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Key Points

¢ Echocardiography, because of its excellent spatial
resolution and ability to assess both anatomy on two-
dimensional imaging and physiology by Doppler, is espe-
cially suited to the diagnosis and follow-up of adults with
congenital heart disease.

e Indications for echocardiography in this patient popula-
tion have been published.

e In the previously undiagnosed adult with suspected con-
genital heart disease, a careful segmental approach to
scanning is required to make a complete diagnosis.

¢ Echocardiography of adults with congenital heart defects
should be performed and interpreted by personnel trained
in the care of these patients.

¢ Echocardiography of adults with congenital heart disease
requires knowledge of the anatomy and natural history
of unoperated defects, awareness of the possible palliative
or corrective procedures for the defect, and awareness of
the potential complications, sequelae, and residua of the
repair.

Indications for Echocardiography in the
Evaluation of the Adult with Congenital
Heart Disease

Thanks to advances in antenatal and postnatal diagnostic
methods, rapid progress in surgical options and technique,
improvements in perioperative management, and meticulous
care by pediatric cardiac specialists, over 85% of children
born with cardiac anomalies survive well into adulthood.
The 32nd Bethesda Conference sponsored by the American

College of Cardiology estimated that over 800,000 adults
with congenital heart defects were living in the United States
as of the year 2000." Based on birth rates and disease inci-
dence, one group of investigators estimated that there are
currently up to 1.33 million U.S. survivors with congenital
heart disease born since 1940, 56% with simple lesions, 30%
with moderately complex lesions, and 14% with more severe
lesions.? An additional 3 million Americans have bicuspid
aortic valves. Adults, most of whom have undergone some
operation to repair or palliate their defect, will soon outnum-
ber children with congenital cardiac defects. The long-term
clinical course of these patients will be determined by both
their congenital and acquired cardiovascular conditions,
which require accurate diagnosis, diligent ongoing follow-up,
and continued management.

Echocardiography plays an essential role in the diagnosis
and management of patients with congenital heart disease.
For an unselected cohort of children and adolescents referred
for evaluation of a cardiac murmur, echocardiography identi-
fied congenital cardiac lesions in 12% of subjects diagnosed
to have a functional murmur on history and physical exami-
nation performed by experienced congenital cardiologists.
For 152 individuals who underwent auscultation, the diag-
nosis by echocardiography was discordant in 19% of patients,
with a major discordance recorded in 6%.? In many cases,
echocardiography supplants invasive diagnostic techniques
in patients who proceed to complete repair, palliation, or
reoperation without the need for cardiac catheterization.
Transthoracic echocardiography (TTE) with two-dimensional
(2D) imaging and color* and spectral Doppler affords accurate
and complete characterization of cardiac anatomy and hemo-
dynamics in the majority of adults with congenital heart
disease. For patients with limited acoustic windows due to
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prior operations, body habitus, coexistent lung disease, or
atypical cardiac location within the chest, or those with
structures not accessible to TTE, transesophageal echocar-
diography (TEE) provides direct visualization with excellent
resolution.®™® In the operating room, TEE provides invaluable
assistance to the surgeon in determining the nature of the
surgery, assesses adequacy of repair, and rapidly identifies
any immediate complications, thus reducing operative mor-
bidity and mortality.”'° Interventional cardiologists use TEE
or intracardiac catheter-based echocardiography for guidance
during transcatheter procedures, especially for placement of
closure devices for atrial septal defects (ASD) or patent
foramen ovale (PFO).""" Three-dimensional echocardiogra-
phy, a promising technique with rapidly improving image
quality and speed of image acquisition and rendering, has
added to the understanding of congenital heart disease,
including ASD closure, and facilitated the diagnosis of cor
triatriatum, an uncommon congenital defect.'®?> Diagnosis
of cardiac abnormalities in utero by fetal echocardiography
promotes better counseling and education of families. In
addition, fetal echocardiography facilitates earlier planning
of postnatal management by physicians and parents, includ-
ing possible surgery.”®

Adults with previously undiagnosed congenital cardiac
defects, many with minimal hemodynamic consequences up
to that time, require a similar echocardiographic approach
to that called for in children. It is not unusual for a small
ASD without significant left-to-right shunt to be first diag-
nosed on routine TTE performed for other indications.
However, important differences exist between most adults
with previously diagnosed or repaired congenital heart
defects and their pediatric counterparts, and these differ-
ences necessitate additional considerations for the acquisi-
tion and interpretation of echocardiographic images in these
patients. Adults typically have more difficult acoustic
windows with less clear images than children owing to
larger body size, prior surgeries, and coexisting conditions
that can affect image quality such as lung disease. Echocar-
diographic contrast agents may improve diagnostic accuracy
for assessment of ventricular function and diagnosis of
certain anomalies such as apical hypertrophic cardiomyopa-
thy or noncompaction of the left ventricle in these patients.**
Age- and body habitus-associated changes in cardiac posi-
tion within the chest, cardiac malposition at baseline, or the
presence of conduits may require the use of multiple imaging
planes from varied ultrasound transducer positions on the
chest wall that differ from standard transducer locations.
“Adult” cardiovascular diseases like hypertension and ath-
erosclerotic coronary or peripheral arterial disease may alter
the “typical” physiology of a congenital defect; for example,
a small secundum ASD with no significant shunt when the
patient is 20 years of age may cause right ventricular volume
overload at age 50 when blood pressure is higher and ven-
tricular compliance is less. Patients with unoperated cardiac
lesions will exhibit expected complications of that defect as
determined by the underlying lesion. Importantly, adults
with congenital abnormalities that were “successfully”
repaired or palliated in childhood, including adults with
“cured” ASD and coarctation of the aorta, may have residua
or late complications of the repair or sequelae of unrepaired
components of the defect. The echocardiographer must have

knowledge of the echocardiographic features of the isolated
unrepaired defect, understand the potential repairs or correc-
tive operations for each defect (especially since the patient
may not know the nature of his operation), and examine for
potential complications, residua, or late sequelae of unoper-
ated defects or surgical repair or palliation. Thus, echocar-
diography in the adult with congenital heart disease demands
a thorough and careful systematic approach.

This chapter emphasizes the general approach to the
examination, outlines echocardiographic features of common
defects that may first appear in adulthood, briefly reviews
the echocardiographic characteristics of lesions that were
most likely diagnosed and operated in childhood, presents
the usual appearance of standard operative (and transcathe-
ter) procedures for congenital cardiac anomalies, and dem-
onstrates the echocardiographic findings of the most common
late complications or sequelae of palliation or correction.
Both 2D TTE and TEE have widespread use in these patients
and are presented in detail. M-mode echocardiography, which
at one time was utilized for the diagnosis of certain cardiac
defects, has minimal clinical application at present and is
not discussed. Like pediatric patients, adults with previously
undiagnosed congenital heart anomalies benefit from a
sequential, segmental approach for the determination cardiac
anatomy.

