to the formation of left ventricular endocardial
thrombus. The optimal management of patients with
this condition remains unclear, although chronic antico-
agulation therapy may be reasonable if the anticipated
risk of bleeding is low. In one retrospective study of 69
patients with this condition, not on anticoagulation ther-
apy, one thromboembolic event was reported in a fol-
low-up of 288 patient-years [37].

Patent Foramen Ovale

Patent foramen ovale (PFO) can be a normal finding
and is present in up to 30% of young adults [38, 39].
Due to its high prevalence in patients free of cardiac
symptoms, convincing supportive evidence should be
present before this condition is accepted to have a role
in the development of embolic events. Contrast echocar-
diography using agitated saline is the preferred way to
detect PFO by demonstrating right to left atrial shunt-
ing within three cardiac cycles following the intrave-
nous injection of saline contrast (Figs. 15.15, 15.16).
The shunting can be present at rest, but more frequently
detected during cough or the release phase of the
Valsalva maneuver. A large PFO is one with shunting at
rest, persistent separation > 2 mm, and large shunt > 50
bubbles (Figs. 15.17-15.19) [15]. The hypothesis is
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Fig. 15.15 Intravenous injection of agitated saline is performed
to demonstrate the presence of atrial shunting. The apical four-
chamber view is preferred for this purpose. Good opacification
of the right atrium and right ventricle is achieved, and during the
release phase of the Valsalva maneuver, contrast is seen coming
from the right atrium into the left atrium (arrows) indicating the
presence of patent foramen ovale. LV left ventricle

Fig. 15.16 Transesophageal 3D view of a patent foramen ovale
following intravenous contrast injection with agitated saline
shows bubbles (arrow) crossing from the right atrium into the
left atrium

that PFO allows paradoxic embolization which is the
passage of thrombus originating from the deep veins to
get into the systematic circulation resulting in a stroke.
However, deep vein thrombosis is infrequently found
in patients suspected to have paradoxic embolization
[38]. Population studies suggest that PFO is a benign
finding in most individuals. There is variability in the
diagnosis of this condition and in grading the size of
the shunting. We have demonstrated that spontaneous

15 Cardiac Source of Embolism

contrast can develop in the left atrium during cough or
the release phase of the Valsalva maneuver. This spon-
taneous contrast appears to emanate from the pulmo-
nary veins and can be detected without contrast injection
[40]. Awareness of this phenomenon is important so as
not to confuse it with right to left shunting via a PFO
during contrast injection.

The prevalence of PFO is higher in patients with
cryptogenic stroke than in patients with other stroke sub-
types [41, 42]. Two randomized trials have shown that
PFO did not confer an increased risk of recurrent stroke
[42, 43]. In one study, the presence of PFO and atrial
septal aneurysm was associated with an increased risk of
recurrent strokes, although this involved a small number
of patients with a wide confidence interval [42]. There is
insufficient evidence to support any medical treatment or
invasive intervention. Anticoagulation therapy is reason-
able in a young patient with a large PFO and a history of
stroke that has been associated with the Valsalva maneu-
ver. Percutaneous device closure of PFO may be consid-
ered in patients who are unable to tolerate anticoagulation
treatment or are at an increased risk of bleeding associ-
ated with the long-term use of anticoagulation therapy.

Although controversies surround the importance of
PFO as a key component for systemic embolic events,
there has been a persistent and at times enthusiastic will-
ingness to close a PFO to prevent presumed embolic
events [44]. This is particularly the case in young patients
with no other apparent source for the development of a
presumed embolic event. Properly conducted trials are
crucial to clarify the appropriate therapy in these patients.

Atrial Septal Aneurysm

Atrial septal aneurysm is defined as bulging of the atrial
septum in part or in whole. The bulging is usually into
the right atrium and at least 10 mm from the normal
atrial septal plane (Fig. 15.20) [45]. Frequently, it is
associated with excessive mobility with the atrial sep-
tum flopping back and forth between the left and right
atria. It is associated with a higher prevalence of PFO
and atrial septal defect (Figs. 15.21, 15.22). In one study,
the combination of atrial septal aneurysm and PFO was
associated with a much higher risk of embolic events
[42]. Physiologically, it is difficult to explain why atrial
septal aneurysm should be a risk factor for embolic
events, since it is usually highly mobile and unlikely to



Uncertain, Likely Low-Risk Findings

Fig. 15.17 Transesophageal
views (a, b) of the atrial
septum show the relationship
of the atrial septum with the
aortic root. In (b), persistent
separation (arrow) is present
indicating the presence of a
large foramen ovale. Ao
aorta, LA left atrium, LV left
ventricle, RA right atrium

Fig. 15.18 Transesophageal
view of the atrial septum (a)
shows persistent separation
consistent with large foramen
ovale, and color flow image (b)
shows resting shunt, which is
also a sign of a large patent
foramen ovale. LA left atrium,
RA right atrium

be an area of stasis. We have not observed a single case
of atrial thrombus located in an atrial septal aneurysm.

Intrapulmonary Shunt

Pulmonary arteriovenous malformation can lead to
intrapulmonary shunting and therefore is a potential
conduit for paradoxic embolization [46]. They can be
detected echocardiographically by the late appearance
of contrast in the left heart in three to five cardiac
cycles after the opacification of the right heart with
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saline contrast. This condition may be associated with
an increased risk of stroke, but the risk is not well
defined. Endovascular occlusion has been successfully
used to close these malformations.

Valvular Strands, Lambl’s
Excrescences, Fibroelastoma

Mobile filaments attached to the valve leaflets or
cusps can be detected in about 5% of TEE studies
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Fig. 15.19 Apical four-chamber view shows the presence of a
large degree of contrast in the left atrium and left ventricle dur-
ing the release phase of the Valsalva maneuver indicating a large
shunt consistent with a large patent foramen ovale

(Figs. 15.23-15.27) [47, 48]. Available histologic stud-
ies show a hyalinized amorphous stromal core with
loose connective tissue and a single layer of endothe-
lium. Indeed, valvular strands, Lambl’s excrescences,
and fibroelastoma overlap macroscopically and micro-
scopically, so that these findings may be clinically
similar [48]. These valvular filaments are usually
benign and asymptomatic [49]. With current harmonic
imaging, spontaneous contrast emanating from leaflet
closure in the setting of native valve can be observed.
Extreme care must be taken to differentiate this type of

Fig. 15.20 Apical
four-chamber (a) and
subcostal (b) views show the
presence of an atrial septal
aneurysm with a marked
degree of bulging (arrow)
into the right atrium. LA left
atrium, LV left ventricle, RV
right ventricle

15 Cardiac Source of Embolism

spontaneous contrast from valvular strands. Association
with thromboembolic events has been reported, but
the therapeutic strategy of patients with these valvular
abnormalities remains unclear [47]. Based on case
reports, antiplatelet therapy as well as anticoagulation
may be effective [48]. In patients with very large lesions
and recurrent thromboembolic events, surgical excision
may be necessary.

Valve Diseases

Early studies suggested an association of mitral valve
prolapse with stroke, but recent studies have not con-
firmed this association [50]. Mitral annular calcification is
common in the elderly who frequently have other risk fac-
tors for stroke, and is unlikely to have a significant role in
the causation of the stroke (Fig. 15.28). However, mobile
masses sometimes seen arising from the mitral annular
calcification are associated with an increased risk of stroke.
They are likely thrombi arising from denuded area of the
mitral annulus, and anticoagulation therapy is an effective
treatment and should be used in these patients [51].

Embolic stroke is an uncommon occurrence in patients
with aortic stenosis, although subclinical events may be
common after invasive attempts in crossing the aortic
valve to measure the transvalvular gradient. The embolic
material is usually calcific in nature and thus anticoagula-
tion is unlikely to reduce the risk of recurrence.
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Fig. 15.21 (a) Intravenous contrast injection with agitated
saline in the four-chamber view shows that the atrial septal
aneurysm bulges into the left atrium at the very beginning of
the release phase of the Valsalva maneuver. LA left atrium, LV
left ventricle. (b) During the later part of the release phase of
the Valsalva maneuver, the atrial septal aneurysm bulges into
the right atrium and there is a large degree of contrast opacifi-
cation of the left atrium and left ventricle consistent with the
presence of patent foramen ovale. Atrial septal aneurysm and
patent foramen ovale frequently coexist in the same patient. LV
left ventricle

Summary

Embolic stroke pathoetiology cannot be confidently
determined by clinical findings alone. A systematic
approach is important to evaluate the etiology of isch-
emic stroke. Transthoracic echocardiography is a low-
yield procedure in the identification of potential cardiac
source of embolism. The yield is higher in high-risk
patients such as those with a positive cardiac history or
in those with abnormal cardiac findings. In the pres-
ence of atrial fibrillation, echocardiographic studies

Fig. 15.22 Transesophageal 3D view from the left atrial per-
spective shows the presence of atrial septal aneurysm and the
presence of two small atrial septal defects (arrows)

Fig. 15.23 Transesophageal echocardiogram of the left ven-
tricular outflow tract in a 52-year-old man shows the presence of
a linear density (arrow) attached to the aortic valve consistent
with valvular strand. Ao aorta, LA left atrium, LV left ventricle

are unlikely to alter management. Compared to TTE,
TEE produces a higher yield of echo findings that are
associated with an increased risk of embolic events,
although the therapeutic yield may be limited as the
significance of many of these findings remains uncer-
tain. We need to curb our enthusiasm to intervene or
correct many of these findings until more convincing
data become available from future trials.
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Fig. 15.24 Transesophageal
views (a, b) of the mitral
valve in systole in a
72-year-old woman show the
presence of linear strand
(arrow) attached to the
closing margins of the mitral
leaflets. LA left atrium, LV
left ventricle

15 Cardiac Source of Embolism

Fig. 15.26 Aortic valve with long fibrous strand that extends
from the mid cusp location

Fig. 15.25 Transesophageal 3D view of the mitral valve from
the left atrial perspective in the same patient as in Fig. 15.24
shows the two linear valvular strands (arrows) protruding into
the left atrium
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. . . , Fig. 15.28 Transesophageal echocardiogram in an 80-year-old
Fig. 15.27 Aortic valve cusp with Lambl’s excrescences an shows the presence of mitral annular calcification and an

(arrow). TI}ese are whisker-like multiple fron.ds that are locatc?d echo-mobile density (arrow) with attachment to the mitral annu-

along the line of valve closure and often, as in this case, are in - 1,r calcification protruding into the left ventricular outflow tract.

the center of the cusp This mass is likely an organized thrombus and is associated with
an increased thromboembolic risk
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Assessment of Diastolic Function

Heart failure has become an increasingly important
medical problem. It is one of the major reasons for
hospitalization and is associated with increased mor-
tality. The prevalence of heart failure is expected to
rise with the aging of the population. About half of the
patients with heart failure have preserved left ventricu-
lar systolic function, and heart failure in these patients
is frequently ascribed to diastolic dysfunction. The
common causes of diastolic dysfunction in the setting
of preserved systolic function are listed in Table 16.1.
A good understanding of the pathophysiology under-
lying heart failure in these patients should lead to a
more reasoned approach to its management [1-5].

Diastole is closely coupled with systole such that
inadequate diastolic filling inevitably results in reduced
stroke volume or elevated filling pressures despite a
normal left ventricular systolic function. During dias-
tole, large volume changes occur with relatively small
changes in pressure, and the peak flow velocity through
the mitral valve during diastole exceeds that through
the aortic valve during systole. Yet, a small increase in
pressure, for instance, from a mean left atrial pressure
of 10 mmHg to a mean left atrial pressure of 20 mmHg,
can result in heart failure symptoms. The intracardiac
pressure and its rate of change are governed by intrin-
sic properties of the myocardium and the loading con-
ditions. Myocardial relaxation is an active process best
measured by Tau which is an expression of the expo-
nential fall in left ventricular pressure following left
ventricular ejection. Compliance refers to the increase
in pressure with a given increase in volume.

Diastole can be divided into four phases — isovolu-
mic relaxation, rapid filling, slow filling, and atrial con-
traction (Fig. 16.1). Left ventricular relaxation is an
active process resulting in a rapid decline in left ven-
tricular pressure during isovolumic relaxation. This

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

generates a diastolic pressure gradient between the left
atrium and the left ventricle. Rapid filling ensues fol-
lowing opening of the mitral valve, with blood flowing
from the left atrium into the left ventricle with rapid
propagation to the left ventricular apex. The most
widely accepted measure of the rate of left ventricular
relaxation is Tau, which is a measure of the mono-expo-
nential pressure decay, but Tau can be reliably measured
invasively only by using high fidelity pressure measur-
ing catheters. When relaxation is impaired, as is invari-
ably present in patients with left ventricular systolic
dysfunction, the pressure decay is slow leading to a
delay in mitral valve opening. This may be detected by
a prolonged isovolumic relaxation time, which is the
time interval between aortic valve closure and mitral
valve opening. This can be readily detected by continu-
ous wave Doppler.

The rate of left ventricular filling is driven by the
pressure gradient between the left atrium and left ven-
tricle, such that the lower the left ventricular diastolic
pressure, the higher is the pressure gradient and the
diastolic filling rate. Thus a normally low early dia-
stolic left ventricular pressure allows the transfer of a
large volume into the left ventricle without the neces-
sity of an elevated left atrial pressure. In patients with
a variety of heart diseases including ischemic heart
disease, left ventricular relaxation is impaired such
that the early diastolic gradient between the left atrium
and left ventricle is reduced. This can be compensated
for by an increase in left atrial pressure. Indeed, the
inability to achieve normal left ventricular filling with-
out an elevation in filling pressure is a sensitive indica-
tion of myocardial dysfunction. Near the end of the
rapid filling phase, the left ventricular pressure may be
higher than the left atrial pressure for a brief period of
time. During the slow filling phase, there is very little
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Table 16.1 Causes of left ventricular diastolic dysfunction with
preserved systolic function

* Aging

» Hypertension

* Aortic stenosis

» Hypertrophic cardiomyopathy
* Ischemic heart disease

* Infiltrative cardiomyopathy, e.g., amyloid, myocarditis

Viscoelastic forces
Pericardium
Venltric interaction
Muscle stifiness
*Compliance”
¥

[ Contraction ih
Relaxation
Load T

Inacliﬂ_uioﬁ
Nonuniformity

Suction Atrium

Fig. 16.1 These pressure curves from a patient with hypertro-
phic cardiomyopathy show the four phases of diastole which
comprise isovolumic relaxation (/VR), rapid filling (RF), slow
filling (SF), and atrial contraction (AC). An alternate approach is
to view the cardiac cycle in three related phases which are con-
traction, relaxation, and filling (Reproduced from (5). With
permission)

diastolic filling as the pressure in the left atrium and
left ventricle have equalized. This is followed by atrial
contraction which drives blood into the left ventricle
from the left atrium by generating a second pressure
gradient between the two chambers. Upon atrial relax-
ation, the pressure gradient falls and the mitral valve
starts to drift closed. Mitral valve closure occurs when
the ventricular pressure rises to exceed left atrial pres-
sure at the onset of ventricular systole.

16 Assessment of Diastolic Function

Echo-Doppler Measures
of Diastolic Function

The usefulness of many echo-Doppler variables has
been investigated over the past decade [6-9]. Many of
these variables describe different aspects of left ventric-
ular filling and some reflect intrinsic myocardial proper-
ties. A careful analysis of the interplay of these variables
can tell us about diastolic filling, which is linked to dia-
stolic filling pressure, but not the pressure per se. There
are technical limitations to a number of these variables
[10—13] (Table 16.2). Adequate pulmonary venous sig-
nals that allow reliable measurement of the retrograde A
wave duration can be obtained only in about half of the
patients in our experience. The flow propagation veloc-
ity has a great degree of variability from beat to beat and
from study to study, although it can be readily obtained.
Some of the new measures such as time duration between
the onset of mitral E wave and onset of annular E veloc-
ity require meticulous care that the cycle length is identi-
cal, and more validation studies are required.