Indications and General Segmental
Echocardiographic Approac

The American College of Cardiology/American Heart Asso-
ciation Task Force on Practice Guidelines (Committee on
Clinical Applications of Echocardiography) noted the follow-
ing reasons for adult congenital patients to seek care from a
cardiologist and for which they might need an echocardio-
gram: (1) an initial diagnosis of congenital heart disease; (2)
a previously recognized congenital heart disease that is pres-
ently inoperable; (3) a progressive clinical deterioration, such
as ventricular dysfunction or arrhythmias due to the natural
history of their defect; (4) the patient becomes pregnant or
has other stresses such as noncardiac surgery or infection,
including infective endocarditis; (5) the patient has residual
defects after a palliative or corrective operation; (6) the patient
develops arrhythmias (including ventricular tachycardia,
atrial flutter, or atrial fibrillation) that may result in syncope
or sudden death; (7) a progressive deterioration of ventricular
function with congestive heart failure; (8) progressive hypox-
emia because of the inadequacy of a palliative shunt or the
development of pulmonary vascular disease; or (9) the patient
requires monitoring and prospective management to main-
tain ventricular or valvular function or to prevent arrhyth-
micorthromboticcomplications. The taskforcerecommended
that cardiac sonographers and physicians who perform and
interpret echocardiograms for these patients have special
competency in congenital heart disease or refer the patient
to a cardiologist (either adult or pediatric) who is trained in
the care of adults with congenital heart disease. Based on
these considerations and the available literature, the task
force issued guidelines for indications for the performance of
2D and Doppler echocardiograms in the adult patient with
congenital heart disease (Table 11.1).%
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TABLE 11.1. Indications for echocardiography in the adult patient with congenital heart disease

Class I

Patients with clinically suspected congenital heart disease, as evidenced by signs and symptoms

Patients with known congenital heart disease when there is a change in clinical findings
Patients with known congenital heart disease for whom there is uncertainty as to the original diagnosis or when the

precise nature of the defect is unclear

Periodic echocardiograms in patients with known congenital heart disease for whom ventricular function and

atrioventricular valve regurgitation must be followed

Patients with known congenital heart disease for whom pulmonary artery pressure is important

Periodic echocardiography in patients with surgically repaired or palliated congenital heart disease with the following:
change in clinical condition, clinical suspicion of residual defects, left or right ventricular function that must be
followed, the possibility of hemodynamic progression, or a history of pulmonary hypertension

To direct interventional catheter valvotomy (or other interventions as necessary) in the presence of complex cardiac

anatomy
Class IIb

Annual or biennial follow-up Doppler echocardiographic study in patients with known hemodynamically significant

congenital heart disease and no evident change in clinical condition

Class III

Multiple repeat Doppler examinations in a patient with repaired patent ductus arteriosus, atrial septal defect (ASD),

ventricular septal defect (VSD), coarctation of the aorta, or bicuspid aortic valve without change in clinical condition
Repeat Doppler examinations in patients with known hemodynamically significant congenital heart lesions

In general, the echocardiographic approach to the previ-
ously undiagnosed patient is anatomically sequential fol-
lowing the course of blood flow through a normal heart and
focusing on the presence or absence and location of cardiac
structures, with attention to morphology, relationships and
connections to one another. This approach is summarized
below. The sonographer must recognize that standard
imaging planes may not be helpful and adapt scanning as
necessary. “Unusual” transducer positions, including high
parasternal, laterally displaced apical, and even right-sided
or posterior thorax locations may be required to image
certain structures. Importantly, the ultrasound plane should
be purposefully aligned to visualize a specific structure of
interest. For previously operated patients, the cardiac sonog-
rapher must have knowledge of possible types of repairs for
a particular anatomic defect and use whatever clues are
available to examine the repair if the patient does not know
the nature of her surgery. For example, an adult with tetral-
ogy of Fallot who has an isolated scar on the right lateral
thorax and no right radial pulse may have been palliated in
childhood with a Blalock-Taussig shunt, and therefore might
need a right supraclavicular transducer position with
Doppler to evaluate for shunt obstruction and to estimate
pulmonary artery pressure. Finally, the examination must
include sufficient views to evaluate all intracardiac and
extracardiac structures, the normality or abnormality of
these structures, and the hemodynamic consequences of
anatomic alterations. The patient should not leave the labo-
ratory until every attempt has been made to answer all the
questions.

The first step of the examination, especially in the previ-
ously undiagnosed patient, is to determine visceral and atrial
situs and cardiac position within the chest (normal or levo-
cardia, dextrocardia, or mesocardia). This is most easily
accomplished from a subcostal transducer position and
transverse imaging plane in the upper abdomen. Since atrial
situs and visceral situs are usually concordant, a right-sided
liver and inferior vena cava and left-sided gastric bubble and
aorta are almost always associated with atrial situs solitus,
whereas a left-sided liver and right-sided gastric bubble indi-

cate atrial situs inversus. Since visceral-atrial discordance is
almost always accompanied by complex congenital defects,
it is usual that that diagnosis would already have been made
in childhood, so this is of little concern in the previously
undiagnosed adult. Additional clues to the determination of
atrial situs include the presence of the inferior vena cava
draining into an atrium (almost always the right atrium) and
atrial morphology. Some patients have an absent inferior
vena cava associated with anomalous drainage into the
azygous vein in the right chest, so the absence of the inferior
vena cava on ultrasound is not helpful in determining atrial
situs. The right atrium is broad-based and triangular (“puppy
dog’s ear” appearance) and is associated with a eustachian
valve while the left atrium is narrow-based, longer (“finger”
appearance), and is not associated with a eustachian valve.
In addition, the septal surface of the left atrium contains the
flap valve of the fossa ovalis. Rare patients have bilateral
right or left atria (isomerism) or have a common atrium with
no atrial septum.

Second, both systemic and pulmonary venous connec-
tions to the atria should be determined. In adults, only three
pulmonary veins are generally visualized on TTE (best seen
in the apical views). The right inferior pulmonary vein is
not seen. All pulmonary venous drainage into the left atrium
can be easily identified on transesophageal imaging. Third,
abnormalities of ventricular inflow such as tricuspid atresia
or cor triatriatum are assessed. Fourth, ventricular number,
morphology, relative size, position, and concordance with
the atria are determined. A ventricle is defined as a chamber
that receives at least 50% of the ventricular “inlet” or
fibrous ring of the atrioventricular (AV) valve. Neither AV
valve patency nor connection to an outlet is required. Cham-
bers that do not meet these criteria are termed rudimentary
chambers and may or may not have an outlet. The number
of ventricles is determined by the presence or absence of an
interventricular septum. If only one ventricle is present (e.g.,
double inlet left or right ventricle, possibly tricuspid atresia,
etc.), the morphology of the ventricle should be classified as
right, left, or indeterminate. Of note, the ventricle is almost
always concordant with the AV valve. That is, a tricuspid
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valve (three leaflet with chordal attachments to three papil-
lary muscles) regulates flow into a right ventricle, and a
mitral valve (two leaflets with chordal attachments to two
papillary muscles) regulates flow into the left ventricle. The
septal leaflet of the tricuspid valve inserts more apically
than the anterior leaflet of the mitral valve. The right ven-
tricle is generally heavily trabeculated while the left ven-
tricular endocardial surface is smooth. The presence of a
moderator band defines a right ventricle. Fifth, abnormali-
ties of cardiac septation such as ASD, ventricular septal
defect (VSD), and AV septal defect (AV canal or endocardial
cushion defect), including direction and magnitude of shunt,
are assessed.

Sixth, ventriculoarterial concordance and great vessel
number and relationships are elucidated. Normally, the mor-
phologic right ventricle is anterior and to the right of the
morphologic left ventricle and gives rise to a pulmonary
artery that is anterior and to the left of the aorta. The mor-
phologic left ventricle gives rise to an aorta that is posterior
and to the right of the pulmonary artery. Since the great
arteries normally arise in orthogonal planes, their long axes
are perpendicular on echocardiogram. In the parasternal and
subcostal short axis views, the aorta and aortic valve appear
in short axis posterior and to the right of the pulmonary
artery and right ventricular outflow tract, which are visible
in long axis, the typical “circle and sausage” appearance. In
the two forms of ventriculoarterial discordance (transposi-
tion complexes), the great arteries arise in parallel; thus,
both appear as “circles” with varied anteroposterior and
lateral relationships in the parasternal short axis and in
longitudinal plane in the parasternal long axis views, respec-
tively. In d-transposition of the great arteries, the atria and
ventricles are concordant with normal anteroposterior
and right-left position of the ventricles, but the aorta arises
anteriorly from the right ventricle. The pulmonary artery
arises posteriorly and then bifurcates, an appearance readily
identified on echocardiogram and key to differentiating
the two great arteries. In I-(congenitally corrected) transposi-
tion, there is atrioventricular and ventriculoarterial discor-
dance, so that the morphologic right ventricle lies posterior
and to the left of the left ventricle and gives rise to an
aorta while the morphologic left ventricle lies anterior
and to the right and gives rise to a pulmonary artery. This
often is best thought of as “ventricular inversion” since
there is no mixture of deoxygenated and oxygenated blood
in the isolated form of this defect and patients are not
cyanotic.

Seventh, the right and left ventricular outflow tracts,
including subvalvular, valvular, supravalvular, and distal
great arteries must be evaluated for the presence of obstruc-
tive lesions such as pulmonary valve stenosis, branch pul-
monary artery stenosis, discrete subaortic membranes, and
even coarctation of the aorta. Finally, attention is turned to
the evaluation of native shunts (e.g., patent ductus arteriosus,
aortopulmonary windows, ruptured sinus of Valsalva aneu-
rysm, or systemic to pulmonary artery collaterals), and post-
operative structures (patches, conduits, surgically created
systemic to pulmonary shunts, Fontan circuits, etc.). In some
younger adults with excellent acoustic windows, origins of
coronary arteries can be identified in the parasternal short
axis view.

Abnormalities of Cardiac Septation

Atrial Septal Defect

The most commonly diagnosed congenital cardiac defect in
adulthood, aside from bicuspid aortic valve, is ASD, which
accounts for almost 30% of all first congenital cardiac diag-
noses in adults. It occurs due to failure or incomplete devel-
opment of portions of the interatrial septum and is classified
by the embryologic segment of the septum involved by the
defect. The ostium primum ASD, actually a type of endocar-
dial cushion defect often called a “partial” AV canal, is char-
acterized by the absence of the primum septum at the AV
junction or crux of the heart, is usually accompanied by
abnormalities of the anterior mitral valve leaflet in the form
of a cleft, and represents approximately 15% of ASD in adults.
Approximately 75% of ASDs are of the ostium secundum
type, which is caused by a defect in portions of the membra-
nous fossa ovalis (secundum septum). The atrial septal aneu-
rysm, which may be congenital or acquired, occurs when the
membranous flap of the fossa ovalis protrudes with a “wind-
sock”-like appearance into one or the other atrium and may
demonstrate mobility during the cardiac cycle. Atrial septal
aneurysms may have multiple small fenestrations that are
not visible on color Doppler. Occasionally, especially if a
PFO or multiple fenestrations are present with right-to-left
shunt, an aneurysmal atrial septum may be associated with
paradoxical embolization. Patent foramen ovale, persistence
of the normal embryologic state of an open flap valve of the
fossa ovalis, occurs in approximately 20% to 25% of all
adults, is not due to absence of atrial septal tissue, and should
not be confused with ASD. As noted previously, PFO, espe-
cially in patients with atrial septal aneurysm, may be associ-
ated with paradoxical thromboembolism. Sinus venosus
ASD, caused by absence of the basal segment of the inter-
atrial septum most commonly at the superior vena cava
(SVC) and rarely at the inferior vena cava (IVC) junction with
the atrium, accounts for 10% to 15% of ASD in adulthood.
Sinus venosus ASD is frequently associated with anomalous
drainage of one or more pulmonary veins usually into the
right atrium or SVC. The least common type of ASD is the
unroofed coronary sinus with direct communication between
the coronary sinus and the left atrium resulting in a left-to-
right shunt.

In the situation of a previously undiagnosed ASD in the
adult, an echocardiogram is typically ordered to evaluate
symptoms of dyspnea, effort intolerance, atrial arrthythmias,
or even neurologic symptoms suspicious for an embolic
event. Indirect echocardiographic evidence of enlargement
and volume overload of the right ventricle may first raise the
possibility of a significant left-to-right shunt from an ASD
and was one of the first characteristics of ASD described on
M-mode and 2D echocardiogram.?¢-*! In addition to findings
of dilation of the right ventricle, the interventricular septum
will be noted to move paradoxically (Fig. 11.1). Motion of the
interventricular septum is dependent on the relative pres-
sures of the right and left ventricles during systole and dias-
tole. In right ventricular volume overload due to significant
left-to-right shunting through an ASD, the relative pressures
in the ventricles equalize in diastole, resulting in character-
istic diastolic flattening of the septum. The left ventricular



ECHOCARDIOGRAPHY

FIGURE 11.1. (A,B) Parasternal short axis view of the ventricles
demonstrating paradoxical septal motion of right ventricular volume
overload. In diastole (A), right ventricular pressure equals left ven-
tricular pressure, the interventricular septum is flat (arrow), and the

cavity assumes a D-shape in diastole as viewed from para-
sternal short axis view of the 2D echocardiogram. In systole,
left ventricular pressure exceeds right ventricular pressure
(the normal hemodynamic state) and the interventricular
septum resumes its normal circular geometry. In patients
with ASD and pulmonary hypertension, right ventricular
pressure will equal left ventricular pressure throughout the
cardiac cycle and the ventricular septum will remain flat-
tened in both diastole and systole, referred to as a right ven-
tricular pressure overload appearance.®*** In children with
ASD, 2D and spectral Doppler have been used to quantitate
the pulmonary to systemic blood flow ratio (Qp/Qs) with
fairly good correlation with that determined by cardiac
catheterization.?*3* However, in adults, correlation between
echocardiographic methods of shunt quantification and cath-
eterization is poor; echocardiographic shunt quantification
is not of practical use in adults.?