Among the variables, mitral inflow velocities remain
the cornerstone in the assessment of diastolic function.
This can be obtained in almost all patients, but care is
required to optimize the signal to allow for accurate
analysis. Color-flow imaging is useful to show the ori-
entation of the mitral inflow jet. In a dilated left ven-
tricle, the mitral inflow jet is frequently oriented
posterolaterally as a result of the tethering of the mitral
leaflets. Moving the location of the transducer to obtain
a parallel alignment of the sample volume with the

Table 16.2 Doppler measures in the assessment of left
ventricular diastolic function

Mitral inflow velocities Affected by multiple variables

E, A, DT including preload and heart rate
IVRT Affected by heart rate
Pulmonary Not obtainable in about

vein velocities one third of patients

Propagation velocity Variability in measurements

Mitral annular
velocities

Only relatively independent
of preload

A A, duration Difficult to obtain optimal

measurements

Onset of E
to E duration

Variable cycle length;
requires more validation
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mitral inflow should be attempted in every case. A
sample volume of 1-3 mm is placed at the mitral leaflet
tips during diastole to obtain the maximum E and A
waves. Moving the sample volume to the annulus level
gives a cleaner display of the A wave and should allow
for a more accurate measurement of the A duration. In
our laboratory, pulmonary venous flow signal is always
attempted by placing a sample volume of 2-3 mm well
into the pulmonary vein in the apical four-chamber
view. It is only with routine practice that adequate pul-
monary venous signal can be obtained in the majority
of cases (Fig. 16.2).

Annular tissue velocities have gained popularity
because they can be reliably obtained from almost all
patients using present day technology [8]. Pulsed-wave
tissue Doppler imaging detects the high intensity,
lower velocities of the myocardium by minimizing the
wall filter and maximizing the low velocity scale.
Multiple velocities can be obtained, and the waves that
should be consistently measured are the systolic, early
diastolic, and late diastolic velocities (Fig. 16.3). The
annular E' wave is a measure of myocardial diastolic
lengthening and less influenced by preload. The ratio
of mitral E wave to annular E' wave has been shown to
predict left ventricular filling pressures. Indeed, regres-
sion formula incorporating this ratio to calculate left
ventricular filling pressure has become a part of the
clinical and research practices in some laboratories
(Fig. 16.4). Algorithms have also been proposed to be
used in classifying patients into different diastolic dys-
function categories, or those with normal or elevated
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Fig. 16.2 This is a pulmonary venous flow recording showing a
prominent systolic component (S) compared to the diastolic
component (D). The atrial reversal flow is not well displayed
and likely has a low velocity
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filling pressure (Fig. 16.5). The clinical context and the
effect of age should be considered in applying any of
these algorithms.

The E/E’ ratio is easy to use but a number of issues
need to be borne in mind. Although studies have shown
good correlation between this ratio and filling pres-
sures such as the pulmonary capillary wedge pressure,
the correlation is not a very tight one such that by itself
the E/E' ratio does not reliably differentiate patients
with normal filling pressure from those with abnormal
filling pressures [6, 9] (Fig. 16.4). The situation is fur-
ther compounded by technical differences. Some labo-
ratories preferentially use the septal annular velocity,
while others use the lateral annular velocity. An aver-
age of the septal and lateral annular velocities may be
a reasonable compromise when there is a large dis-
crepancy between the two velocities. Different ratios
such as 10, 12, or 15 have been used in various studies.
Using a lower ratio gives a higher sensitivity but less
specificity, whereas using a higher ratio gives lower
sensitivity but higher specificity. Definition of elevated
filling pressure has not been uniform, with some stud-
ies using a cut-off value of 12 mmHg and some using
a cut-off value as high as 20 mmHg.

We believe that the assessment of diastolic function
should include evaluation of clinical factors, echo fea-
tures as well as the Doppler findings during the
Valsalva maneuver [1, 5] (Fig. 16.6). The age and
symptomatic state of the patient should be taken into
consideration. Age impacts on all the parameters, and
the normal values for the different age-groups have
wide confidence limits making proper interpretation
difficult (Table 16.3). In asymptomatic patients, cau-
tion needs to be exercised to minimize the risks of
labeling. There are many echo findings that need to be
integrated in the assessment of diastolic function. The
essential ones are left ventricular systolic function, left
ventricular hypertrophy, and left atrial size. Other use-
ful but less common echo findings include the B bump,
early cut off sign on the mitral regurgitation spectral
signal, atrial septal motion, aortic regurgitation spec-
tral signal, and pulmonic regurgitation spectral signal
(Fig. 16.7). A qualitative rather than a quantitative
approach should be taken. When the findings are dis-
cordant, the effect of the Valsalva maneuver can be
helpful [9, 10]. The change in the mitral inflow signal
with Valsalva should be observed. In general, a drop of
the mitral E wave by 20 cm/s during the strain phase
indicates an adequate Valsalva maneuver. A decrease
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Fig. 16.3 The mitral annulus velocities are useful in the assessment of the severity of diastolic dysfunction. The pseudonormaliza-
tion pattern of mitral flow can be easily differentiated from normal (Reproduced from (8). With permission)

of greater than 40% of the E/A ratio during the strain
phase is predictive of elevated left ventricular filling
pressure. The magnitude (>35 cm/s) and duration (>
mitral A duration) of the pulmonary venous A wave
can also be useful [10].

Assessment of atrial size should be an integral part of
the assessment of diastolic function. Atrial enlargement
is associated with diastolic dysfunction and is usually
present in patients with moderate or severe diastolic dys-
function, such that the diagnosis of diastolic dysfunction
should be reexamined if the atrial size is normal [14].
Atrial enlargement can be considered a marker of the
severity and duration of diastolic dysfunction, in the
absence of significant valvular regurgitation. Left atrial
volume has recently gained acceptance as a more reli-
able means to assess atrial size than the one-dimensional
atrial dimension [15]. Indeed, a recent study showed that
atrial volume predicted all-cause mortality in a general
population, although it was not an independent predictor
after adjusting for diastolic dysfunction [14].

Normal Diastolic Function

Interpretation of diastolic function starts with the mitral
flow velocities which can be readily obtained. Although
mitral velocities reflect the diastolic filling characteris-
tics of the left ventricle, they are affected by many
other factors including age, heart rate, and loading con-
ditions. Assessment of diastolic function should take
these factors into consideration. Published values for
different age-groups should be used when interpreting
these velocities. In healthy individuals less than 60
years of age, E velocity is dominant and E/A ratio is
greater than 1 (Figs. 16.8, 16.9). The pulmonary vein
flow shows that the early diastolic flow is dominant and
the velocity of atrial reversal is low (less than 35 cm/s).
Optimal spectral signal of the atrial reversal velocity
may be difficult to obtain. The early diastolic mitral
annular velocities (E") should exceed 10 cm/s, and the
velocities at the lateral annulus are usually higher than
those at the septal annulus.
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Fig.16.4 The plot shows the relation of E/Ea to pulmonary cap-
illary wedge pressure (PCWP) in the top panel. The difference
between Doppler-estimated and catheter-measured PCWP ver-
sus the average of both observations is shown in the bottom
panel. Solid circles are patients with impaired relaxation and
open circles are patients with pseudonormalization mitral inflow
pattern (Reproduced from (6). With permission)

Mild Diastolic Dysfunction

In patients with mild diastolic dysfunction, there is mild
impairment in left ventricular relaxation resulting in a
lower left atrium to left ventricle pressure gradient. The
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early diastolic flow rate is reduced which is reflected by a
lower mitral E wave (Figs. 16.10, 16.11). Similarly, the
early diastolic annular wave E' is also reduced. The mitral
deceleration time is prolonged, also due to the delay in
relaxation. There is compensatory increase in flow rate
during atrial contraction which delivers a greater propor-
tion of diastolic filling resulting in a tall A wave. The E/A
ratio is generally less than 1. With the more complete
emptying of the left atrium after atrial contraction, there is
increased filling of the left atrium during ventricular sys-
tole which is manifested by a tall S wave in the pulmonary
venous signal. The E/E' ratio is less than 15. In this set-
ting, the mean left atrial pressure is normal, although the
left ventricular end diastolic pressure may be elevated.

Moderate Diastolic Dysfunction

When left ventricular relaxation is more severely
impaired, the left atrial pressure is elevated in order to
maintain diastolic filling by maintaining the left atrium
to left ventricle pressure gradient (Figs. 16.12, 16.13).
In this setting, the mitral E wave is increased and the
deceleration time will be decreased as the left ventricu-
lar operative compliance is reduced leading to an early
equalization of pressure between the left atrium and the
left ventricle. The mitral annular E wave is reduced
reflecting the decrease in rate of diastolic lengthening.
As aresult the E/E' ratio is increased. The E' may also be
delayed, occurring after the mitral E wave. The decreased
operative compliance also explains the early termination
of the mitral A wave compared to the pulmonary venous
A wave. The velocity of the pulmonary venous A wave is
increased. Mitral leaflet closure may also be significantly
delayed compared to termination of the mitral A wave,
again reflecting the decrease of the operative compliance
of the left ventricle and likely a delay in isovolumic con-
traction. Patients with these features have impaired left
ventricular relaxation and increased left atrial pressures.

Severe Diastolic Dysfunction

In this setting, relaxation is even slower associated with
further increase in left atrial pressure. The mitral E wave
becomes much more elevated and deceleration time
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Fig. 16.5 This is a schema to assess left ventricular diastolic function depending on whether or not the systolic function is pre-
served. If the systolic function is impaired (EF<50%), the mitral inflow velocities are generally sufficient in assessing the left ven-
tricular filling pressure or the left atrial pressure. In patients with preserved systolic function (EF>50%), the mitral annular velocities,
particularly E’, are the preferred measures to categorize the left atrial pressure into normal or elevated, dependent on the E/E’ ratio.
If E/E' is clearly elevated (>15), the LA pressure is likely elevated; and if E/E’ is < 8, the LA pressure is likely normal. In patients
with E/E’ between 8 and 15, other collaborating measures should be taken into consideration. These include the duration of pulmo-
nary vein A wave exceeding the duration of mitral valve A wave by 30 ms, the response of mitral velocities to the Valsalva maneuver,
and the left atrial volume. In patients with hypertrophic cardiomyopathy, the collaborating measures should always be considered

because E/E' ratio is less predictive
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Fig. 16.6 Relation between changes during the Valsalva
maneuver and the left ventricular filling pressure. E/A ratio,
ratio of mitral early diastolic velocity to atrial flow velocity;
LVEDP left ventricular end diastolic pressure (Reproduced from
(10). With permission)

much abbreviated. E/A ratio is frequently > 2 and the
deceleration time < 150 ms. (Figs. 16.14, 16.15). The
mitral annular E wave is also further reduced and
delayed. Thus the E/E' ratio becomes even higher (much
greater than 15:1). In addition to the slow relaxation,

isovolumic contraction is also slowed in this setting
leading to a short diastolic filling time which can be fur-
ther compromised if there is first-degree AV block. This
is one reason for improvement with artificial pacing in
these patients, by programming a short AV delay to
increase the diastolic filling time. The delay in the relax-
ation may sometimes result in a mid diastolic gradient
which can manifest as an L-wave, and is more commonly
seen with a slow heart rate (Fig. 16.16) [16].

In some of these patients, atrial contribution becomes
minimal due to low left ventricular operative compli-
ance and atrial dysfunction such that A wave may not
be discernable. Despite little or no flow during slow
filling and atrial contraction phases, the mitral valve
remains open until the isovolumic contraction phase
(Fig. 16.16). Diastolic mitral regurgitation may occur
as a result. Table 16.4 summarizes the values of the
Doppler measures useful in the classification of sever-
ity of diastolic dysfunction [17].

In addition to diagnosis, a comprehensive assess-
ment using these echo-Doppler measures can provide
useful insight into prognosis and management of
patients with heart failure (Fig. 16.17). These measures



Severe Diastolic Dysfunction

Table 16.3 Normal values for Doppler-derived diastolic measurements

IVRT(ms)

E/A ratio

DT(ms)

A duration(ms)

PV S/D ratio

PV Ar (cm/s)

PV Ar duration (ms)
Septal e’ (cm/s)
Septal e'/a’ ratio
Lateral e’ (cm/s)

Lateral e'/a’ ratio

50 + 9(32-68)
1.88 +0.45 (0.98-2.78)
142 + 19 (104-180)
113 + 17 (79-147)
0.82 +0.18 (0.46-1.18)
16 + 10 (1-36)

66 + 39(1-144)

14.9 £2.4 (10.1-19.7)
2.4%

20.6 + 3.8 (13-28.2)
3.1%

67 + 8 (51-83)
1.53 +0.40 (0.73-2.33)
166 + 14 (138-194)
127+ 13(101-153)
0.98 + 0.32 (0.34-1.62)
21 £ 8 (5-37)

96 + 33 (30-162)

15.5 £2.7 (10.1-20.9)
1.6 £0.5 (0.6-2.6)

19.8 + 2.9 (14-25.6)
1.9 £0.6 (0.7-3.1)

Data are expressed as mean + SD (95% confidence interval)
Source: Reproduced from [1]. With permission

-'-&_',_
o

L L

74 + 7 (60-88)
1.28 + .25 (0.78-1.78)
181 + 19 (143-219)
133 = 13(107-159)
1.21 £0.2 (0.81-1.61)
23 +3(17-29)

112 + 15 (82-142)
122 £23(7.6-16.8)
1.1+0.3 (0.5-1.7)
16.1 +2.3(11.5-20.7)
1.5 +0.5(0.5-2.5)
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87 + 7 (73-101)
0.96 + 0.18(0.6-1.32)
200 + 29 (142-258))
138 + 19 (100-176)
1.39 £ 0.47 (0.45-2.33)
25 +9 (11-39)

113 £ 30 (53-173)

10.4 +2.1 (6.2-14.6)
0.85 +0.2 (0.45-1.25)
12.9 +3.5 (5.9-19.9)
0.9+ 0.4 (0.1-1.7)

Fig. 16.7 The mitral inflow velocities are shown in (a), septal annual velocities in (b), propagation velocity in (c), and M-mode of the mitral
valve in (d). Although the mitral inflow pattern appears normal, the low annular early diastolic velocity shows that it is pseudonormalization.
This is further confirmed by the low propagation velocity and the presence of B bump on the mitral M-mode tracing
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Fig. 16.8 The recordings are from a 21-year-old woman showing the mitral inflow in (a), pulmonary venous flow in (b), lateral
annular velocities in (c), and septal annular velocities in (d). These measures are in keeping with normal diastolic function
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Fig. 16.9 These recordings are from a 48-year-old woman, showing the mitral inflow in (a), pulmonary venous flow in (b), lateral
annular velocities in (c), and septal annular velocities in (d). These measures are in keeping with normal diastolic function. The effect
of age is illustrated by the mitral E/A ratio of 1.4, compared to 2.5 in the much younger patient shown in Fig. 16.8
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Fig. 16.10 The mitral inflow (a), pulmonary venous flow (b), the septal annular velocities (c), and the tricuspid regurgitation veloc-
ity (d) show that there is impaired relaxation as evidenced by the long mitral deceleration time and the low septal early diastolic
velocity. The E/E' is 7.7 and the right ventricular systolic pressure is normal, suggesting that the left atrial pressure is normal
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Fig. 16.11 The mitral inflow (a), the lateral annular velocities (b), the septal annular velocities (¢), and the tricuspid regurgitation
velocity (d). There is impaired relaxation with prominent mitral A and long deceleration time. The annular early diastolic velocities
are also low. The mitral E velocity is 45 cm/s and the septal E’ is 2 cm/s giving a ratio of 22.5. Despite the high E/E’ ratio, the low
mitral E (<50 cm/s) generally indicates that left atrial pressure is not elevated, and this is supported by the normal tricuspid regurgita-
tion velocity
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Fig. 16.12 The mitral inflow (a), pulmonary venous flow (b), the septal annular velocity (c¢), and the tricuspid regurgitation velocity
(c) are shown. The E/A is 1.5, E/E’' 17, and a pulmonary atrial velocity 45 cm/s, all pointing to elevated LA pressure. The right
ventricular systolic pressure is also elevated
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Fig. 16.13 The mitral inflow (a), pulmonary venous flow (b), the lateral annular velocities (c), and the septal annular velocities (d)
show that E/A is 1.5 and E/E' (septal) 23. The pulmonary atrial velocity is 40 cm/s and its duration exceed mitral A by 35 ms
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Fig. 16.14 The mitral inflow (a), pulmonary venous flow (b), the lateral annular velocities (c), and the septal annular velocities (d)
are shown. The E/A is 3 and the deceleration time is 140 ms. The pulmonary venous flow shows prominent early diastolic velocity
and low systolic antegrade velocity. The pulmonary atrial reversal is not clearly shown
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Fig. 16.15 The mitral inflow (a), M-mode of the mitral valve (b), the mitral regurgitation velocity (c¢), and the tricuspid regurgita-
tion velocity (d) are shown. There is a prominent E and no distinct A, but mitral M-mode shows that the mitral valve remains open
despite the fact that there is no significant antegrade flow from the left atrium into the left ventricle. The mitral regurgitation velocity
is low consistent with systemic hypotension and elevated left atrial pressure. The tricuspid regurgitation velocity shows the pressure
of pulmonary hypertension which is particularly significant in view of systemic hypotension indicated by the low mitral regurgita-
tion velocity