Most ostium secundum and ostium primum ASDs are
accurately diagnosed with the combination of transthoracic
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FIGURE 11.2. (A,B) Transesophageal echocardiogram of an ostium
secundum atrial septal defect (ASD) in the long axis plane. The
defect is in the region of the fossa ovalis with a rim of superior
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left ventricle is D-shaped. In systole (B), left ventricular pressure is
greater than right ventricular pressure and the ventricle resumes its
normal circular geometry.

2D and Doppler echocardiography. In one study, ASD was
accurately diagnosed and categorized as primum, secundum,
or sinus venosus in 47 of 50 adults using 2D and color Doppler
imaging. Three of five sinus venosus defects proven at surgery
were missed on TTE.* The presence of a secundum ASD
may be suggested on the apical four-chamber view by abrupt
dropout of echoes in the area of the fossa ovalis with bright
side lobe artifacts producing an inverted T-shape.?” Because
the interatrial septum is parallel to the ultrasound beam
when the transducer is in the apical position, attenuation of
the ultrasound beam and the relative thinness of the mem-
branous part of the septum compared to the muscular portion
may result in a false-positive diagnosis of secundum ASD by
2D TTE. The appearance of a color flow signal from the left
to right atrium in the apical view can assist in the diagnosis
of secundum defects. Transesophageal echocardiography is
excellent for localizing the defect (Fig. 11.2). When the ultra-
sound transducer is in the subcostal location with a trans-
verse imaging plane, the interatrial septum is perpendicular
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limbus tissue between the superior vena cava (SVC) and the defect
(A). Color Doppler flow imaging (B) shows a large left-to-right shunt.
LA, left atrium; RA, right atrium.
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FIGURE 11.3. (A,B) Transesophageal echocardiogram of an ostium
primum ASD. The defect is seen at the junction of the interatrial
septum and ventricular septum at the level of the atrioventricular

to the beam of the ultrasound and ASDs may be viewed more
directly. In 154 adults with documented ASD in whom ade-
quate subcostal views could be obtained, 89% of secundum,
100% of primum, and 44% of sinus venosus defects were
successfully visualized.®*® Ostium primum defects are easily
identified on TTE in either the apical four-chamber or sub-
costal views and on TEE as echo dropout in the lower portion
of the interatrial septum at the level of the AV valves (Fig.
11.3). When a primum ASD is recognized, a cleft in the ante-
rior leaflet of the mitral valve may be seen on the parasternal
short axis view of the ventricle at valve level, and eccentric
mitral regurgitation is almost always present on color Doppler
imaging (Fig. 11.4). It is not unusual to visualize a small
aneurysm of the inlet portion of the interventricular septum
beneath the tricuspid valve that may be formed when some
of the septal leaflet of the valve has sealed over a ventricular
septal defect that was originally part of the endocardial
cushion defect.

Sinus venosus ASDs are frequently missed on 2D TTE
and color Doppler because of the posterior location of the
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FIGURE 11.4. Color jet of mitral regurgitation in the left atrium on
apical four-chamber view in a patient with ostium primum ASD.
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(AV) valves (A, arrow). Shunting is primarily left-to-right on color
Doppler with a zone of flow convergence seen on the left atrial side
of the septum (B).

defect and the distance of the defect from the ultrasound
beam; if seen at all, they are best visualized from the subcos-
tal view in adults. The existence of a sinus venosus ASD is
often suggested when no definite secundum or primum ASD
is seen on 2D or color Doppler but right ventricular enlarge-
ment with right ventricular volume overload motion of the
interventricular septum is present. The appearance of micro-
bubbles in the left atrium shortly after the appearance of
bubbles in the right atrium subsequent to injection of agitated
saline into a peripheral vein further suggests the diagnosis.

Saline contrast injections can be used to diagnose all
forms of ASD. A “positive” saline contrast study with appear-
ance of bubbles in the left atrium, however, documents only
the existence of a right-to-left shunt which could result from
intracardiac shunts other than ASD, including pulmonary
arteriovenous malformations or systemic to pulmonary
artery collaterals. The appearance of bubbles in the left
atrium occurring six or more cardiac cycles after appearance
in the right atrium should suggest an intrapulmonary right-
to-left shunt. The sensitivity of saline contrast study for the
diagnosis of ASD or PFO can be increased by asking the
patient to perform a Valsalva maneuver to transiently increase
right-sided intracardiac pressures and increase the shunt
during the contrast injection.*~** More specific for the diag-
nosis of atrial septal defect is a “negative contrast” study in
which a “clear space” appears in the microbubble opacifica-
tion of the right atrium due to left-to-right shunting of
unopacified blood across the ASD (Fig. 11.5).** False-positive
“megative contrast” effects can occur in the absence of ASD
due to unopacified blood flowing into the right atrium from
the inferior vena cava, coronary sinus, or anomalous pulmo-
nary veins. Both PFO and atrial septal aneurysm (Fig. 11.6)
with PFO can be associated with right-to-left or left-to-right
shunting on contrast study. For the diagnosis of right-to-left
shunt through a patent foramen ovale or atrial septal aneu-
rysm and the detection of a source of cardiac embolus in
patients with unexplained cerebral ischemia, TEE is superior
to TTE.*-*

Because of its close proximity to the interatrial septum
and obviation of most acoustic impediments, TEE generates
high-resolution images and is ideally suited for the diagnosis
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FIGURE 11.5. (A,B) Saline contrast injection in a patient with
ostium secundum ASD. (A) Microbubbles are seen crossing the
interatrial septum from the right into the left atrium (arrow). (B) A

and characterization of ASD. In studies of patients with
known secundum ASD, TEE was superior to TTE for the
diagnosis of ASD.?® Defect size measured by TEE showed
good correlation with defect size found at surgery.>* Because
TEE provides complete characterization of the interatrial
septum, it is the diagnostic procedure of choice for visualiz-
ing sinus venosus ASD to both the SVC (Fig. 11.7) and the
IVC (Fig. 11.8).>® The longitudinal esophageal plane is the
most useful for diagnosis of sinus venosus ASD on TEE. In
a study of 25 adults with sinus venosus ASD on TEE, only
three patients had defects that were clearly defined by TTE,
though another 11 had venosus ASD suspected on the basis
of color flow mapping, while another 10 adults were evalu-
ated to find the cause of unexplained right-heart enlargement
on TTE. The importance of TEE in these patients was further
emphasized by the finding of 37 anomalous pulmonary veins
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FIGURE 11.6. Atrial septal aneurysm. In the parasternal short axis
view, a bulging of the interatrial septum with displacement of the
septum into the right atrium is noted (arrow). A displacement of
lcm into either atrium is the typical criterion for the diagnosis of
ASA. The ASA may demonstrate mobility with the respiratory
cycle. RA, right atrium; LA, left atrium.
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negative contrast effect is demonstrated when unopacified blood
from the left atrium passes into the right atrium (arrow), creating
an echocardiographic “clear space.”

preoperatively in 23 of 25 patients, requiring alterations in
operative approach.’® In the most common form of partial
anomalous pulmonary venous return, the right upper pulmo-
nary vein is seen entering the atrium at the junction of the
sinus venosus defect and the SVC with color flow directed
into the right atrium, but one or more pulmonary veins may
drain into the SVC directly, into the IVC, or into a hepatic
vein. Every attempt should be made to identify all pulmo-
nary venous connections in the patient undergoing TEE for
ASD. Occasionally, anomalous pulmonary veins occur in
patients with secundum ASD, so these should be sought in
all patients with secundum ASD. In the rare patient with the
unroofed coronary sinus defect, TEE may image the connec-
tion between the coronary sinus and the left atrium, and
left-to-right shunt may be seen on color flow mapping.

Like patients with ostium secundum and ostium primum
ASD, patients with sinus venosus ASD do not require routine
preoperative cardiac catheterization if pulmonary hyperten-
sion is not demonstrated.””*® For adults with suspected
secundum ASD, TEE provides significant useful information
if transcatheter closure of the ASD is being considered.”
With appropriate experience, the size of the ASD on TEE can
be used to assist in device size selection.®® Closure devices
for ASD require that an adequate “rim” of septal tissue be
present on all edges of the defect to ensure adequate seating
of the device. This can be quantified by TEE or by intracar-
diac echocardiography. Three-dimensional reconstruction of
TEE images of the interatrial septum may provide additional
information to the interventional cardiologist for device
selection and assessment of deployment.®® Also, TEE can
identify multiple defects for which additional closure devices
might be necessary and identify anomalous pulmonary
venous drainage, which might necessitate a surgical rather
than transcatheter approach. Recently, intracardiac echocar-
diography has been used in the catheterization laboratory to
monitor percutaneous closure of ASD or PFO and may be less
expensive than TEE with equivalent success.®*-%* On echo-
cardiography, the ASD occluder device appears as linear
bright echoes on either side of the interatrial septum (Fig.
11.9) and should be examined for security of its seating on
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FIGURE 11.7. (A,B) Sinus venosus ASD to the superior vena cava (arrow) immediately beneath the superior vena cava (A). Color
on transesophageal echocardiography (TEE) in the long axis view. Doppler shows the left-to-right shunt (B). LA, left atrium; RA, right

The defect is visualized in the most superior portion of the septum atrium.
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FIGURE 11.8. (A,B) Sinus venosus ASD to inferior vena cava. The defect (arrow) is seen in the inferior portion of the septum adjacent to
the coronary sinus (cs) in (A) with large left-to-right shunt demonstrated in (B). RA, right atrium; LA, left atrium.
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FIGURE 11.9. (A,B) An ASD septal occluder device seated on the interatrial septum. The device is seen as parallel linear echoes on either
side of the septum (arrow) on the apical four-chamber view of TTE (A) and TEE (B).
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the septum and residual shunt on color Doppler flow mapping.
Although the frequency of serial follow-up in adults with
corrected ASD has not been established, these patients may
develop late atrial arrhythmias or pulmonary hypertension
and require continued monitoring.

Ventricular Septal Defect

The most common congenital cardiac defect diagnosed in
childhood, VSD is much less commonly diagnosed in adults,
in large part because 60% of small VSDs close spontaneously
before the teenage years. The remainder of VSDs have already
been repaired by adulthood or are large and associated with
fixed pulmonary vascular disease, absence of murmur, rever-
sal of the intracardiac shunt (Eisenmenger’s syndrome), and
cyanosis. A more common scenario is the adult with a loud
murmur and small, hemodynamically insignificant VSD.
Rarely, an adult may present with a moderately sized VSD
and symptoms of heart failure. Because small VSDs confer a
significant risk of endocarditis and larger VSDs are associ-
ated with a much higher risk of pulmonary hypertension
than ASDs, the echocardiographic recognition of VSD is
essential for these patients.

Defects of the ventricular septum are classified by ana-
tomic location as viewed from the right septal surface. The
most common type of VSD, making up 70% of all VSDs,
occurs in the membranous septum often with involvement
of adjacent muscular tissue beneath the crista supraventricu-
laris when viewed from the right ventricle and under the
aortic valve when viewed from the left. This defect is more
properly termed a perimembranous VSD but is also called a
subaortic VSD and is a type of outlet VSD. Defects in the
muscular portion of the septum are the next most common
accounting for 20% of VSD and may occur anywhere in the
septum from inlet to trabecular to outlet. Muscular VSDs
may be multiple in which case they are termed Swiss-cheese
defects and are the most difficult to identify echocardio-
graphically. Defects located beneath the pulmonic valve,
another form of outlet VSD, are referred to as supracristal,
doubly committed, or subpulmonic VSDs and represent
approximately 5% of all VSD. Because supracristal VSDs
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FIGURE 11.10. (A,B) Perimembranous VSD. The defect in the
region of the membranous interventricular septum is not well seen
on the parasternal long axis view of the TTE (A, arrow). It is char-

287

undermine the aortic annulus, prolapse of an aortic cusp can
occur with the development of aortic insufficiency, which, if
more than mild, constitutes an indication for closure of even
small supracristal VSDs. Rarely occurring in isolation,
defects of the inlet septum occur beneath the septal leaflet
of the tricuspid valve and are often accompanied by defects
of the primum portion of the atrial septum as part of an AV
septal or endocardial cushion defect also known as an AV
canal.

Because of the complex, curved shape of the ventricular
septum, multiple transducer locations and imaging planes
with both 2D and color and spectral Doppler must be used
to interrogate the entire septum. The sensitivity and specific-
ity of echocardiography for the diagnosis of VSD are related
to the size and location of the defect. The best views of a
particular defect occur when the defect is perpendicular to
the ultrasound beam. Because a significant length of septum
is perpendicular to the ultrasound plane and axial resolution
is best when the transducer is the subcostal location, subcos-
tal views may be helpful, especially in thin adults.®® The
hallmark of VSD on 2D echocardiography is echo dropout of
the ventricular septum. The finding of a T-sign in the apical
views increases the specificity for the diagnosis of VSD in
the same fashion as for ASD.®~® Frequently, the VSD is not
well visualized on 2D imaging, but high-velocity turbulent
flow in systole on color Doppler provides a definitive
diagnosis.”