436 16 Assessment of Diastolic Function

6.0 A
MU E max vel = 143 cm/sec|
MU A max vel = 69 cm/secl
MU dec time 0.13 sec:
" .-

g
-]
4
-

& ©

4.7 cm/sec

INTESEARE]

VERY BB BEATS DELAY1 B Ms EVERY BB BEATS

Fig. 16.16 The mitral inflow (a), pulmonary venous flow (b), the annular septal velocities (¢), and lateral annular velocities (d) are
shown. The mitral inflow shows a prominent mid diastolic velocity (50 cm/s) which reflects marked delay in left ventricular relaxation
and elevated left atrial pressure. The presence of elevated left atrial pressure is supported by the high E/E' ratio

Table 16.4 Doppler measures in different severities of diastolic dysfunction

E/A ratio 1-1.5 <1 1-1.5 >2
DT (ms) 160-240 >240 160-240 <150
IVRT (ms) 60-100 >110 60-100 <60
PV S/D ratio ~1e >1 <1 <<1
A <A >A >A >A
A vel (cm/s) <20 <35 >35 >25°
Ea (cm/s) >8 <8 <8 <8
Vp (cm/s) >45 <45 <45 <45

E/A mitral E/A ratio, DT deceleration time, /VRT isovolumic relaxation time, PV S/D pulmonary vein systolic and diastolic flow,
Aatrial reversal flow of pulmonary vein, A mitral A duration, vel velocity, Ea early mitral annular longitudinal tissue velocity,
Vp velocity of transmitral flow propagation

“Young patients and athletes may have values of <1® <1. If atrial contractile failure is present, the value will be <25 cm/s

Source: Reproduced with permission from [17]
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Fig. 16.17 This patient presents with heart failure and responds favorably to the medical treatment. The mitral inflow, the septal annu-
lar velocity, and the tricuspid regurgitation velocity before treatment are shown in (a), (b), and (c) respectively; and the similar record-
ings after treatment are shown in (d), (e), and (f). The mitral inflow reverts to E/A < 1 and the tricuspid velocity also decreases. The
tricuspid regurgitation velocity is low in this patient because of systemic hypotension and an elevated right atrial pressure

can be dynamic and correlate with the response to feasible based on a careful analysis of all the available
treatment. An improvement in the severity of diastolic  clinical, echocardiographic, and Doppler findings.
dysfunction to treatment confers a more favorable

prognosis [1].

References

Summa ry 1. Nagueh SF, Appleton CP, Dillebert TC, et al. Recommendations
for the evaluation of left ventricular diastolic function by
echocardiography. J Am Soc Echocardiogr. 2009;22:107-133.

Left ventricular diastolic filling is a complex process 2. Oh KIJ, Hatle L, Tajik AJ, Little WC. Diastolic heart failure can

. . . : ) be diagnosed by comprehensive two-dimensional and Doppler
with multiple determinants. Many echo-Doppler find echocardiography. J Am Coll Cardiol. 2006:47:500-506.

ings are useful in assessing the diastolic function, but we 3 [ ,m CSP, Roger VL, Rodeheffer RJ, Bursi F, Borlaug
should avoid reliance on any single measure. Currently, BA, Ommen SR. Cardiac structure and ventricular-vascu-
it is imprudent to provide a quantitative measure of left lar function in persons with heart failure and preserved

ventricular filling pressure on the basis of calculations ejection .fracuon: from Olmstead County, Minnesota.
Circulation. 2007;115:1982-1990.

utilizing some or all of these echo-Doppler variables. 4 yamamoto K, Nishimura RA, Chaliki HP, Appleton CP,
On the other hand, qualitative assessment is generally Holmes DR Jr, Redfield MM. Determination of left ventricular



438

10.

filling pressure by Doppler echocardiography in patients with
coronary artery disease: critical role of left ventricular systolic
function. J Am Coll Cardiol. 1997;30:1819-1826.

. Nishimura RA, Tajik AJ. Evaluation of diastolic filling of

left ventricle in health and disease: Doppler echocardiogra-
phy is the clinician’s Rosetta stone. J Am Coll Cardiol.
1997;30:8-18.

. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA,

Quinones MA. Doppler tissue imaging: a noninvasive tech-
nique for evaluation of left ventricular relaxation and estima-
tion of filling pressures. J Am Coll Cardiol. 1997;30:
1527-1533.

. Nagueh SF, Sun H, Kopelen HA, Middleton KJ, Khoury DS.

Hemodynamic determinants of mitral annulus diastolic veloc-
ities by tissue Doppler. J Am Coll Cardiol. 2001;37:278-285.

. Sohn D, Chai I, Lee D, et al. Assessment of mitral annulus

velocity by Doppler tissue imaging in evaluation of left ventricu-
lar diastolic function. J Am Coll Cardiol. 1997;30:474-480.

. Ommen SR, Nishimura RA, Appleton CP, et al. Clinical util-

ity of Doppler echocardiography and tissue Doppler imag-
ing in the estimation of left ventricular filling pressures: a
comparative simultaneous Doppler catheterization study.
Circulation. 2000;102:1788-1794.

Brunner-La Rocca HP, Rickli H, Attenhofer Jost CH, Jenni R.
Left ventricular end-diastolic pressure can be estimated by
either changes in transmitral inflow pattern during Valsalva
maneuver or analysis of pulmonary venous flow. J Am Soc
Echo. 2000;13:599-607.

12.

13.

15.

16.

17.

16 Assessment of Diastolic Function

. Geske JB, Sorajja P, Nishimura RA, Ommen RS. Evaluation

of left ventricular filling pressures by Doppler echocardiog-
raphy in patients with hypertrophic cardiomyopathy: corre-
lation with direct left atrial pressure measurement at cardiac
catheterization. Circulation. 2007;116:2702-2708.
Hasegawa H, Little WC, Ohno M, et al. Diastolic mitral
annular velocity during the development of heart failure. J
Am Coll Cardiol. 2003;41:1590-1597.

Rivas-Gotz C, Khoury DS, Manolios M, Rao L, Kopelen
HA, Nagueh SF. Time interval between onset of mitral
inflow and onset of early diastolic velocity by tissue Doppler:
a novel index of left ventricular relaxation: experimental
studies and clinical application. J Am Coll Cardiol. 2003;
42:1462-1470.

. Pritchett AM, Mahoney DW, Jacobsen SJ, Rodeheffer RJ,

Karon BL, Redfield MM. Diastolic dysfunction and left
atrial volume: a population-based study. J Am Coll Cardiol.
2005 Jan 4;45(1):87-92.

Pritchett AM, Jacobsen SJ, Mahoney DW, Rodeheffer RJ,
Bailey KR, Redfield MM. Left atrial volume as an index of
left atrial size: a population-based study. J Am Coll Cardiol.
2003 Mar 19;41(6):1036-1043.

Ha JW, Oh JK, Redfield MM, Ujino K, Seward JB, Tajik AJ.
Triphasic mitral inflow velocity with middiastolic filling:
clinical implications and associated echocardiographic find-
ings. J Am Soc Echocardiogr. 2004 May;17(5):428-431.
Hoit B. Left ventricular diastolic function. Crit Care Med.
2007 Aug;35(8 Suppl):S340-S347.



Cardiac Involvement
by Systemic Diseases

In systemic diseases, such as connective tissue diseases
and metabolic syndromes, involvement of multiple
organs is the general rule. Yet cardiac involvement in
many systemic diseases is not well recognized, as the
dominant manifestations frequently reside in other organ
systems. Cardiac involvement is very common with many
systemic diseases and may account for serious morbidity
or mortality. The early recognition of cardiac involve-
ment may impact upon patient management and progno-
sis. For instance, in a patient with thalassemia requiring
frequent blood transfusions, the detection of myocardial
dysfunction due to myocardial iron deposition will lead
to intensification of chelation therapy. The major catego-
ries of systemic diseases with cardiac involvement are
listed in Table 17.1. Instead of providing an encyclopedic
description of cardiac manifestations in a wide range of
systemic diseases, the approach taken in this chapter is to
outline important principles that should be considered in
dealing with patients with any systemic disease. The
intention is that a good understanding of the unifying
principles is likely to be more inclusive of the variable
and ever expanding range of cardiac manifestations than
any comprehensive listing, and thus more useful to the
echocardiographers who evaluate these patients. We do
not provide in-depth review of many of the diseases that
are mentioned, but instead discuss specific diseases in
detail to illustrate the underlying principles.

Pathognomonic Findings Are Generally
Uncommon but Can Be Key to the
Diagnosis of the Underlying Disease

There are certain findings that are unusual and yet
characteristic of a particular disease and these findings
are known as pathognomonic findings (Table 17.2).

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

They may be detected when disease involvement of
other organ systems is less apparent or absent.
Detection of these findings by echocardiography may
lead to an early diagnosis of the underlying systemic
disease. A typical example is the valvular involvement
in carcinoid syndrome (Fig. 17.1). Both the tricuspid
and pulmonic valves are involved and usually dif-
fusely thickened (Figs. 17.2, 17.3). The cusps and
leaflets are retracted and restricted in excursion [1-4].
In the severe cases, the leaflets or cusps appear to be
frozen with no excursion, resulting in severe tricuspid
and pulmonic regurgitation. Another example is the
typical pear shaped appearance of the aortic root noted
in patients with Marfan syndrome (Fig. 17.4). The
preferential involvement of the aortic root at the sinus
level is characteristic of Marfan involvement and not
usually seen in other types of aortopathy [5-8].
Takotsubo cardiomyopathy, also known as stress-
induced cardiomyopathy, is usually triggered by a
stressful event (Fig. 17.5). The affected individual
may present with chest pain, or acute heart failure,
associated with electrocardiographic changes and ele-
vation of cardiac enzymes (Fig. 17.6). In the acute
phase, the left ventricle has a typical shape resembling
the Japanese pot (Takotsubo) used to capture an octo-
pus. The basal segments of the left ventricle remain
normal or hyperdynamic in contraction, but the apical
segments are akinetic or dyskinetic. Another apt term
for this condition is “the apical ballooning syndrome”
[9, 10]. The majority of patients with this condition
have little or no coronary artery disease. Marked
recovery of ventricular function is seen in most patients
after they recover from the acute event. In these three
examples of the disease, the pathognomonic findings
not only are characteristic of the underlying condition,
but also are common findings in patients with these
conditions.
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Table 17.1 Systemic diseases with frequent cardiac manifestations
Connective tissue disease
Metabolic diseases
Nutritional deficiencies
Hematologic disorders
Endocrine disorders
Infectious diseases
Neoplastic diseases
Sarcoid

Drug and physical toxicities

Table 17.2 Pathognomonic echocardiographic findings of
systemic diseases

Carcinoid “Frozen” tricuspid and pulmonic

valves
Marfan syndrome Pear shape aortic root

Ankylosing spondylitis ~ Subaortic ridge

Kawasaki Proximal coronary aneurysm

Takotsubo Apical ballooning

Takayasu “rat tail” aorta

Sarcoid Basal septal involvement and
small mouth LV aneurysm

RV cardiomyopathy Focal RV aneurysm

LV non-compaction Heavily trabeculated LV

LV left ventricle, RV right ventricle

Small mouth left ventricular aneurysms, particu-
larly involving the basal left ventricular free wall,
should raise the possible diagnosis of cardiac sarcoi-
dosis, but such aneurysms are a rare finding. More
common findings include thinning and brightness of
the basal septum, involvement of the posteromedial
papillary muscle leading to mitral regurgitation, and
myocardial involvement with restrictive physiology
[11, 12]. In many systemic diseases, pathognomonic
findings may be relatively uncommon. Thus the pres-
ence of pathognomonic findings can be used to help
make the diagnosis of the underlying systemic dis-
eases, but their absence should not be used to exclude
these diseases.

17 Cardiac Involvement by Systemic Diseases

Nonspecific Findings Are More Common

Although pathognomonic findings can be useful in
making the diagnosis of the underlying disease, they
may be relatively uncommon in many systemic dis-
eases. Nonspecific findings are usually much more
common. For instance, pericardial effusion may be a
manifestation of many connective tissue diseases
(Table 17.3) [13]. In patients with systemic lupus ery-
thematosus, cardiac involvement can be detected in
over half of these patients and is the third leading cause
of death after infection and renal failure. Valvular
involvement is common, occurring in about three quar-
ters of these patients, but the type of valvular involve-
ment is nonspecific with the most frequent finding
being valve thickening, particularly of the mitral valve
[14, 15] (Figs. 17.7, 17.8). Valvular regurgitation is
more common than valvular stenosis. Pericardial effu-
sion is also a common finding present in about 50% of
the patients. Recognition of these nonspecific findings
may not necessarily lead to the diagnosis of the under-
lying disease, but can provide useful information for
the management of the patient.

Any Part of the Cardiovascular
System May Be Affected

The discussion of systemic lupus makes it clear that
any components of the cardiovascular system can be
affected, including the pericardium, myocardium,
valves, conduction system, the coronary arteries, and
the great arteries (Fig. 17.9). In cardiac sarcoidosis,
granulomatous involvement of the basal anterior sep-
tum affects the conduction system leading to heart
block.

The coronary arteries may be selectively affected
in Kawasaki disease, an acute systemic vasculitis of
unknown cause (Fig. 17.10). Kawasaki presents as
mucocutaneous lymph node syndrome, mainly in chil-
dren under the age of 5. Although it has a high prevalence
in Japan, this condition has been reported worldwide. It
is believed that vasculitis of the coronary vasa vasora
(small adventitial blood vessels that supply the coronary
arteries themselves) results in coronary artery aneu-
rysms, which are present in 15-20% of the affected indi-
viduals and are responsible for most of the mortality
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Fig.17.1 This is a 67-year-old woman with a carcinoid tumor. The right ventricular inflow view in diastole (a) shows that both the right
atrium and right ventricle are dilated. The tricuspid valve is thickened and restricted in excursion. Color-flow image (b) in the same view
shows that there is flow acceleration across the tricuspid valve consistent with some degree of tricuspid stenosis. The continuous wave
Doppler across the tricuspid valve (c) confirms that there is tricuspid stenosis with a mean tricuspid diastolic gradient of 4.9 mmHg. The
Doppler signal also shows that there is severe tricuspid regurgitation as evidenced by the dense systolic signal, which is low in velocity
and has a rapid deceleration consistent with rapid equalization of pressures between the right atrium and right ventricle. RA right ven-
tricle, RV right ventricle

[16, 17]. Usually, only the proximal coronary artery
segments are affected. The coronary artery aneurysms
may resolve or progress to thrombosis with time.
Proximal focal coronary aneurysms are a pathogno-
monic finding for Kawasaki disease. Other findings of
cardiac involvement in Kawasaki disease include peri-
cardial effusion, mitral regurgitation, and left ventricu-
lar dysfunction.

In patients with systemic diseases, predilection to
any specific cardiac structure should be kept in mind
and a comprehensive assessment of all the different
components of the cardiovascular system should be
performed, since any one component or multiple

Fig. 17.2 This is an opened pulmonary valve with carcinoid dis-
ease-related valve changes. There is cusp thickening and commis- .
sural fusion from the white endocardial plaques. These fibromuscular  cOMponents of the cardiovascular systems can be

plaques fix the valves so that it is stenotic and regurgitant affected.
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Fig. 17.3 This is a severely diseased tricuspid valve with thick-
ened leaflets and chords from fibromuscular endocardial plaques
typical of carcinoid disease. These plaques make the leaflets
immobile and the valve is regurgitant. Note the chordal thicken-
ing and obliteration of the normal space between the chords, the
leaflets and the papillary muscle

Fig. 17.4 This is a 51-year-old man with Marfan syndrome.
This parasternal long-axis shows the typical enlargement of the
aortic root giving the aorta a pear shape. LA left atrium, LV left
ventricle

The Cardiac Involvement
Can Be Focal or Diffuse

In Kawasaki disease, the vasculitis is usually focal and
involves the proximal coronary segments. This is not
the case with other forms of vasculitis such as Behcet
syndrome, giant cell arteritis or Takayasu arteritis

17 Cardiac Involvement by Systemic Diseases

[18, 19]. Giant cell arteritis is characterized by granu-
lomatous inflammation of large and medium sized
arteries (Figs. 17.11, 17.12). It tends to affect the
elderly with similar demographics to patients with
polymyalgia rheumatica. Clinically evident aortitis
occurs in about 15% of cases. Correct diagnosis and
prompt treatment with corticosteroids can improve the
outcome.

Takayasu arthritis is an idiopathic large vessel vas-
culitis in young people who are generally less than 40
years of age (Fig. 17.13). The involvement may be
widespread involving the aorta and many of its major
branches leading to vascular stenosis, occlusion, or
aneurysm formation [20, 21]. In patients with sus-
pected vasculitis, the entire arterial tree should be
imaged. In addition to echocardiography, computed
tomography or magnetic resonance scan should be
considered.

Myocardial Involvement
is Common in Neuromuscular Diseases

With advances in supportive care, patients with neuro-
muscular diseases are surviving into adulthood. It has
also become clear that cardiac involvement is common
not only in patients with clinically evident neuromus-
cular disease, but also in carriers of the genetic muta-
tions without overt evidence of the disease (Table 17.4)
[22-26]. The most common cardiac manifestation is
myocardial dysfunction, which can be regional or
global (Figs. 17.14, 17.15). When the involvement is
regional, typically the posterior and inferior walls are
affected (Fig. 17.16). In patients with Friedreich’s
ataxia, which is an autosomal recessive disease, the
genetic mutation resides on the frataxin gene on chro-
mosome 9 [27]. The mean age of symptom onset is
about 12 years. Cardiac failure accounts for about half
of the deaths. Cardiac involvement can present as left
ventricular hypertrophy, usually of the concentric type
(Fig. 17.17). Subaortic stenosis has also been reported
[28-31]. Dilated cardiomyopathy is less common but
reported. Friedreich’s ataxia patients are also prone to
the development of arrhythmias, particularly atrial
fibrillation.
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Fig. 17.5 This 65-year-old woman had a seizure while traveling on an airplane. She then became extremely dyspneic. The admission
electrocardiogram showed diffuse ST segment elevation and emergent coronary angiogram showed no significant coronary artery
disease. The echocardiogram was performed when she was in the Coronary Care Unit. Both the apical four-chamber (a) and two-
chamber (b) views show that the left ventricular apex is enlarged and dyskinetic. The mid-ventricular segments and basal left ventricu-
lar segments were normal. The parasternal short-axis view at the level of the papillary muscle (¢) shows that the left ventricle at this
level had normal internal dimension and normal wall thickness, but the short-axis view of the left ventricular apex (d) shows that the
apex was enlarged with a thin wall. These morphologic features are typical of Takotsubo cardiomyopathy

Systemic Disease Can
Be a Cause of Cardiomyopathy

All of the different forms of cardiomyopathy (dilated,
hypertrophic, and restrictive) may be caused by an
underlying systemic disease. As previously men-
tioned, patients with Friedreich’s ataxia can have find-
ings of hypertrophic cardiomyopathy or dilated
cardiomyopathy. Conversely patients with cardiomyo-
pathy, be it hypertrophic, dilated, or restrictive, should

be screened for underlying systemic disease. This is
particularly the case in young patients with unex-
plained cardiomyopathy.

In patients with restrictive cardiomyopathy, a search
for an underlying condition is likely to be fruitful since
primary restrictive cardiomyopathy is rare. Diseases
that may cause restrictive cardiomyopathy are listed in
the Table 17.5. Among the underlying conditions,
amyloidosis is a common underlying condition, and
recent understanding of this condition has led to
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Fig. 17.6 This patient was an elderly postmenopausal female
with anxiety who fell. She did not injure herself severely but
became anxious and presented to emergency in cardiogenic
shock. Despite resuscitation she died shortly thereafter. She had
echocardiography suggestive of Takotsubo cardiomyopathy.
The image is of her myocardium at autopsy. She had no underly-
ing heart disease and normal coronary arteries. Widespread con-
traction band necrosis was noted in all her heart chambers
consistent with stress cardiomyopathy

advances in treatment that may improve the prognosis
(Fig. 17.18). Amyloidosis is a heterogeneous group of
diseases with the common feature being the deposition
of amyloid in multiple organs (Fig. 17.19). The differ-
ent forms are characterized by different amyloid fibril
proteins. In primary AL amyloid the protein is com-
posed of portions of the immunoglobulin light chains.
Cardiac involvement with heart failure is common and
present in about 50% of the patients [32-34]. Cardiac
complications are the most common cause of death in
these patients. They include atrial fibrillation, conduc-
tion disturbance, valvular insufficiency, pericardial
effusion, and myocardial dysfunction. The echocar-
diographic findings of amyloid heart disease are listed

in the Table 17.6 [35, 36]. Transthyretin type amyloid
may be age related or hereditary in younger patients.
The age-related amyloid has a better prognosis than
the AL type and the pathologist can aid in immunotyp-
ing the biopsy specimen. Secondary AA amyloid pro-
tein, deposited in inflammatory diseases, does not
often involve the heart.

Suspect Congenital Syndromes
or Chromosomal Diseases in the Setting
of Cardiac Malformations

When congenital cardiac malformations, particularly
multiple malformations, are present, congenital syn-
dromes or chromosomal abnormalities should be sus-
pected as cardiac manifestations are common in the
setting of chromosomal abnormalities and have been
well described in congenital syndromes (Table 17.7)
[37-44]. In the patients with Fragile X syndrome, the
dysplastic and myxomatous mitral valve, with marked
degree of prolapse, is usually present (Fig. 17.20) [45].
The tricuspid valve can also be myxomatous with severe
prolapse. In 20% of these patients, dilated aortic root
can also be observed. Fragile X syndrome is an X-linked
condition, which commonly causes mental retardation.
Up to 20% of the affected males may be asymptomatic
and a third of the women who are carriers have some
degree of mental retardation. In patients with known
congenital syndromes or chromosomal diseases, a com-
prehensive echocardiographic examination is crucial to
look for cardiac malformations. Conversely when mal-
formations, particularly multiple cardiac malforma-
tions, are present, congenital syndromes or chromosomal
abnormalities should be sought in these patients.

Table 17.3 Relative frequencies of cardiac manifestations in connective tissue diseases

Disease entity Pericardial Cardiomyopathy
involvement

Lupus erythematosus +++ ++

Rheumatoid arthritis +++ +

Ankylosing spondylitis + +

Scleroderma +++ +

Polymyositis + ++

Conduction Valvular Pulmonary Aortitis
disease disease hypertension

+ +++ ++ +

+ + + ++

+++ ++ + +++
+++ + +++ -

++ - - -

Source: Modified after Mandell and Hoffman in Heart Disease 6th ed. 2001 (46)

+++, frequently present; ++, sometimes present; +, rare; -, absent
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Fig. 17.7 This 36-year
woman had a long his
systemic lupus erythemato-
sus and had been noted to
have a heart murmur for
several years. The parasternal
long-axis (a) and short-axis
(b) views in diastole show
that the mitral leaflets are
diffusely thickened with mild
restriction in excursion, but
there is no commissural
fusion

Fig.17.8 This is the same patient as in Fig. 17.7. The parasternal long-axis (a, b) and the apical four-chamber (¢, d) views are shown
in systole. The mitral leaflets are diffusely thickened. Color-flow images (b, d) show the presence of severe mitral regurgitation
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Fig. 17.9 This is a cross section of a heart from a young woman
with severe systolic congestive heart failure. She had long stand-
ing lupus. Biventricular dilatation is prominent. There was no
significant coronary artery disease or valve disease. LV left ven-
tricle, RV right ventricle

Fig.17.10 This is a 20-year-old man with a history of Kawasaki
disease during childhood. This zoomed parasternal long-axis
view shows that the proximal right coronary artery (arrow) is
dilated and measured about 7 mm in diameter. The left coronary
artery (not shown) is normal in size

Fig.17.11 This is a 57-year-old woman with giant cell arteritis.
The parasternal long-axis view focuses on the ascending aorta
showing that there is diffuse increase in thickness of the aortic
wall (arrows) consistent with aortitis
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Fig.17.12 (a) This is a segment of excised ascending aorta from
an elderly patient with an ascending aortic aneurysm. The wall is
thickened and the intima is white and discolored. (b) Microscopic
examination revealed giant cell aortitis with medial destruction
and the presence of numerous giant cells. Serology for syphilis
was negative, as was serology for autoimmune diseases
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Fig.17.13 This is a 36-year-old woman with Takayasu arteritis.
The MRI view of the entire aorta shows mildly dilated ascending
aorta, mild diffuse narrowing of the abdominal aorta beyond the
renal arteries, severely stenotic left common carotid artery and
absent right and left subclavian arteries

Table 17.4 Relative frequencies of cardiac manifestations in the common neuromuscular diseases

Duchenne X-linked +++ + + ++
Becker® X-linked ++ + + +
Myotonic Autosomal dominant + + 4+ o

(chromosome 19)
Friedreich’s ataxia Autosomal recessive +++ o - +
(chromosome 9)

*Association with left ventricular noncompaction has been reported
+++, frequently present; ++, sometimes present; +, rare; -, absent
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Fig. 17.14 This is a cross section of the heart of a young man
with Becker’s muscular dystrophy. He had bilateral large ven-
tricular thrombi and died of pulmonary thromboemboli. Severe
biventricular systolic dysfunction had been present. LV left ven-
tricle, RV right ventricle

Fig.17.16 Thisisa
19-year-old man with
Duchenne muscular
dystrophy. He was wheel-
chair bound but had no
cardiac symptoms. The
parasternal long-axis (a) and
short-axis (b) views show
that the left ventricle is
dilated and there is localized
thinning consistent with scar
involving the basal and
mid-posterior walls and
inferior walls (arrows). LA
left atrium, LV left ventricle

Fig. 17.15 This is a cross section of the heart of a patient with
myotonic dystrophy. The myocardium has numerous patchy
white fibrous scars. He had congestive heart failure. LV left ven-
tricle, RV right ventricle
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Fig. 17.17 This is a 27-year-old woman with Friedreich’s ataxia. She has been using a wheelchair for ambulation for 3 years. The
parasternal long-axis view (a) and short-axis views at multiple levels (b—d) show the diffuse hypertrophy involving the left
ventricle

Table 17.5 Causes of restrictive cardiomyopathy

Infiltrative diseases
Amyloidosis
Sarcoidosis
Gaucher’s disease
Hurler disease
Hemochromatosis
Fabry disease
Glycogen storage disease
Endomyocardial diseases
Endomyocardial fibrosis
Hypereosinophilic syndrome
Carcinoid
Radiation

Drug toxicity (e.g., anthracycline)
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Fig. 17.18 This is a 92-year-old woman with advanced amyloid heart disease. The parasternal long-axis (a), short-axis (b), and
apical four-chamber (c) views are shown. The left ventricle is normal in size with severe concentric hypertrophy. The cardiac valves
are mildly thickened. A small circumferential pericardial effusion is present. There is also a moderate size left pleural effusion seen
in the parasternal long-axis view (a). The mitral inflow pattern (d) shows a prominent E wave with a short deceleration time consis-
tent with restrictive physiology. Annular tissue Doppler (e) shows reduced early diastolic velocity consistent with severe impaired
relaxation. The tricuspid velocity (f) is high, consistent with pulmonary hypertension. These Doppler findings are in keeping with
severe diastolic dysfunction
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Fig. 17.19 Photomicrograph of myocardium from a patient
with severe cardiac amyloid. This patient had diastolic heart fail-
ure. The amyloid is seen as pink material between the cardiac
myocytes, which are red color and have nuclei. The amyloid was
typed as AL type and subsequent investigation found plasma
cell malignancy. In amyloid, the heart may be small, normal
sized, or enlarged. The myocardium may appear normal, but is
abnormally stiff

Table 17.6 Echocardiographic findings of amyloid heart disease
Increased LV and RV wall thickness

Increased myocardial echogenicity
Decreased LV systolic function
Regional wall motion abnormalities
Abnormal diastolic filling measurements
Valvular thickening and regurgitation
Atrial and/or ventricular thrombi

Pericardial effusion
LV left ventricle, RV right ventricle

Table 17.7 Cardiac anomalies in patients with chromosomal
abnormalities

Incidence of
cardiac
anomaly (%)

Chromosomal Typical cardiac

anomaly

abnormality

Trisomy 21 50 VSD, PDA, AVSD
Trisomy 22 65 ASD, VSD
Trisomy 13 90 VSD, PDA,
dextrocardia
Trisomy 18 100 VSD, PDA, PS
Turners XO 35 Coarctation, AS,

ASD

AS aortic stenosis, ASD atrial septal defect, AVSD atrioventricu-
lar septal defect, PDA patent ductus arteriosus, PS pulmonary
stenosis, VSD ventricular septal defect
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Fig. 17.20 This is a 26-year-old man with Fragile X syndrome. The parasternal long-axis (a) short-axis (b, ¢) and apical long-axis
(d) views are shown. The mitral leaflets are extremely redundant and appear to have nodular masses in the freeze frames (a, c, d).
The short-axis of the mitral leaflet tip level in diastole clearly shows that there is diffuse thickening involving the tips of both leaflets.
The severe myxomatous appearance of the mitral valve is typical for this syndrome
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Conclusion

There is a wide range of cardiac manifestations in
patients with systemic diseases, making it difficult to
provide a comprehensive listing of all the findings. We
believe that a systematic approach based upon the
principles discussed in this chapter is more useful to
the echocardiographer who needs to integrate the myr-
iad findings to help in making the diagnosis. The illus-
trated cases are used to explain these principles, and
many of these cases highlight several of the principles
at the same time.
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Technological advancements in cardiology have been
proceeding at a rapid pace over the past two decades.
Many surgical procedures can now be performed using
a percutaneous approach. Echocardiography plays an
important role in these procedures for selecting the
appropriate patients, monitoring the procedure to avoid
complications, assessing the result, and detecting long-
term complications. These procedures can vary from a
relatively straightforward insertion of pacemaker leads
to the implantation of a left ventricular assist device. A
good understanding of the impact of these intracardiac
devices on cardiac structure and function is a prerequi-
site in the assessment of patients who have undergone
these procedures.

Permanent Pacemaker
and Internal Defibrillator Leads

It is important to recognize that currently multiple
leads are usually inserted for cardiac pacing. The

Fig. 18.1 Transesophageal
views of a patient with a
dual-chamber pacemaker
showing the atrial lead
(arrow) terminating in the
right atrial appendage

(a) and the ventricular lead
(arrow) passing through
the tricuspid valve (b).

LA left atrium

K.-L. Chan and J.P. Veinot, Anatomic Basis of Echocardiographic Diagnosis,

number and locations of the pacemaker leads need to
be clearly determined during the echocardiographic
examination. The right ventricular lead can be readily
assessed using the right ventricular inflow view and
the apical four-chamber view. The atrial lead is more
difficult to image by the transthoracic approach but
can readily be seen by the transesophageal approach.
The right atrial lead usually resides in the right atrial
appendage which can be imaged using the transesoph-
ageal bicaval view or the short-axis aortic valve view
with rightward rotation to optimize the right atrial
appendage (Figs. 18.1, 18.2). Venous thrombosis after
the implantation of pacemaker leads may occur in up
to 40% of patients, but this is generally clinically
silent due to the development of venous collaterals
[1, 2]. Adherent masses on the intracardiac pace-
maker leads can be of varying sizes and they are
located at specific locations, most commonly on the
atrial portion of the leads (Fig. 18.3). We reported a
25% prevalence of lead-related thrombi in 185
patients who received defibrillator leads [3]. Many of
the masses were strand-like and not associated with
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Fig. 18.2 Opened right atrium and right ventricle with a lead
attached to the right atrial appendage area and another in the
right ventricular apex

4 (7%)

14 (25%

20 (36%

1(2%)

14 (25%)

3 (5%)

Fig. 18.3 Schematic diagram showing the typical locations of
lead-related fibrin or thrombi. RVC right ventricular cavity, LA left
atrium, LV left ventricle, RA right atrium, RV right ventricle, SVC
superior vena cava (Reproduced from [3]. With permission)

symptoms (Fig. 18.4). Large lead-related atrial thrombi
are uncommon, but can cause hemodynamic compro-
mise by causing pulmonary embolism or obstruction

18 Interventional Procedures

Fig. 18.4 Transesophageal views of the intra-atrial portion of
the pacemaker lead (short arrows) showing a mobile strand
(long arrow) on the lead. LA left atrium

of the vena cava (Fig. 18.5, 18.6) [4, 5]. When these
large masses are present, anticoagulation therapy
should be considered. If there is severe hemodynamic
compromise, surgery or thrombolytic therapy may
need to be considered [6]. Leads eventually encap-
sulate and there is severe surrounding fibrosis [7,
8]. Pacemaker-related infected vegetations should
always be suspected if the masses are large and
there are clinical findings of infective endocarditis
(Fig. 18.7, 18.8).