Surface TTE is approximately 80% to 90% sensitive for
the diagnosis of perimembranous VSD. Perimembranous
defects are best visualized in the parasternal long axis and
parasternal short axis views. In the parasternal long axis
view, the defect appears immediately below the aortic valve.
In small, restrictive perimembranous VSDs, a turbulent sys-
tolic jet passes from the left ventricular outflow tract into
the right ventricle through the defect (Fig. 11.10). It is impor-
tant to remember that large VSDs with equalization of right
and left ventricular pressure may be seen as a sizable defect
with no turbulent systolic flow on color Doppler. In the
parasternal short axis view at the level of the aortic valve,
the turbulent jet is seen to the left of midline near the inser-
tion of the tricuspid valve at the 10 o’clock position if the
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acterized by turbulent flow from the left to the right ventricle on
color flow Doppler (B).
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FIGURE 11.11. Color Doppler in the parasternal short axis view
showing a turbulent jet immediately inferior to the tricuspid valve
seen at approximately the 10 o’clock position on the clock face of
the aortic valve (Ao).

aortic valve is considered to be a clock face (Fig. 11.11). Supra-
cristal VSDs are also best seen in the parasternal short axis
view at the base of the heart and appear as a systolic color
flow jet just beneath the pulmonic valve at the 2 o’clock
position on the aortic valve. Small supracristal VSDs may be
missed, especially if careful color Doppler imaging is not
performed. The highest sensitivity of echocardiography in
VSD is for inlet defects, which are best seen in the apical
four-chamber view (Fig. 11.12). For uncomplicated inlet VSD
without an atrial component, the septal leaflet of the tricus-
pid valve originates from its normal apically displaced posi-
tion relative to the mitral valve. In AV canal-type defects,
both AV valves are in the same plane and their chordal
attachments must be determined.

On occasion, the septal leaflet of the tricuspid valve may
partially close an inlet VSD, and a rare type of communica-
tion between the left ventricle and the right atrium called a
Gerbode defect may result.”! Muscular VSDs, when small,
are the most difficult to identify on TTE, with sensitivity as
low as 50% for their detection. Color Doppler must be per-
formed of the entire expanse of the ventricular septum in
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FIGURE 11.12. Large inlet VSD. The defect in the interventricular
septum (arrow) is seen in the superior septum at the crux of the
heart in the apical four-chamber view.

multiple views including parasternal long axis, parasternal
short axis from apex to base, subcostal long and short axes,
and apical views if a muscular VSD is suspected. Some mus-
cular VSDs appear as narrow channels in the ventricular
septum with openings into the left and right ventricles at
different levels on the septum (Fig. 11.13). In adults, it is not
uncommon to find a ventricular septal aneurysm in the
region of the membranous septum, which appears as a thin
membrane that bulges into the right ventricle, rarely causing
right ventricular outflow tract obstruction, and may incor-
porate a portion of the septal leaflet of the tricuspid valve.”
The septal leaflet can completely or only partially seal the
perimembranous defect, and this can be best visualized by
color Doppler in the parasternal long axis view (Fig. 11.14).
Although 2D and color Doppler can identify the presence
and estimate the size of VSDs, continuous wave spectral
Doppler accurately quantitates the pressure gradient between
the left and right ventricles. By measuring systemic pressure
with a blood pressure cuff and subtracting the pressure gradi-
ent between the left and right ventricle, the right ventricular
systolic pressure can be estimated. In the absence of pulmo-
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FIGURE 11.13. (A,B) Muscular VSD in the midportion of the trabecular septum (arrow) in the apical four-chamber view (A) with high-
velocity color jet from left to right (B). LV, left ventricle; LA, left atrium; RA, right atrium.
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FIGURE 11.14. Parasternal long axis view of ventricular septal
aneurysm. Parts of the septal leaflet of the tricuspid valve partially
seal over a perimembranous VSD. This is seen as a localized bulge

nary outflow obstruction, the pulmonary systolic pressure
can be inferred from the right ventricular systolic pressure.
With careful alignment of the Doppler cursor with the tur-
bulent jet on color flow imaging, the peak velocity of the VSD
jet can be measured (Fig. 11.15). Using the modified Bernoulli
equation in the usual fashion,

Peak gradient = 4 x V* (peak velocity squared)

the peak gradient between the ventricles is calculated.”>"

Small restrictive VSDs will have high gradients, often in
excess of 100mmHg, whereas large, nonrestrictive VSDs
have low or no gradients, reflecting the fixed pulmonary
hypertension that is present in most adults with the defect.

The normal postoperative appearance of the septum after
surgical closure is typified by a bright linear echo on the
right ventricular side of the defect if a prosthetic patch was
used.” Dehiscence of the patch may be visualized from mul-
tiple views by a turbulent systolic jet on color Doppler at the
margin of the patch (Fig. 11.16) or mobility of the echodense
patch into the right ventricle in systole.”” Echocardiography
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FIGURE 11.15. Continuous wave Doppler of restrictive perimem-
branous VSD with peak velocity approximately 5.6m/sec. The peak
pressure gradient between the left and right ventricle is calculated
to be 125 mmHg by the modified Bernoulli equation.
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of the membranous septum (arrow) into the right ventricle (A). Color
Doppler flow confirms the VSD (B).

is integral to the assessment of other complications of VSD
including evaluation of aortic insufficiency in patients with
supracristal VSD who have prolapse of a (usually right) coro-
nary cusp into the defect,”® pulmonary hypertension, or
endocarditis with vegetation™ typically of right heart struc-
tures at the site of jet impingement. Infrequently, an adult
may present who underwent banding of the pulmonary
artery (PA) in childhood to protect from fixed pulmonary
vascular disease, but never proceeded to closure of the defect.
An example of a PA band in an adult patient with a nonre-
strictive VSD and pulmonary hypertension is shown in
Figure 11.17. By measuring the systemic blood pressure by
cuff and subtracting the sum of the peak gradient across the
VSD and the peak gradient across the PA band, PA systolic
pressure can be estimated. A recent development is the
closure of perimembranous and muscular VSDs using trans-
catheter closure devices.®®

Atrioventricular Septal Defects (Atrioventricular
Canal or Endocardial Cushion Defect)

Atrioventricular septal defects occur due to failure of fusion
of the inferior and superior endocardial cushions to varying
degrees, with abnormalities of the AV junction ranging from
isolated primum ASD with cleft mitral valve (MV) and
isolated inlet VSD (“partial” AV canal with separate AV
valves) to complete AV canal with a spectrum of abnormali-
ties of the AV valves. Echocardiography with color Doppler
canreadily determine the size and extent of the septal defects,
the nature of the shunt, and the morphology of the AV valves.®
The extent of the atrial and ventricular components of the
defect is best gauged in the apical four-chamber or subcostal
views. In these views, the nature of the AV valve(s) and attach-
ments should be carefully explored. Some patients may have
a single (common) AV valve (Fig. 11.18). In the patient with
two AV valves in the same plane, chordal attachments of the
valves must be elucidated. The presence of a straddling AV
valve with chordal attachments crossing the septal defect to
insert into the opposite ventricle makes the surgical repair
more complex than does an overriding valve that overlies
the AV septal defect but has no chordal attachment to the
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FIGURE 11.16. (A,B) Prosthetic VSD patch dehiscence. In the para-
sternal short axis view, a bright linear echo is seen on the right
ventricular side of the inferior septum (large arrow) with associated
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FIGURE 11.17. (A,B) In the high parasternal view, there is a band
noted on the main pulmonary artery (arrow) just distal to the pul-
monic valve (A). The peak gradient across the pulmonary artery
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FIGURE 11.18. (A,B) Atrioventricular septal defect (AV canal or
endocardial cushion defect). In the apical four-chamber view, a large
defect involving the superior portion of the atrial septum (top large
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echo dropout of the defect (small arrow) (A). Flow across the defect
is seen on color Doppler (B).
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arrow) and the inferior portion of the ventricular septum (bottom
large arrow) is seen (A). The common AV valve is seen in diastole
(small arrows) in A and in systole (large arrow) in B.
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FIGURE 11.19. Color Doppler flow image of regurgitation of the AV
valve in a patient with AV septal defect.