The course of the pacemaker lead across the tricus-
pid valve and right ventricular cavity to terminate in
the right ventricular apex should be clearly defined.
Ventricular perforation should be considered if the tip
of the pacemaker lead can be clearly visualized to pro-
trude through the apex of the right ventricle (Fig. 18.9).
Although the pacemaker lead generally does not affect
tricuspid valvular function, it may be responsible for
improper leaflet coaptation leading to severe tricuspid
regurgitation in a small proportion of patients [9]. This
may be due to excessive tension or unusual orientation
of the pacemaker lead at the tricuspid annulus interfer-
ing with the leaflet excursion (Fig. 18.10). It is also
possible for the pacemaker lead to transverse into the
left atrium and the left ventricle via a patent foramen
ovale (Fig. 18.11). The electrocardiogram shows a
right bundle branch block pattern instead of the usual
left bundle branch block pattern. This situation needs
to be recognized early following implantation, so that
the pacemaker lead can be removed from the sys-
temic circulation to prevent systemic thromboembo-
lic events.
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Fig. 18.5 Apical four-
chamber view (a) in a patient
with dilated cardiomyopathy
and a right ventricular
pacemaker lead (arrow). The
zoomed view (b) shows a
nodular mass (long arrow) on
the pacemaker lead (short
arrows). LA left atrium, LV
left ventricle, RA right atrium

Fig. 18.6 A transesophageal 3D view of the right atrial portion
of a pacemaker lead (short arrows) showing two thrombi (long
arrows) on the lead

Cardiac Resynchronization

Cardiac resynchronization (CRT) requires electronic
pacing at multiple sites in the heart particularly the left
ventricle, and has proven to be an effective treatment
in patients with severe heart failure. About a third of
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Fig. 18.7 Pacemaker lead infective endocarditis. The lead in the
superior vena cava is surrounded by large amounts of shaggy
infected thrombus

Fig. 18.8 Pacemaker lead infection. This is the same patient as
in Fig. 18.7. The lead attached to the right ventricle has attached
infected thrombus material (arrow)
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Fig. 18.9 Subcostal view of the right ventricle in a patient who
developed chest pain following permanent pacemaker implanta-
tion shows that the tip of the ventricular lead (arrows) protrudes
beyond the right ventricular apex consistent with perforation

18 Interventional Procedures

the patients do not respond to this therapy [10, 11].
Detection and quantitation of mechanical dyssyn-
chrony should identify patients who will respond to
CRT, which improves contraction dyssynchrony by
biventricular pacing. Multiple echocardiographic and
Doppler measures of atrioventricular, interventricu-
lar, and intraventricular dyssynchrony have been
studied (Table 18.1). Most of the studies have focused
upon the assessment of intraventricular dyssynchrony
[12-16]. Tissue Doppler velocity-based measures have
been relied upon in many of the early studies to predict
response to CRT. In a study using tissue Doppler imag-
ing (TDI) to measure the lateral-septal contraction delay,
which is the difference in duration from onset of QRS to
the peak of the S-wave of the septal versus the lateral
annulus, Bax et al. showed that a cut-off value of 65 ms
predicted good response to CRT with reverse remodel-
ing at 6 months (Fig. 18.12) [12]. The usefulness of the

Fig. 18.10 Parasternal right ventricular inflow (a, b) and apical four-chamber (¢, d) views in a patient with a right ventricular pacemaker
lead shows that there was lack of coaptation of the tricuspid leaflets (arrow) best seen in the four-chamber view (c). The color-flow
images (b, d) confirmed severe tricuspid regurgitation. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle
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Fig. 18.11 Parasternal
long-axis (a) and subcostal
four-chamber (b) views in a
patient shortly following
permanent pacemaker
implantation. The pacemaker
lead (arrows) traverses the
atrial septum via a patent
foramen ovale (b). The lead
(arrows) protrudes into the
left atrium and left ventricle
(a). LA left atrium, LV left
ventricle, RA right ventricle,
RV right ventricle

Table 18.1 Echo-Doppler measures in predicting the response
to cardiac resynchronization therapy

* LV filling time fraction
— Filling time to R-R interval<40%

Interventricular Dyssynchrony
* Interventricular mechanical delay

— Difference in pre-ejection times at LVOT and
RVOT 2>40 ms

Intraventricular Dyssynchrony
* Septal to posterior wall motion delay
— Difference in onset of QRS to peak excursion
of septum and posterior wall > 130 ms
* Pre-ejection time
— Onset of QRS to onset of aortic ejection> 140 ms
» Regional contraction delay
— Onset of QRS to peak of S wave by TDI at lateral wall
versus septum > 60 ms
— Standard deviation of onset of QRS to peak S wave
in 16 LV segments>32 ms
— 2> 65 ms between opposing walls by tissue
synchronization imaging
— Onset of QRS to minimal systolic volume between
12 segments by 3D echo>8.35%
LV left ventricle, LVOT left ventricular outflow tract, RVOT right
ventricular outflow tract, TDI tissue Doppler imaging

systolic asynchrony index is supported by the studies of
Yu et al. The index is calculated as the standard devia-
tion of the time to the peak of the S-wave by TDI in 12
myocardial segments. A cut-off value>32 ms identified
responders to CRT [15, 16]. There are recent studies
reporting the use of tissue synchronization imaging,
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which is easy to use, and 3D regional volume-time
curves, which are more time consuming [17-20].

The echo Doppler measures of dyssynchrony have
been evaluated in the PROSPECT study, a multicenter
nonrandomized observation study to prospectively
assess the value of the echo Doppler indices in predict-
ing clinical outcome in heart failure patients receiving
CRT [21]. Positive response to CRT was defined as
improved clinical composite score and > 15% reduction
in left ventricular end-diastolic volume at 6 months
(Fig. 18.13). None of the 12 echo Doppler measures had
sufficiently high sensitivity and specificity in predicting
the outcome to be clinically useful. There was also large
variability in the analysis of these measures. At present
the selection of patients for CRT should be based upon
clinical criteria such as QRS duration and ejection
fraction reported in the clinical trials. Dyssynchrony
measurements by echocardiography are only one of
many measures that can be useful in predicting the
response to CRT (Table 18.2) [22].

Echocardiography may be more useful in guiding the
settings of resynchronization therapy following the pro-
cedure. Optimal atrioventricular delay is indicated by
maximal diastolic filling time with separation of the
mitral E and A waves and that the A wave is not truncated
[23]. The most reliable but time-consuming method is to
assess the stroke volume response to different settings of
atrioventricular and interventricular delays. New modali-
ties such as strain and strain rate may be useful in the
selection of patients for the procedure and fine tuning of
the device settings following the procedure [24, 25].
More studies are clearly needed in this area.
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Fig. 18.13 Parasternal long and short-axis views in a patient before (a, b) and after (c, d) cardiac resynchronization therapy show a posi-
tive response to treatment with a marked decrease in left ventricular size and improvement in function. LA left atrium, LV left ventricle
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Table 18.2 Factors predicting the likelihood of response to
cardiac resynchronization therapy.

Low likelihood

¢ Ischemic etiology

* Very low EF (<20%)

* QRS<120 ms

* No viability

 Large scar burden on MRI

* No dyssynchrony by echo Doppler measures
 Anterior lead location

High likelihood

* Non-ischemic etiology

+ Moderate { EF

* QRS>120 ms

* Viability is present

* Small or no scar on MRI

* Dyssynchrony by multiple echo Doppler measures
* Postero-lateral lead location

The response to cardiac resynchronization therapy is a contin-
uum and not an all or none phenomenon. The likelihood of
response is higher if more of the positive predictors are present
EF ejection fraction, MRI cardiac magnetic resonance imaging
Source: Modified after Santaurlaria-Tomas, Abraham [22]

Device Closure of Intracardiac Defects

Atrial Septal Defect

Atrial septal defect (ASD) is a well-tolerated condi-
tion, and many patients with ASD are asymptomatic
when the condition is diagnosed. Closure of ASD is
largely to prevent future complications such as heart
failure, pulmonary hypertension, and atrial arrhythmia,
although it can also improve exercise capacity and may
even improve survival [26, 27]. This should be consid-
ered in patients with a hemodynamically significant
defect which is >10 mm in diameter by TEE and has
associated right ventricular enlargement. A Qp:Qs
shunt ratio of > 1.5 should be present at cardiac cathe-
terization, although the shunt run is no longer routinely
performed. Although device closure has rapidly become
the procedure of choice over surgery in the treatment of
patients with ASD, there are situations where device
closure is not appropriate (Table 18.3). For the secure
placement of the ASD device, there needs to be an
adequate rim to minimize the risk of device emboliza-
tion and residual shunt. In the setting of primum ASD,
device closure of the ASD will certainly compromise
the mitral and tricuspid leaflets. When there are
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Table 18.3 Contraindications for device closure of atrial septal
defects (ASD)

¢ Small, hemodynamically insignificant ASD
* Large ASD (>35 mm)
* Deficient rim

¢ Sinus venosus ASD

Primum ASD

* Associated anomalies such as anomalous pulmonary veins
 Severe pulmonary hypertension

» Severe LV dysfunction

ASD atrial septal defect, LV left ventricle

associated cardiac anomalies, such as the presence of
anomalous pulmonary veins, surgery will be more
appropriate to correct both abnormalities. In patients
with severe pulmonary hypertension and little shunt-
ing across the ASD, closing the ASD may eliminate a
potential route to unload the failing right ventricle.
Similarly, unloading the failing left ventricle via the
ASD may not be possible after ASD closure.

Transesophageal echocardiography (TEE) is used to
assess the size of the defect and to exclude other cardiac
findings, such as anomalous pulmonary veins. TEE or
intracardiac echocardiography can be used to monitor
the procedure (Fig. 18.14). The most commonly used
closure device is the Amplatzer device [28]. The size of
the device is usually 1-2 mm larger than the stretched
balloon diameter determined during the procedure. The
slight oversizing ensures that adequate defect occlusion
is achieved. Two devices have been used to close two
defects in the same patient. At an early stage following
device deployment, slight degree of shunt can be
detected by TEE color-flow imaging. As the device
remodels and flattens out, this slight degree of shunt
usually disappears (Figs. 18.15-18.17).

Studies have shown that there is a very high success
rate with no significant shunting in over 90% of patients
following this procedure [29]. The new development of
pericardial effusion following the procedure should be
viewed with caution, as cardiac perforation due to the
device can occur months or even years after the proce-
dure [30]. This may be related to oversizing of the
device and a deficient antero-superior rim just behind
the aortic root. The overall incidence of this serious
complication is very low (<0.1%). Another complica-
tion is thrombus formation on the device in about 1% of
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Fig. 18.14 Device closure of a secundum atrial septal defect is monitored by transesophageal echocardiography. In (a), the guide
wire (arrow) is passed through the atrial septal defect into the left atrium. In (b), the stretched diameter of the defect is assessed by
balloon inflation. In (c), the left atrial portion of the Amplatzer device is deployed. In (d), the Amplatzer device is completely

deployed. LA left atrium, RA right atrium

Fig. 18.15 Transesophageal color-flow imaging immediately fol-
lowing implantation of the Amplatzer device shows the presence
of small degree of residual shunt. LA left atrium, RA right atrium

patients [31]. Antiplatelet therapy is usually prescribed
for the first 3 months following implantation of the
ASD device to prevent this complication. Other com-
plications include device embolization, arrhythmia, and
residual shunt (Fig. 18.18). Intense headache has also
been reported following ASD device closure [32].

Patent Foramen Ovale

The role of device closure for patent foramen ovale
(PFO) remains controversial as there is no accepted
guideline for its use. It is frequently used in young
patients with presumed embolic stroke and yet there is
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Fig. 18.16 Apical four-chamber views of a patient one day post (a, b) and 1 month post (¢, d) a device closure for a large secundum
atrial septal defect show that there is remodeling of the closure device such that by Imonth it has a more streamline appearance.

Color-flow images (b, d) show persistent mild residual shunting

no clear data that the rate of recurrent systemic embo-
lism is reduced following the procedure. This is dis-
cussed in greater detail in Chap. 15. Transcatheter
closure of PFO is also used in the treatment of platyp-
nea orthodeoxia, which is a condition of arterial
desaturation related to posture, and can be diagnosed
with intravenous injecting of saline contrast showing
right to left atrial shunting related to posture [33]. The
role of PFO closure in the treatment of migraine is
controversial and results from future trials are eagerly
awaited [34, 35]. Transesophageal echocardiography
can be used to assess the size of the PFO by looking at
the size of the shunt flow by the degree of right to left
shunting during saline contrast injection. Associated

findings such as atrial septal aneurysm can complicate
the procedure.

There are several different closure devices used for
PFO closure. Transcatheter device deployment is gener-
ally performed using the femoral approach, and TEE or
intracardiac echocardiography is not usually necessary.
In our experience, residual shunting following the proce-
dure is common (about 30-40%) early on following
device implantation, as well as during long-term follow-
up. Thrombus formation on the devise is a known com-
plication and appears more frequent with the CardioSEAL
device (6-22%) than with the Amplatzer device (<1%).
Other rare complications include device embolization,
air embolism, and cardiac perforation [31].
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Fig. 18.17 In this patient following device closure for atrial septal defect, the Amplatzer device can be seen in multiple views
including the parasternal long-axis (a), short-axis (b), apical four-chamber (c), and apical two-chamber (d) views. LA left atrium, LV
left ventricle, RA right atrium, RV right ventricle

Ventricular Septal Defect

In the adult population, closure of postinfarction ven-
tricular septal defect (VSD) has been reported using an
investigational Amplatzer VSD closure device, which
has a long waist and a large waist diameter. This is a
technically challenging procedure as postinfarction
VSD frequently has a serpiginous tract and it is difficult
to cross the VSD using a retrograde approach from the
left side [36]. Residual shunting following VSD closure
is common. Procedural complications include device
embolization, arrhythmia, valvular regurgitation, perfo-
ration, heart block, and hemolysis (Fig. 18.19).

Perivalvular Regurgitation

Perivalvular regurgitation is common following pros-
thetic valve implantation [37, 38]. It may be related to
local dehiscence due to suture breaks, poor annular tis-
sue (calcification or necrosis), or from endocarditis
(at the time of active infection or as a consequence of
a past infection) (Fig. 18.20). When the degree of
regurgitation is small, it is well tolerated; but it can
result in hemolysis and congestive heart failure. Since
many of these patients are at high risk for repeat valve
replacement surgery due to comorbidities, device clo-
sure of perivalvular regurgitation is a reasonable
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Fig. 18.18 Excised atrial septal defect (ASD) closure device.
The device had not sealed well and a patch was subsequently
placed. Note the thick white endocardial thickening that has
covered the device

Fig. 18.19 Attempted closure of post-myocardial infarct ven-
tricular septal defect (VSD). The procedure was complicated by
ventricular rupture. The protruding device can be seen

alternative. TEE has an important role in determining
the number and locations of the perivalvular defects,
for monitoring the procedure to aid localizing the
defect with the guide wire, and to ensure that the clo-
sure device does not interfere with the proper function

4%
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Fig 18.20 Paravalvular leak of a mitral prosthesis. At the valve
ring a small defect can be seen (arrow). A probe could be
passed easily between the left atrium and the left ventricle
beside the valve

of the prosthetic valve (Fig. 18.21). The recent devel-
opment of 3D TEE imaging may further facilitate the
process (Fig. 18.22) [39]. The Amplatzer device is gen-
erally used for this purpose. The retrograde approach is
used when dealing with perivalvular aortic regurgita-
tion. Either the retrograde or the antegrade approach
with transeptal puncture can be used with perivalvular
mitral regurgitation. Early experience so far suggests
that this procedure can be performed with reasonable
success rate (about 80%). Clinical improvement can be
expected in at least half of the patients despite some
degree of residual perivalvular regurgitation [40, 41].