opposite ventricle. In patients with a primum ASD, the asso-
ciated cleft anterior mitral valve leaflet is best directly visual-
ized in the parasternal short axis view, though the eccentric
mitral regurgitation may be appreciated in the apical views.
Although most patients present after having been repaired in
childhood, some adults, particularly patients with Down syn-
drome who were not operated, present with pulmonary
hypertension and cyanosis. Atrioventricular valve regurgita-
tion (Fig. 11.19) is common in these patients.

Abnormalities of Venous Inflow

The most frequent congenital anomaly of systemic venous
inflow is persistence of a left SVC, which is found in approxi-
mately 0.5% of the general population and up to 10% of
patients with other congenital heart defects. Embryologic
resorption of the right-sided SVC in utero is rare in these
patients, and an absent right SVC was seen in only three of
10 patients evaluated by magnetic resonance imaging.®® The
left SVC usually drains directly into the coronary sinus and
then to the right atrium with no physiologic consequences,
but on rare occasion will drain into the left atrium or pul-
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FIGURE 11.20. (A,B) Persistent left superior vena cava. In the para-
sternal long axis view, a dilated coronary sinus (cs) is seen posterior
to the left atrium in the AV groove (A). When agitated saline is
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FIGURE 11.21. Transesophageal echocardiogram of complete
eustachian valve. The eustachian valve is the flap valve of the infe-
rior vena cava (arrow). SVC, superior vena cava; RA, right atrium;
LA, left atrium.

monary vein. Most often, a persistent left SVC is suspected
when a dilated coronary sinus that appears as a large circular
structure in the posterior AV groove is noted on the paraster-
nal long axis view of the TTE. Persistence of the left SVC is
the most common cause of a dilated coronary sinus on TTE.
The coronary sinus can also be visualized with steep poste-
rior angulation in the apical four-chamber view as a longitu-
dinal structure behind the left atrium draining into the right
atrium. In adults, the actual left SVC is not often directly
visualized. Instead, the diagnosis is clinched by injection of
agitated saline into a peripheral vein in the left arm. In this
instance, bubbles will first be seen in the coronary sinus
followed by opacification of the right heart (Fig. 11.20).34%"
Injection of agitated saline into a vein in the right arm pro-
duces direct opacification of the right heart without opacifi-
cation of the coronary sinus. Although not an abnormality,
a prominent or “complete” eustachian valve at the junction
of the inferior cava extending to a varied degree to the ostium
of the coronary sinus warrants mention (Fig. 11.21) because
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injected in a peripheral vein in the left arm, bubbles appear first in
the coronary sinus and then the right atrium and ventricle (B,
arrows). RV, right ventricle.
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it can cause confusion and misdiagnosis as thrombus or
vegetation.

Anomalous pulmonary venous drainage in adults is most
frequently seen in association with a sinus venosus defect,
but may be an isolated abnormality with one or more pul-
monary veins draining into the SVC, IVC, right atrium, or
hepatic vein. Unrepaired total anomalous pulmonary venous
return is not seen in adults. In adults with normal pulmo-
nary vein anatomy, the right superior, and left superior and
inferior pulmonary veins may be identified draining into the
left atrium in the apical four-chamber view. The right infe-
rior pulmonary vein is not visualized in adults on TTE.
Often the only clue to the presence of isolated anomalous
pulmonary veins is enlargement of the right heart with no
right-to-left shunt on saline contrast injection. Preoperative
identification of abnormal pulmonary vein drainage in
patients with ASD is important for defining the approach to
these patients since a procedure to baffle flow from the vein
to the left atrium will be necessary in addition to repair of
the defect. For these patients, TEE is more accurate than TTE
for the diagnosis of anomalous pulmonary veins.®**> Con-
genital stenosis of pulmonary veins is not seen in the adult
population. However, TEE has proved useful for arrhythmia
mapping in the pulmonary veins during radiofrequency abla-
tion of atrial fibrillation and diagnosing pulmonary vein
stenosis that can occur as a late complication of the
procedure.****

Abnormalities of Ventricular Inflow

The most common anomalies involving the inflow tract of
the right ventricle are tricuspid atresia or hypoplasia and
Ebstein’s anomaly. Patients with tricuspid atresia have an
obligate intraatrial communication and usually have associ-
ated hypoplasia of the right ventricle. Because these patients
are generally managed as patients with single ventricle physi-
ology, they will be considered in the section on single
ventricles.

Ebstein’s anomaly, an abnormality of tricuspid valve
development, is characterized by apical displacement of the
insertion of the septal (and sometimes posterior) leaflet of
the tricuspid valve and variable elongation of the anterior
leaflet, designated a “sail” leaflet owing to its resemblance
to the sail of a ship. There is a wide spectrum of tethering
of the anterior leaflet to the ventricle by multiple abnormal
short chords. This abnormality results in apical displace-
ment of the tricuspid valve coaptation point into the right
ventricle with “atrialization” of the inlet portion of the right
ventricle as a consequence. Ebstein’s anomaly, often accom-
panied by a secundum ASD or PFO, most often presents in
childhood with signs of right heart failure or cyanosis and
has a less favorable prognosis in this population. In many
instances, however, Ebstein’s does not present until adult-
hood, even in patients with severe apical displacement of
the tricuspid valve. In one study of 72 adults diagnosed
with Ebstein’s anomaly, the mean age at first diagnosis was
24 years.”® In general, suitability for tricuspid valve repair
versus replacement is determined by valve morphology, and
prognosis is related to the size of the functional right
ventricle.