Percutaneous Aortic Valve Implantation

Symptomatic patients with severe aortic stenosis have
a poor prognosis and should be considered for aortic
valve replacement. Some of these patients may not be
surgical candidates due to coexisting medical condi-
tions such as renal failure and porcelain aorta. The
development of percutaneous aortic valve implanta-
tion provides a viable treatment for these patients.
There are two catheter-based valve models for this
purpose. They are the Edwards Sapien valve and the
Core Valve ReValving System [42—44]. The former is
a balloon-expandable bioprosthesis and the latter is a
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Fig. 18.21 (a) In this patient with a bileaflet mitral mechanical prosthetic valve, there is a large paravalvular regurgitant jet located at
the posterior sewing ring (arrow). (b) A guidewire (arrow) is successfully passed through the defect using the retrograde approach. (c)
The atrial component (arrow) of the closure device is deployed. (d) After deployment of the device (arrow) there is significant reduction
in paravalvular regurgitation, although mild residual regurgitation is still present. LA left atrium

Fig. 18.22 Transesophageal 3D view from the left atrial per-
spective of a mitral mechanical valve showing the presence of
paravalvular regurgitation (arrow) emanating outside of the
sewing ring. MVR mitral prosthetic valve

bioprosthesis in a self-expanding Nitinol frame. In our
center, our experience is with the Core Valve ReValving
System (Fig. 18.23, 18.24). The percutaneous valves
have lower transvalvular gradients, but a high inci-
dence of perivalvular regurgitation, as compared to
surgically implanted prosthetic valves [45].

Echocardiography has an essential role in percuta-
neous aortic valve implantation [44]. Accurate mea-
surement of the aortic annulus is crucial due to the
limited sizes of the percutaneous valves. Significant
regurgitation may occur if there is a significant mis-
match of the implant valve and the aortic annulus. The
risk of valve embolization is increased when the aortic
annulus is too large for the implant valve. The presence
of severe localized calcific nodule may prevent proper
apposition of the percutaneous valve leading to signifi-
cant perivalvular regurgitation. During the procedure,
TEE is used to monitor the placement of the guide wire
and the valve [44].
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Fig. 18.23 (a) The CoreValve system is shown. A porcine valve is embedded inside a Nitinol frame. (b) This is the en-face view of

the CoreValve system from the aortic perspective

Fig. 18.24 CoreValve in place in the aortic valve area. The
aorta has been opened showing the valve and the expanded wire
framework that rests on the aorta

Immediately following valve implantation, it is
common to have small degree of perivalvular regurgita-
tion with small perivalvular regurgitant jets (Figs. 18.25—
18.27). With time the Nitinol frame of the Core Valve
will expand to better abut the annulus such that
perivalvular regurgitation may diminish (Fig. 18.28).
Significant aortic regurgitation is more common in
patients with nodular valvular calcification or a dilated
aortic annulus such that the percutaneous aortic valve
may be undersized. Cardiac perforation is rare but can

occur early on following the implantation. Development
of pericardial effusion shortly after the procedure
should be carefully followed. Other complications
include device embolization and various forms of vas-
cular or cardiac injuries (Fig. 18.29) [46].

Percutaneous Mitral Valve Repair

In patients with degenerative mitral regurgitation, sur-
gical mitral valve repair has excellent result with low
perioperative mortality in experienced centers. A per-
cutaneous approach to correct degenerative mitral
regurgitation has recently been developed, and involves
the edge to edge repair with a clip akin to the Alfieri
procedure (Fig. 18.30). The short-term results showed
that the procedural success rate was high and the sever-
ity of mitral regurgitation was reduced [47]. The dura-
bility of the procedure and long-term outcome of this
approach need to be better defined.

Left Ventricular Assist Device

Left ventricular assist devices (LVAD) are used in
patients with acute decompensated heart failure not
responding to medical treatment. There are two main
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Fig. 18.25 Transesophageal
view of the CoreValve in
short-axis (a) and long-axis
(b) views show that there are
at least two jets of paravalvu-
lar regurgitation with a
dominant jet located
anteriorly

Fig. 18.26 Transesophageal longitudinal view showing the
mobile aortic leaflets (arrows) within the Nitinol frame of the
CoreValve. Ao aorta, LA left atrium, LVOT left ventricular out-
flow tract

types of assist device — the pulsatile flow pump and the
continuous axial flow pump [48, 49]. With the pulsa-
tile device, the inflow cannula is usually placed at the
left ventricular apex and the outflow cannula into the
right lateral aspect of the ascending aorta in an end to
side fashion (Figs. 18.31-18.34). Echocardiography
has a useful role before and after LVAD insertion
(Table 18.4). With proper functioning of the device,
the aortic valve remains closed with the cardiac output
being delivered by the assist device. Aortic valve cusp
fusion can occur [50]. In some patients, improvement
of left ventricular function can occur, resulting in some
degree of forward flow through the aortic valve. Thus,
aortic valve opening while the patient is being sup-
ported by the assist device is an indication that there is
recovery in left ventricular function. The flow patterns
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at the inflow and outflow cannulae are dependent on
the type of LVAD and the device settings, and can be
assessed by pulsed-wave, continuous wave and color-
flow Doppler imaging. The axial propulsion flow device
such as Heart Mate II shows a pulsatile pattern synchro-
nous with the electrocardiogram superimposed on a
continuous flow throughout the device cycle. The peak
velocity is generally between 1 and 2 m/s (Fig. 18.35).
On the other hand, the pulsatile device such as Thoratec
gives a pulsatile pattern, which is asynchronous with the
electrocardiogram and the flow can appear turbulent.
Spectral Doppler of the inflow and outflow cannulae
shows high velocity flow reaching velocity of>3 m/s
depending on the setting of the device (Fig. 18.36). Serial
follow-up of these velocities can provide an early indica-
tion of cannular obstruction if there is a sudden increase
in the flow velocity [51, 52].

The continuous axial flow devices can be placed
during surgery or percutaneously. The device traverses
across the aortic valve to provide active support by
transvalvular assistance (Fig. 18.37) [53]. There may
be a guidewire in the distal tip to ensure proper posi-
tion of the device (Fig. 18.38). The spinning motor
within the device produces a characteristic artifact on
color-flow imaging and should not be confused with
the velocity of flow generated by the device. This type
of device is contraindicated in patients with aortic
stenosis, severe aortic regurgitation, or aortic mechani-
cal prosthetic valves.

Dysfunction of the left ventricular assist device
should be suspected when the pump flow rate is lower
than expected. Obstruction of the inflow cannula can be
caused by thrombi, papillary muscles or trabeculations.



Left Ventricular Assist Device

Fig. 18.27 Transesophageal views before (a, b) and after (¢, d) the implantation of the CoreValve showing the improvement in
aortic stenosis gradients after the procedure. Ao aorta, LA left atrium, LV left ventricle

When this happens, there is an increased velocity at the
cannula associated with inadequate emptying of the left
ventricle which can be recognized by an increased left
ventricular volume with bulging of the ventricular sep-
tum into the right ventricle. Underfilling of the left ven-
tricle can be aresult of hypovolemia, sepsis, an excessive
high rotor setting, or severe right ventricular dysfunc-
tion. The inflow cannula can be secondarily obstructed
by the adjacent trabeculations or papillary muscles. In
this setting, volume replacement or turning down the
rotor setting may relieve the obstruction.

Adequate right ventricular function is essential to
the delivery of the necessary preload to the left cardiac
chambers. In assessing patients for LVAD, right ven-
tricular function needs to be carefully evaluated. The
presence of right ventricular dysfunction increases the

perioperative mortality of the procedure, although
right ventricular dysfunction may improve with LVAD
if the right ventricular dysfunction is largely secondary
to left ventricular dysfunction. However, if there is
severe intrinsic right ventricular disease such as exten-
sive right ventricular infarction, right ventricular dys-
function may worsen with LVAD and devices that
provide biventricular assist are more appropriate in
this setting.

LVAD is associated with an increased risk of bleed-
ing, which can collect posteriorly and compress the adja-
cent cardiac chambers (Fig. 18.39). Other complications
include thrombus formation on the inflow or outflow
cannulas, endocarditis, and aortic injury such as dissec-
tion [54]. These complications are not unique to LVAD
and are covered in greater detail in other chapters.
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Fig. 18.28 Parasternal long-axis (a, b) and apical long-axis (¢, d) views of a patient who has received a CoreValve several months
previously show mild paravalvular regurgitation which is a common finding following this procedure. LA left atrium, LV left
ventricle

Fig. 18.29 Apical four-chamber view in a patient who has had
implantation of the CoreValve shows the presence of iatrogenic
ventricular septal defect (arrow) at the left ventricular apex.
Tricuspid regurgitation is also present
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Fig. 18.30 Transesophageal views show the different stages of Evalve edge to edge repair. In (a), the open arms of the device are
seen. In (b), the device with its open arms is advanced into the ventricle. In (c), the arms of the device are closed bringing together
the anterior and posterior mitral leaflets. In (d), the anterior and posterior mitral leaflets are tethered together by the released clip. LA
left atrium, LV left ventricle (Reproduced from Naqvi [44]. With permission.)

Fig. 18.31 HeartMate II left ventricular assist device placed
with apical and aortic conduits
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Fig. 18.32 Left ventricular assist device outflow aortic conduit  Fig. 18.33 Left ventricular assist device inflow ventricular con-
with anastomosis of the graft to the side of the aorta duit in the apex of the heart

Fig. 18.34 Transesophageal views in a patient with an axial propulsion device (HeartMate II) show the inflow cannula (arrow) at
the left ventricular apex (a, b) and the outflow cannula (arrow) connected to the anterior surface of the aortic root (¢, d). Ao aorta;
LA left atrium, LV left ventricle
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Table 18.4 Echocardiographic assessment of left ventricular
assist device

Before implantation

* RV function

* Valvular dysfunction such as aortic stenosis, aortic
regurgitation, mitral stenosis, and tricuspid regurgitation

» Ascending aortic pathology

¢ LV thrombus

¢ Intracardiac shunt

Post implantation

e Intracardiac shunt

» Cannula location and alignment

* Cannula flow pattern by pulsed-wave, continuous wave,
and color-flow Doppler imaging

« Effect of LV unloading

* RV function

« Extrinsic pericardial hematoma or effusion

Source: Modified after Chunnanve;j et al. [54]

Fig. 18.35 Transesophageal views show the typical flow at the inflow cannula (a, b) and the outflow cannula (¢, d) in a patient with
the HeartMate 1I device. This axial propulsion device provides low velocity (1-2 m/s) pulsatile flow superimposed on continous flow
throughout the device cycle. Ao aorta, LA left atrium, LV left ventricle, MPA main pulmonary artery
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Fig. 18.36 Transesophageal views (a, b) in this patient with a pulsatile left ventricular assist device (Thoratec) show the inflow cannula
in the left ventricular apex (arrow). At the outflow cannula (arrow) in (c), a turbulent flow is present. This is confirmed by continuous
wave Doppler (d) showing high velocity flow exceeding 3 m/s which is asynchronous with the electrocardiogram
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Fig. 18.37 Schematic diagram showing the position of an axial
flow device across the aortic valve into the left ventricle
(Reproduced from Thiele H et al. [53]. With permission)

Fig. 18.38 (a)
Transesophageal view of a
continuous axial flow device
(Impella) shows that the
device (arrows) traverses the
aortic valve with a portion of
the device in the ascending
aorta and a portion in the left
ventricle. (b) Color-flow
image shows color artifact
produced by the spinning
motor which should not be
confused with blood flow. Ao
aorta, LA left atrium, LV left
ventricle
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Fig. 18.39 Anterior (a) and posterior (b) views of a heart with a left ventricular assist device attached. There was poor function. A
large amount of clot and hematoma was found behind the heart as seen in (b). This material compressed the right heart

Summary

Interventional cardiac procedures have proliferated
over the past decade. We now have the ability to percu-
taneously close an ASD or implant a prosthetic valve.
In order to select patients for these procedures and to
follow them after the procedure, it is essential to have
an in-depth understanding of the cardiac conditions
and the characteristics of the intracardiac devices.
Future trials will provide a proper perspective of the
role of many of these devices.
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stress, 300-301
protocols, 9-14
pulmonary stenosis, 126
pulmonary valve, 116-117, 133-141
advantages/limitations, 140
restrictive cardiomyopathy, 162
right ventricle, 16, 18, 209-214
assessment features, 212
eccentricity index, 212
ejection fraction, 212
fractional area change, 211-212, 215
landmarks, 210
morphology, 213
MPI, 213
strain rate, 214
3D, 210211
tissue Doppler imaging, 213-214
stress
Dobutamine, 36
prosthetic heart valves, 300-301
subcostal window, 9-10, 14, 16
3D
mitral stenosis, 87-88, 90
right ventricle, 210-211
transesophageal, 13, 23-25
aortic dissection, 232-233, 249, 252
ASD, 379-380, 461
calcified aortic valve changes, 32
IE diagnosis, 318-320
indications, 23

mitral regurgitation, 103105
tricuspid valve, 116
tricuspid valve, 116-117
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echocardiographic considerations, 116-117, 133-134

parameters, 133—134
TTE, 403-404
EF. See Ejection fraction
Effective orifice area (EOA), 293-295, 314
Ehlers Danlos syndrome, 92
Ejection fraction (EF), 175-176
right ventricle, 212
Embolism, cardiac sources of, 403—-417
aortic plaque, 407-409
atrial fibrillation, 406
atrial septal aneurysm, 412-413, 415
cardiac sources, 407
chronic left ventricular aneurysm, 411
clinical features, 403—-404
diagnosis, 403405
occult atrial fibrillation, 404—405
therapeutic yield v., 405
TTE, 403-404
echocardiography, 405
etiology, 403
extracardiac conditions, 406
fibroelastoma, 413-414
incidence rates, 403
intrapulmonary shunt, 413
Lambl’s excrescences, 413414, 417
left ventricular dysfunction, 409
MAC, 417
mitral stenosis, 406—407
myocardial infarction, 408-410
pathoetiology, 415
PFO, 411412
incidence rates, 412
risk factor, 412
prosthetic valves, 409—410
risk factors, 403, 405-406
high-risk findings, 405-406
low-risk findings, 411
moderate-risk findings, 409
spontaneous echo contrast, 410411
treatment therapy, 410-411
structural heart disease, 404
valve diseases, 414
valvular strands, 413414, 416
Emphysema, 13

Endocarditis. See Infective endocarditis; Right-sided

endocarditis
EOA. See Effective orifice area
Epicardial echocardiography, 13-14
Eustachian valve, 4

F

False aneurysm, 198

Familial dilated cardiomyopathy, 146
Fenestrations, 27

Fenfluramine, 94

Fen-Phen. See Fenfluramine; Phentermine
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Fibrinous pericarditis, 260
Fibroelastoma, 357
cardiac embolism, 413414
Fibromas, 363-364
incidence rates, 363-364
treatment, 364
Fibromuscular subaortic stenosis, 46
Fontan operation, 391, 400
Foramen ovale, 3—4
Fossa ovale, 3—4
Fragile X syndrome, 452
Free wall rupture, 186-187, 193—194
presentation, 186
Friedreich’s ataxia, 442-443, 449
Fungal infective endocarditis, 341-342
diagnosis, 341
histopathology, 341-342
incidence rates, 341
risk factors, 341
treatment, 342

G
Gaucher’s disease, 42
Giant cell arteritis, 442, 446

H
Hamartomas, 364-365
HCM. See Hypertrophic cardiomyopathy
Heart, anatomy of, 1-26. See also Tumors, cardiac
age-related changes, 27-36
amyloidosis, 33-34
calcified aortic valves, 31-34
in chambers, 34-35
fenestrations, 27
Lambl’s excrescences, 27-29
MAC, 29-31
weight, 34
aortic valve, 7-9
cusps, 8-9
structure, 8
apex, 2
atrial, 2-5
LA, 2-5
mitral valve, 3
RA, 2-5
echocardiography considerations, 9-14
left ventricle, 8
levocardia, 2
location, 1
mitral valve, 3, 6-7, 75-112
anterior leaflet, 7
aortic regurgitation, 63
aortic valve, 7
chordae, 7, 75-76
leaflets, 75-78
left atrium, 3
MAC, 29-31
mitral stenosis, 78-91
structure, 67
pericardial sac, 1-2
pericardium, 259-261
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anatomy, 259
composition, 259-260
congenital absence, 275
rapid accumulation of fluid, 260
structure, 259-260
pulmonary valve, 6, 115-141
anatomy, 115
echocardiographic considerations, 116-117,
133-141
IE, 128
regurgitation, 127
stenosis, 125-126
Tetralogy of Fallot, 125, 127
right ventricle, 6
segmental approach, 375-376
situs, 2
structure, 1-2
tricuspid valve, 5, 115-141
anatomy, 5, 115
echocardiographic considerations, 116-117,
133-134
IE, 128
repair, 124
right atrium, 5
stenosis, 124-125
tricuspid regurgitation, 116-123

High transprosthetic gradient, in prosthetic valves,

293-295, 296-299
assessment, 295
localization, 298
measurement errors, 298
poppet mobility, 296297
pressure half-time, 298
pressure recovery, 298
size, 296
stroke volume, 295
study comparisons, 298
velocity, 296

Hypertrophic cardiomyopathy (HCM),

151-159
apical, 157-158, 163-164
asynchrony, 159
“burnt out,” 155, 159
congestive heart failure, 152-153
diagnostic features, 151, 154-155
mimics, 154
molecular biology, 154-155
diastolic abnormalities, 159
echocardiography, 155-156
genotypes, 155
indications, post-morbidity, 152
management, 156—157
microinfarcts, 153
morphological types, 156—158
apical, 157-158
symmetrical, 157, 164
natural history, 155
phenotypes, 155-156
screening, 152
systolic function, 158-159
variants, 151-152
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I
ITatrogenic dissection, 236
Idiopathic pericarditis, 265
IE. See Infective endocarditis
Infective endocarditis (IE), 61, 63, 94, 317-345
anticardiolipin antibody syndrome, 343-344
APS, 343-344
pathology, 343
presentation, 344
bacterial, 317
complications, 320-325
infected vegetations, 321-324
local, 321-325
mimics, 322
paravalvular, 321-325, 328-332
pathology, 324
systemic, 322
culture negative, 340
diagnosis, 317-320
Duke criteria, 318
TEE, 318-320
echocardiography, 321-328, 332-334
correlates, 325-328
stains, 324
vegetations, 325-328
fungal, 341-342
diagnosis, 341
histopathology, 341-342
incidence rates, 341
risk factors, 341
treatment, 342
Libman Sacks endocarditis, 343
NBTE, 317, 342-343
diagnosis, 342
etiology, 342
incidence rates, 342
morphological findings, 342-343
papillary muscle rupture, 325
paravalvular, 321-325, 328-332
aortic root abscesses, 329-331
aortic root fistulae, 331
echocardiography, 332-334
extension, 328-329, 332
MAC, 329
pathology, 331, 338
pathobiology, 317
prosthetic heart valves, 302-303, 335-340
right-sided, 334-335
diagnosis, 335
prosthetic valves, 334-335
risk factors, 334
risk factors, 317-318
thrombus, 317
valve tissue destruction, 325, 328
regurgitation, 328
vegetations, 325-328
morphological features, 328
size analysis, 330
verrucous endocarditis, 317, 343
Interventional procedures, 455-476
CRT, 457-461

echo-Doppler measures, 459
response likelihoods, 459-461
study assessment, 458
systolic asynchrony index, 459
systolic velocities, 459—460
defibrillator leads, 455-456
device closures, 461-465
ASD, 461-462, 465
perivalvular regurgitation, 464465
PFO, 462463
VSD, 464-465
LVAD, 467-469, 472474
dysfunction, 468—469
echocardiographic assessment, 473
risk factors, 469
pacemakers, 455456
cardiac locations, 456
chest pains, 458
infections, 457
percutaneous aortic valve implantation, 465-467
Core Valve ReValving System, 466-467
echocardiography, 466
percutaneous mitral valve repair, 467

Intramural hematoma, 233-235

echocardiography, 237-239
incidence rates, 235
management, 235

Intrapulmonary shunt, 413
Ischemic heart disease. See also Acute ischemia; Atrial

infarction; Dynamic subaortic stenosis; False
aneurysm; Free wall rupture; Left ventricular
false aneurysm; Left ventricular thrombus;
Left ventricular true aneurysm; Myocardial
infarction; Papillary muscle rupture; Takotsubo
cardiomyopathy; Ventricular septal rupture
CAD, 173
chest pain assessment, 178—180
echocardiographic functions, 174—-178
EF, 175-176
foundations, 174-175
wall motion score, 177
incidence of, 173
non-atherosclerotic, 174
plaques, 173

Kawasaki disease, 440441, 446

focal cardiac involvement, 442

LA anatomy. See Left atrial anatomy
Lambl’s excrescences, 27-29

aortic cusps, 28

cardiac embolism, 413414, 417
location, 27-28

morphological features, 28

Left atrial (LA) anatomy, 2-5

appendages, 3
mitral valve, 3
muscle structure, 2-3
pulmonary vein, 2-3
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Left-sided sarcomas, 366-368
Left superior vena cava, 387-388, 393
causes, 387
incidence rates, 387
Left ventricle, 8
anatomy of, 8
aortic stenosis, adaptation to, 57-59
DCM, 148-150
echocardiography, 15, 18-19, 21-22, 24-25
noncompaction of the ventricle, 150
VSD, 64, 192-193, 380-382, 384-385
classifications, 380-381
imaging, 381-382

Left ventricle assist device (LVAD), 467469, 472-474

dysfunction, 468—469
echocardiographic assessment, 473
risk factors, 469

Left ventricle outflow tract (LVOT), 53

Left ventricular dysfunction, 409

Left ventricular false aneurysm, 190-194
incidence rates, 190

Left ventricular thrombus, 194—197
echocardiographic features, 195-196, 200
hypereosinophilic, 201
indications, 195

Left ventricular true aneurysm, 190-194

Levocardia, 2

Libman Sacks endocarditis, 343-344

Lipomas, 363

Lupus, cardiac involvement, 440, 445-446

LVOT. See Left ventricle outflow tract

M
MAC. See Mitral annular calcification
Marfan syndrome, 92, 241, 439, 442
Medtronic-Hall valves, 279-280
Mesothelioma, 273
Microinfarcts, 153
Mitral annular calcification (MAC), 29-31
cardiac embolism, 417
echocardiography, 29-31
1E, 329
incidence factors, 29
indications, 29
mitral regurgitation, 99-100
indications, 99
mitral stenosis, 84—85
presentation, 29
Mitral prosthetic heart valves, 312-314
echocardiography, 312-314
Mitral regurgitation, 91-112
acute myocardial infarction, 100-101
anatomical considerations, 91
causes, 91-99
chordal, 97-98
drug-related, 94-96
IE, 94
leaflet abnormalities, 91
myxomatous valve disease, 92-93
papillary, 100-104
ventricular, 98-99
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IE, 94
MAC, 99-100
indications, 99
myxomatous valve disease, 92-93
indications, 92-93
papillary muscle dysfunction, 100-104
ruptures, 100-101
post-mitral valve repair, 104-105
annuloplasty, 104
severity assessment, 106—112
echocardiography, 110
qualitative approach, 108-112
quantitative approach, 106-107, 110
transesophageal echocardiography, 103—105
Mitral stenosis, 78-91
cardiac embolism, 406—407
causes, 78, 82, 84-85
non-valvular, 85
echocardiography considerations, 83—85
advantages, 88
limitations, 88
MVA, 85-86
severity assessment, 85-91
3D, 87-88, 90
genetic factors, 78-79
MAC, 84-85
management, 85-86
pathological changes, 83
presentation, 83-84
calcification, 84
rheumatic carditis, 78-79
morphological features, 83
rheumatic fever, 79-82
chronic, 81-82
pathogenesis, 79-80
presentation, 81
T-cell responsiveness, 80—81
secondary effects, 83
severity assessment, 85-91
advantages, 88
limitations, 88
MVA, 85-86
with planimetry, 86
ski-slope phenomenon, 89-90
Mitral valve, 3, 6-7, 75-112. See also Mitral annular
calcification; Mitral regurgitation; Mitral stenosis
anterior leaflet, 7
aortic regurgitation, 63
aortic valve, 7
chordae, 7, 75-76
classification, 75
elongation, 76
mitral regurgitation, 97-98
subvalvular, 76-77
diastolic function, 425-426, 428-436
leaflets, 7578
anterior, 7
left atrium, 3
MAC, 29-31
echocardiography, 29-31
incidence factors, 29
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indications, 29
mitral regurgitation, 99-100
mitral stenosis, 84—-85
presentation, 29
mitral regurgitation, 91-112
acute myocardial infarction, 100-101
anatomical considerations, 91
causes, 91-99
1IE, 94
MAC, 99-100
myxomatous valve disease, 92-93
papillary muscle dysfunction, 100-104
post-mitral valve repair, 104—105
severity assessment, 106—112
transesophageal echocardiography,
103-105
mitral stenosis, 78-91
causes, 78, 82, 84-85
echocardiography considerations, 83—85
genetic factors, 78-79
MAC, 84-85
management, 85-86
pathological changes, 83
presentation, 83—84
rheumatic carditis, 78-79
rheumatic fever, 79-82
secondary effects, 83
severity assessment, 85-91
structure, 67
Mitral valve area (MVA), 85-86
Morphology performance index (MPI), 213
MPI. See Morphology performance index
MVA. See Mitral valve area
Myocardial infarction, 180-200, 202-203
atrial infarction, 197
cardiac embolism, 408—410
cardiac murmurs, 182
causes of shock, 187
complications, 182
chronic, 188-190
dynamic subaortic stenosis, 185
echocardiographic findings, 182
fibrosis, 189
free wall rupture, 186-187, 193-194
presentation, 186
hibernation phenomenon, 197
indications, 180181
left ventricular false aneurysm, 190-194
incidence rates, 190
left ventricular thrombus, 194—197
echocardiographic functions, 195-196
hypereosinophilic, 201
indications, 195
left ventricular true aneurysm, 190-194
papillary muscle rupture, 182-184, 188, 191
echocardiography, 183
presentation, 183
systolic function, 183-184
right ventricular infarction, 188-190
Takotsubo cardiomyopathy, 188
ventricular septal rupture, 184—-185

VSD, 64, 192-193
wall motion score, 181-182
Myocarditis, 146
Myocyte atrophy, 167
Myotonic dystrophy, 448
Myxomatous valve disease, 92-93
indications, 92-93

N

NBTE. See Nonbacterial thrombotic endocarditis
Neoplasms, 248, 252. See also Tumors, cardiac;

Tumors, of pericardium
cardiac, 349-350, 363-365
benign, 363-365
fibromas, 363-364
hamartoma, 364-365
lipomas, 363

Neuromuscular diseases, cardiac involvement, 442, 447
Nonbacterial thrombotic endocarditis (NBTE),

317, 342-343

diagnosis, 342

etiology, 342

incidence rates, 342

morphological findings, 342-343
Noncompaction of the ventricle, 150

diagnostic features, 153

echocardiographic features, 150
Noonan’s syndrome, 125

(0]
Obesity, echocardiography and, 13

Obstructions. See Dynamic subaortic obstruction

P
Pacemakers, 455-458
cardiac locations, 456
chest pains, 458
infections, 457
Papillary fibroelastoma (PFE), 362-363
presentation, 362-363
treatment, 363
Papillary muscle rupture, 182—-184, 188, 191
echocardiography, 183
IE, 325
presentation, 183
systolic function, 183-184

Paravalvular complications, IE, 321-325, 328-332

aortic root abscesses, 329-331
aortic root fistulae, 331
echocardiography, 332-334
extension, 328-329, 332
MAC, 329
pathology, 331, 338
Patent ductus arteriosus (PDA), 383, 390
Patent foramen ovale (PFO), 411-412
device closures, 462—463
incidence rates, 412
risk factor, 412
PDA. See Patent ductus arteriosus
Penetrating aortic ulcer, 236-237
incidence rates, 236
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Percutaneous aortic valve implantation, 465-467
Core Valve ReValving System, 466467
echocardiography, 466

Percutaneous mitral valve repair, 467

Pericardial diseases. See also Constrictive pericarditis;

Pericardial effusion; Pericardial tamponade
common causes, 260
congenital absence of pericardium, 275
cysts, 275, 277
echocardiography, 275-277
pathology, 260
pericardial effusion, 260-264
assessment, 261
breast implants, 262-263
echocardiography, 261-262, 264-265, 267-268
etiology, 261
hemodynamic significant determinants, 260-261
mimic conditions, 262
pericarditis, 260-264, 268-272
causes, 261
constrictive, 161-162, 268-272
echocardiography, 263
fibrinous, 260
idiopathic, 265
presentation, 261
recurrent, 266
tamponade, 264-268
description, 264
diagnosis, 267
echocardiography, 268-270
indications, 264-266
symptoms, 265-266
treatment, 267-268
tumors, 272-275
angiosarcomas, 272-273
mesothelioma, 273
presentation, 273
secondary, 273
squamous cell, 275

Pericardial effusion, 260-264
assessment, 261
breast implants, 262-263
echocardiography, 261-262, 264-265, 267-268
etiology, 261
hemodynamic significant determinants, 260-261
mimic conditions, 262
systemic disease, 440

Pericardial sac, 1-2

Pericardial tamponade, 264-268
description, 264
diagnosis, 267
echocardiography, 268-270
indications, 264—-266
symptoms, 265-266
treatment, 267-268

Pericarditis, 260-264, 268272
causes, 261
constrictive, 161-162, 268-272

cardiac volume, 271
causes, 269-270
diagnosis, 271-272
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echocardiography, 271-273
features, 274
pathophysiology, 271
presentation, 268-269
restrictive cardiomyopathy v., 271-272, 274
echocardiography, 263
fibrinous, 260
idiopathic, 265
presentation, 261
recurrent, 266
Pericardium, 259-261
anatomy, 259
composition, 259-260
congenital absence, 275
rapid accumulation of fluid, 260
structure, 259-260
Perivalvular regurgitation, 464—465
PFE. See Papillary fibroelastoma
PFO. See Patent foramen ovale
Phentermine, 94
Plaques, 244-245, 248, 255
aortic, 407—409
classification, 245
development of, 244-245
presentation, 245, 248
severity assessment, 245, 256
systemic diseases, cardiac involvement in, 442
Post-inflammatory cusp disease, 60—61
Post-inflammatory rheumatic aortic stenosis, 43—44
indications, 44
presentation, 44
Prosthetic heart valves, 279-314
cardiac embolism, 409—410
complications, 280, 301-306
aortic dissection, 302
1E, 302-303
structural failure, 304-306
thrombus, 302, 303
tissue degeneration, 304
development of, 279
dysfunction, 293-295, 296-298
echocardiography, 283-295, 295-306
IE, 336-339
mitral valves, 312-314
stress, 300-301
EOA, 293-295, 314
hemodynamic assessment, 290-292
high transprosthetic gradient, 293-299
assessment, 295
localization, 295
measurement errors, 298
poppet mobility, 296297
pressure half-time, 298
pressure recovery, 298
size, 296
stroke volume, 295
study comparisons, 298
velocity, 296
IE, 302-303, 335-340
causes, 335
complications, 336
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echocardiography, 336-339
indications, 336
mortality rates, 338
mitral, 312-314
echocardiography, 312-314
morphology, 282-289
poppet motion, 283-284
patient mismatch, 293
regurgitation, 299
right-sided endocarditis, 334-335
diagnosis, 335
prosthetic valves, 334-335
risk factors, 334
stented, 279, 282, 286
stentless, 279-280
types, 279-283
biologic, 279-283, 287-288
mechanical, 279, 281
Pseudoaneurysms, 241-242, 250-251
Pulmonary hypertension, 214-219, 221-224
causes, 216217
diagnosis, 217-218
Pulmonary stenosis, 125-126
doming, 126
echocardiography, 126
Noonan’s syndrome, 125
Tetralogy of Fallot, 125
Pulmonary valve, 6, 115-141
anatomy, 115
echocardiographic considerations, 116-117,
133-141
advantages/limitations, 140
IE, 128
regurgitation, 127
echocardiographic considerations, 133-141
Tetralogy of Fallot, 127
stenosis, 125-126
doming, 126
echocardiography, 126
Noonan’s syndrome, 125
Tetralogy of Fallot, 125
Tetralogy of Fallot, 125, 127
Pulmonary vein, 2-3

R
RA anatomy. See Right atrial anatomy
Recurrent pericarditis, 266
Restrictive cardiomyopathy, 159-162, 449
constrictive pericarditis v., 271-272, 274
diagnosis, 161-162
biopsy, 161
echocardiography, 162
eosinophilic type, 160-161
indications, 160
non-eosinophilic type, 161
Rheumatic carditis, 78-79
morphological features, 83
T-cell responsiveness, 80-81
Rheumatic fever, 79-82
chronic, 81-82
pathogenesis, 79-80
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presentation, 81
T-cell responsiveness, 80-81
verrucous endocarditis, 343
Rheumatic valve disease. See Post-inflammatory rheumatic
aortic stenosis
Right atrial (RA) anatomy, 2-5
appendages, 3
atrioventricular node, 4-5
Eustachian valve, 4
foramen ovale, 3—4
fossa ovale, 3—4
muscle structure, 2
sinoatrial node, 4
sinus venosus, 2
tricuspid valve, 5
Right-sided endocarditis, 334-335
diagnosis, 335
prosthetic valves, 334-335
risk factors, 334
Right-sided sarcomas, 368-369
Right ventricle, 6
anatomy, 6
DCM, 148-150
diseases, 207-225
echocardiography, 16, 18, 209-214
assessment features, 212
eccentricity index, 212
ejection fraction, 212
fractional area change, 211-212, 215
landmarks, 210
morphology, 213
MPI, 213
strain rate, 214
3D, 210-211
tissue Doppler imaging, 213-214
noncompaction of the ventricle, 150
structure, 207
VSD, 64, 192-193, 380-382, 384-385
classifications, 380-381
imaging, 381-382
Right ventricular diseases, 207-225
ARVC, 209
catheters, 220-221
causes of, 208-209
volume overload, 208-209
iatrogenic disorders, 220-221
indications, 208
infarction, 209
pulmonary hypertension, 214-219,
221-224
causes, 216-217
diagnosis, 217-218
RV failure, 214-219
causes, 215-216
TAPSE, 218
trauma, 219-220
tricuspid valve regurgitation, 220
Right ventricular failure, 214-219
causes, 215-216
TAPSE, 218
Right ventricular infarction, 188-190
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S
Sarcomas, 365-369
angiosarcomas, 272-273, 366, 368
left-sided, 366-368
right-sided, 368-369
spindle cell, 365-366
Secondary dilated cardiomyopathy, 146
Sinoatrial node, 4
Sinus of valsalva aneurysm, 388, 394-395
Sinus venosus, 2
ski-slope phenomenon, 89-90
Spindle cell sarcomas, 365-366
Spontaneous echo contrast, 410-411
treatment therapy, 410-411
Squamous cell tumors, of pericardium, 275
Starr-Edwards valve, 279
Stented heart valves, 279, 282, 286
Stentless heart valves, 279-280
Stress echocardiography
Dobutamine, 36
prosthetic heart valves, 300-301
Stroke. See Embolism, cardiac sources of
Stunned myocardium, 173-174
Sub-aortic valve stenosis, 44—46, 442
causes, 44
dynamic, 46
fibromuscular, 46
fixed, 44-45
Subvalvular aortic stenosis, 44—45
Supravalvular aortic stenosis, 47-48
William’s syndrome, 47
Symmetrical hypertrophic cardiomyopathy, 157, 164
Systemic diseases, cardiac involvement, 439453
amyloidosis, 444, 450451
Becker’s muscular dystrophy, 448
carcinoid syndrome, 439, 441
cardiac component system involvement, 440-441
cardiomyopathies, 443-444
restrictive, 449
chromosomal diseases, 444, 451
congenital syndromes, 444
connective tissue diseases, 444
relative frequencies, 444
diagnosis, 439-440
diffuse, 442
Duchenne muscular dystrophy, 448
focal, 442
Fragile X syndrome, 452
Friedreich’s ataxia, 442443, 449
giant cell arteritis, 442, 446
Kawasaki disease, 440441, 446
focal cardiac involvement, 442
lupus, 440, 445-446
Marfan syndrome, 92, 241, 439, 442
myotonic dystrophy, 448
neuromuscular diseases, 442, 447
nonspecific findings, 440
pathognomonic findings, 439-440
pericardial effusion, 440
plaques, 442
presentation, 439

sub-aortic valve stenosis, 442

Takayasu arteritis, 442, 447

Takotsubo cardiomyopathy, 439, 443
Systolic asynchrony index, 459

T
Takayasu arteritis, 442, 447
Takayasu disease, 244, 254
Takotsubo cardiomyopathy, 188, 439, 443, 444
TAPSE. See Tricuspid annular plane systolic excursion
Tetralogy of Fallot, 125, 389-390, 395-397
congenital heart disease, 389-390, 395-397
complications, 389-390
pulmonary valve regurgitation, 127
3D Echocardiography
mitral stenosis, 87-88, 90
right ventricle, 210-211
Thromboembolism, MAC as risk factor, 29
Thrombus
IE, 317
prosthetic heart valves, 303
Tissue Doppler imaging, 213-214
Transesophageal echocardiography, 13
aortic dissection, 232-233, 249, 252
ASD, 379-380, 461
calcified aortic valve changes, 32
IE diagnosis, 318-320
mitral regurgitation, 103-105
mitral stenosis, 90-91
tricuspid valve, 116
Transposition of arteries, 377-378, 390-391, 398-399
Transthoracic echocardiography (TTE), 403—404
Traumatic aortic injury, 237-239
indications, 239
presentation, 237
Tricuspid annular plane systolic excursion
(TAPSE), 212-213
RV failure, 218
Tricuspid stenosis, 124-125
Tricuspid valve, 5, 115-141
anatomy, 5, 115
echocardiographic considerations, 116-117,
133-141
advantages/limitations of, 133-134
transesophageal, 116
IE, 128
repair, 124
right atrium, 5
stenosis, 124-125
tricuspid regurgitation, 116-123, 223
carcinoid valve disease, 121-123, 129-130
causes, 117-118
diagnostic criteria, 118
Ebstein’s anomaly, 119-121, 125-128
echocardiographic parameters, 133-134
incidence rates, 117
presentation, 117-118
rheumatic involvement, 118
severity assessment, 123-124
Tricuspid valve regurgitation, 116-123, 223
carcinoid valve disease, 121-123, 129-130
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classification, 122 PFE, 362-363
echocardiographic findings, 122-123 presentation, 362-363
incidence rates, 121-122 treatment, 363
indications, 121-122 presentation, 350
causes, 117-118 primary, 349, 354-369
diagnostic criteria, 118 benign, 354-365
Ebstein’s anomaly, 119-121, 125-128 malignant, 365-369
dysplastic changes, 121 sarcomas, 365-369
echocardiographic findings, 120 angiosarcomas, 366, 368
Wolfe Parkinson White syndrome, 120 left-sided, 366-368
incidence rates, 117 right-sided, 368-369
presentation, 117-118 spindle cell, 365-366
rheumatic involvement, 118 secondary, 349, 369-372
right ventricular diseases, 220 metastatic, 369-372
severity assessment, 123-124 pericardial deposits, 369
TTE. See Transthoracic echocardiography Tumors, of pericardium, 272-275
Tuberculosis, 269 angiosarcoma, 272-273
Tumors, cardiac, 349-372 mesothelioma, 273
cardiac myxoma, 354-359 presentation, 273
Carney syndrome, 356 secondary, 273
familial, 356 squamous cell, 275
fibroelastoma and, comparison with, 357 Turner’s syndrome, 92
incidence rates, 354
indications, 356 A%
patient demographics, 356 Valve diseases, 414
presentation, 356-357 Valvular strands, 413-414, 416
treatment, 359 Ventricular septal defect (VSD), 64, 192-193,
cardiac rhabdomyoma, 359-362 380-382, 384-385
clinical features, 361 classifications, 380-381
diagnosis, 361 device closures, 464—465
imaging, 361-362 imaging, 381-382
incidence rates, 360-361 Ventricular septal rupture, 184-185
presentation, 360-362 Verrucous endocarditis, 317, 343
Wolff-Parkinson-White syndrome, 361 VSD. See Ventricular septal defect
diagnosis, 349
features, 357 W
echocardiographic approach, 350-354, 357, ‘Wall motion score
370-372 acute ischemia, 177
diagnosis, 350 myocardial infarction, 181-182
features, 353 William’s syndrome, 47
normal v. abnormal mass, 352-353 Wolff-Parkinson-White syndrome, 120
vegetations, 353 cardiac rhabdomyoma, 361

incidence rates, 349
location, 349-350



	0
	Anatomic Basis of Echocardiographic 
Diagnosis
	Foreword
	Preface
	Contents


	1
	1: General Anatomy of the Heart in the Chest
	Atrial Anatomy
	Tricuspid Valve Anatomy
	Right Ventricle Anatomy
	Pulmonary Valve Anatomy
	Mitral Valve Anatomy
	Left Ventricle Anatomy
	Aortic Valve Anatomy
	Echocardiography Considerations
	External Versus Internal Landmarks
	Summary
	References


	2
	2: Age-Related Cardiac Changes
	Fenestrations
	Lambl’s Excresences
	Mitral Annular Calcification
	Calcific Aortic Valve Changes
	Age-Related Amyloidosis
	Age-Related Cardiac Chamber Changes
	Summary
	References


	3
	3: Aortic Valve
	Aortic Stenosis
	Age-Related Calcific Valve Stenosis
	Congenitally Bicuspid Aortic Valve
	Post-inflammatory Rheumatic Aortic Stenosis
	Sub-aortic Valve Stenosis
	Dynamic Subaortic Obstruction
	Supravalvular Aortic Stenosis
	Echocardiographic Assessment of Aortic Valve Morphology
	Assessment of Aortic Stenosis Severity
	Left Ventricular Adaptation to Aortic Stenosis

	Aortic Valve Regurgitation
	Congenitally Bicuspid Valve
	Post-inflammatory Changes
	Other Valvular Causes of Aortic Regurgitation
	Aortic Causes of Aortic Valve Regurgitation
	Echocardiographic Consideration in Aortic Regurgitation
	Assessment of Aortic Regurgitation Severity

	Summary
	References


	4
	4: Mitral Valve
	Mitral Stenosis
	Echocardiography Considerations
	Assessment of Severity of Mitral Stenosis

	Mitral Insufficiency
	Anatomical Considerations
	Leaflet Causes of Mitral Regurgitation
	Myxomatous Valve Disease
	Infective Endocarditis
	Drug Related Causes of Mitral Regurgitation

	Chordal Causes of Mitral Regurgitation
	Ventricular Causes of Mitral Regurgitation
	Mitral Annular Calcification
	Papillary Muscle Causes of Mitral Regurgitation
	Post-mitral Valve Repair
	Assessment of Severity of Mitral Regurgitation
	Quantitative Approach
	Qualitative Approach

	Summary

	References


	5
	5: Tricuspid and Pulmonary Valve
	Anatomical Considerations
	Echocardiography Considerations
	Tricuspid Valve Regurgitation
	Ebstein’s Anomaly
	Carcinoid Valve Disease

	Severity of Tricuspid Regurgitation
	Tricuspid Valve Stenotic Lesions
	Pulmonary Stenosis
	Pulmonary Regurgitation
	Tricuspid and Pulmonary Valve Infective Endocarditis

	Summary
	References


	6
	6: Cardiomyopathies
	Dilated Cardiomyopathy (DCM)
	Noncompaction of the Ventricle
	Hypertrophic Cardiomyopathy (HCM)
	Restrictive Cardiomyopathy
	Arrhythmogenic Right Ventricular Dysplasia – Arrhythmogenic Cardiomyopathy
	Summary
	References


	7
	7: Ischemic Heart Disease
	Acute Ischemia
	Global and Regional Function
	Chest Pain Assessment
	Myocardial Infarction
	Papillary Muscle Rupture
	Ventricular Septal Rupture
	Dynamic Subaortic Stenosis
	Free Wall Rupture
	Takotsubo Cardiomyopathy
	Right Ventricular Infarction

	Chronic Complications of Myocardial Infarction
	Left Ventricular True and False Aneurysm
	Left Ventricular Thrombus
	Atrial Infarction
	Viability

	Summary
	References


	8
	8: Right Ventricular Diseases
	Echocardiographic Assessment of Right Ventricle
	Right Ventricular Areas and Fractional Area Change
	Right Ventricular Volumes and Ejection Fraction
	Eccentricity Index
	Tricuspid Annular Plane Systolic Excursion
	Myocardial Performance Index
	Tissue Doppler Imaging
	Strain and Strain Rate

	Right Ventricular Failure and Pulmonary Hypertension
	Trauma
	Lines, Catheters, and Iatrogenic Disorders

	Summary
	References


	9
	9: Diseases of the Aorta
	Acute Aortic Syndrome
	Aortic Dissection
	Intramural Hematoma
	Aortic Rupture and Aortic Tear
	Iatrogenic Aortic Dissection or Intramural Hematoma
	Penetrating Aortic Ulcer
	Traumatic Aortic Injury

	Chronic Aortic Diseases
	Aortic Dissection Post-Repair
	Chronic Aortic Aneurysm
	Aortic Pseudoaneurysm
	Aortitis
	Aortic Plaques
	Aortic Neoplasm

	Summary
	References


	a
	10: Pericardial Diseases
	Pericarditis and Pericardial Effusion
	Pericardial Tamponade
	Constrictive Pericarditis
	Constrictive Pericarditis Versus Restrictive Cardiomyopathy
	Pericardial Tumors
	Absence of the Pericardium
	Pericardial Cysts
	Echo-Guided Pericardiocentesis
	Summary
	References


	b
	11: Prosthetic Heart Valves
	Types of Prostheses
	Morphologic Assessment of Prosthetic Valves
	Hemodynamic Assessment of Prosthetic Valves
	Prosthetic–Patient Mismatch
	High Transprosthetic Gradient and Prosthetic Dysfunction
	Prosthetic Valvular Regurgitation
	Stress Echocardiography

	Prosthesis-Related Complications
	Summary
	References


	c
	12: Infective Endocarditis and Related Conditions
	Predisposing Factors
	Diagnostic Approach
	Complications
	Local
	Echocardiographic Correlates

	Paravalvular Complications
	Echocardiographic Correlates

	Right-Sided Endocarditis
	Prosthetic Valve Endocarditis
	Culture Negative Endocarditis
	Fungal Endocarditis
	Nonbacterial Thrombotic Endocarditis
	Rheumatic Fever Verrucous Endocarditis
	Libman Sacks Endocarditis, Antiphospholipid, and Anticardiolipin Antibody Syndrome
	Summary
	References


	d
	13: Neoplasm, Cardiac Tumor
	Echocardiographic Approach
	Primary Benign Cardiac Tumors
	Cardiac Myxoma
	Cardiac Rhabdomyoma
	Papillary Fibroelastoma
	Other Benign Neoplasms

	Primary Malignant Cardiac Tumors
	Sarcoma

	Metastatic Secondary Tumors
	Summary
	References


	e
	14: Congenital Heart Disease
	Segmental Approach
	Unrepaired Lesions
	Atrial Septal Defect
	Ventricular Septal Defects
	Atrioventricular Septal Defect
	Patent Ductus Arteriosus
	Coarctation
	Left Superior Vena Cava
	Congenital Sinus of Valsalva Aneurysm

	Postsurgical Conditions
	Tetralogy of Fallot Postrepair
	Complete Transposition of the Great Arteries Post Repair
	Fontan Operation

	Summary
	References


	f
	15: Cardiac Source of Embolism
	Diagnostic Difficulties
	Diagnostic Approach
	Diagnostic Yield versus Therapeutic Yield
	Echocardiographic Findings
	High-Risk Findings
	Atrial Fibrillation
	Mitral Stenosis
	Aortic Plaque

	Moderate-Risk Findings
	Myocardial Infarction and Left Ventricular Dysfunction
	Prosthetic Valves
	Spontaneous Echo Contrast

	Uncertain, Likely Low-Risk Findings
	Chronic Left Ventricular Aneurysm
	Patent Foramen Ovale
	Atrial Septal Aneurysm
	Intrapulmonary Shunt
	Valvular Strands, Lambl’s Excrescences, Fibroelastoma
	Valve Diseases

	Summary
	References


	g
	16: Assessment of Diastolic Function
	Echo-Doppler Measures of Diastolic Function
	Normal Diastolic Function
	Mild Diastolic Dysfunction
	Moderate Diastolic Dysfunction
	Severe Diastolic Dysfunction
	Summary
	References


	h
	17: Cardiac Involvement by Systemic Diseases
	Pathognomonic Findings Are Generally Uncommon but Can Be Key to the Diagnosis of the Underlying Disease
	Nonspecific Findings Are More Common
	Any Part of the Cardiovascular System May Be Affected
	The Cardiac Involvement Can Be Focal or Diffuse
	Myocardial Involvement is Common in Neuromuscular Diseases
	Systemic Disease Can Be a Cause of Cardiomyopathy
	Suspect Congenital Syndromes or Chromosomal Diseases in the Setting of Cardiac Malformations
	Conclusion
	References


	i
	18: Interventional Procedures
	Permanent Pacemaker and Internal Defibrillator Leads
	Cardiac Resynchronization
	Device Closure of Intracardiac Defects
	Atrial Septal Defect
	Patent Foramen Ovale
	Ventricular Septal Defect
	Perivalvular Regurgitation

	Percutaneous Aortic Valve Implantation
	Percutaneous Mitral Valve Repair
	Left Ventricular Assist Device
	Summary
	References


	j
	Index