The tricuspid valve morphology, chordal attachments,
and functional right ventricular size can be accurately
assessed using multiple views on TTE.”*” The degree of
apical displacement of the septal leaflet is best estimated
from the apical four-chamber view. Because some degree of
apical displacement of the septal leaflet is present in the
normal heart and may be accentuated by right ventricular
enlargement from any cause, echocardiographic criteria have
been developed to make the diagnosis of Ebstein’s anomaly
in adults. In one study, an absolute value of 20-mm displace-
ment of the septal tricuspid leaflet relative to the insertion
point of the anterior leaflet of the mitral valve was used. In
other studies, a distance of 8§mm/m®* when normalized to
body surface area provided an accurate diagnosis of Ebstein’s.*®
Tethering of the anterior leaflet should be evaluated in the
apical four-chamber view (Fig. 11.22). Assessment of tether-
ing of the anterior leaflet and functional right ventricular
size may also be performed in the right ventricular “inflow”
view obtained by anterior and medial angulation of the ultra-
sound beam from a left parasternal long axis transducer
position. A functional right ventricle area smaller than 35%
of the total ventricle and extensive tethering of the anterior
leaflet portend a less favorable surgical outcome.”” In unoper-
ated adults with Ebstein’s, the septal leaflet attachment ratio,
defined as the distance from the AV valve annulus to the
distal attachment of the septal leaflet divided by the total
ventricular septal length in the four-chamber view at end
diastole, did not correlate with the percent of atrialized area
of the right ventricle. However, a higher index (indicating
more severe apical displacement) was associated with worse
prognosis for survival.”® Both TTE?” and TEE” can be used
to assess suitability for and adequacy of tricuspid valve
reconstruction. In Ebstein’s anomaly, there is usually severe
tricuspid regurgitation with the origin of the color Doppler
jet occurring at the coaptation point of the tricuspid valve,
close to the right ventricle apex (Fig. 11.23).
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FIGURE 11.22. Apical four-chamber view of Ebstein’s anomaly.
The origin of the septal leaflet of the tricuspid valve (large arrow) is
displaced toward the right ventricle (RV) apex. The anterior “sail
leaflet” (small arrows) is elongated with multiple chordal attach-
ments to the anterior wall of the RV. There is a large area of atrial-
ized RV superior to the valve. RA, right atrium.
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FIGURE 11.23. Color Doppler flow image of Ebstein’s anomaly in
the apical four-chamber view. The origin of the jet of tricuspid
regurgitation (arrow) is displaced far toward the right ventricular
apex.

Obstruction to inflow of the left ventricle can take the
form of cor triatriatum, mitral supravalvular ring, congenital
mitral stenosis, or mitral atresia (usually as part of complex
left ventricular inflow and outflow obstructive lesions known
as Shone complex). Shone complex is always diagnosed in
infancy and childhood and therefore will not be dealt with
here.

Cor triatriatum, caused embryologically by incomplete
resorption of the floor of the common pulmonary vein as it
merges with the roof of the left atrium, is characterized by
the presence of a perforated membrane that divides the left
atrium into a superior chamber that receives the pulmonary
veins and an inferior chamber associated with the left atrial
appendage and the mitral valve. In most instances, the
opening in the membrane is restrictive. Patients present with
symptoms of left ventricular inflow obstruction with pulmo-
nary congestion. Asymptomatic adults with cor triatriatum
first identified as an incidental finding on TTE may have a
nonrestrictive membrane. Cor triatriatum is usually readily
identified on TTE.!>!" The membrane is often identified on
TTE in the parasternal views where it is seen in the left
atrium inserting anteriorly at the level of the posterior wall
of the aorta and coursing to the posterior left atrial wall (Fig.
11.24). However, the membrane is best visualized on TTE in
the apical view in the middle left atrium since it is perpen-
dicular to the ultrasound beam (Fig. 11.25). The left atrial
appendage may be identified in the lower chamber. Pulmo-
nary veins can be visualized draining into the superior
chamber and may be dilated if obstruction of the fenestration
is significant.

The site of obstruction in the membrane can be identified
by a turbulent color flow jet in the middle atrium that is
primarily diastolic, but can persist throughout the cardiac
cycle if stenosis is severe. The transmembrane gradient can
be calculated (reflecting severity of stenosis of the orifice)
using the modified Bernoulli equation from the peak velocity
obtained by pulsed or continuous wave Doppler in the apical
views.!” If the diagnosis is suggested but not clear on TTE,
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FIGURE 11.24. Parasternal short axis view of the left atrium
showing the membrane of cor triatriatum (arrow). RA, right atrium;
LA, left atrium.

TEE can provide clear images of the membrane, its attach-
ment to the interatrial septum and lateral wall of the atrium
above the atrial appendage, and the nature of the opening,'®
thus guiding operative resection.'®% A stenotic supravalvu-
lar mitral ring differs from cor triatriatum in that it occurs
at the level of or slightly superior to the mitral annulus, is
sometimes adherent to the base of the valve leaflets, but is
below the left atrial appendage. Small rings may be difficult
to image with 2D echocardiography, but may be suggested
if color Doppler demonstrates turbulent inflow to the left
ventricle above the mitral valve leaflets. The echocardio-
gram of a patient with a supravalvular ring is shown in
Figure 11.26.

Congenital mitral stenosis, usually diagnosed in child-
hood, may be difficult to differentiate from rheumatic mitral
stenosis on echocardiogram in adults. Congenital mitral
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FIGURE 11.25. The membrane of cor triatriatum (arrow) is seen
coursing across the left atrium (LA) in the apical four-chamber
view.
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FIGURE 11.26. (A,B) A supravalvular mitral ring is noted just supe-
rior to the mitral valve at the mitral annulus in A (two arrows) in
the parasternal long axis view. On color Doppler flow imaging in

stenosis is usually the result of abnormal insertion of chordae
tendineae into either a single papillary muscle, the “para-
chute” type of mitral valve, or into multiple small papillary
muscles, the “arcade” type. Both types of congenitally ste-
notic valves can be visualized in apical and short axis views
of the ventricle on TTE. An occasional adult will exhibit a
“double orifice” mitral valve, which has the hallmark of two
separate orifices seen on short axis cross-sectional views of
the ventricle at valve level. The degree of stenosis of these
valves is variable and dependent on insertion of the chords
(usually each orifice inserts into its own papillary muscle
making this, technically, a double parachute mitral valve)
and chordal fusion.'o-1%

Abnormalities of Ventricular Number
or Morphology

Single Ventricle Complexes

Many different congenital abnormalities may result in what
is physiologically a single pumping chamber in which oxy-
genated and deoxygenated blood mix before being pumped to
the body. In single ventricle hearts, a small outlet chamber
may exist with communication from the main ventricle
through a defect known as a bulboventricular foramen. The
rudimentary chamber does not have an inlet and is techni-
cally not a ventricle. Echocardiography permits extensive
evaluation of the wide spectrum of congenital abnormalities
resulting in a single ventricle.!'® Often, the univentricular
heart can be classified morphologically as right, left, or inde-
terminate by its appearance on 2D TTE. The most common
type of univentricular heart is the morphologic left ventricle
and is referred to as a double-inlet left ventricle. Double-inlet
right ventricles also exist. If the single ventricle is a left
ventricle, a rudimentary outlet chamber with connection to
a pulmonary artery should be sought anterior and superior
to the ventricle. The rudimentary chamber in a morphologi-
cally right single ventricle is posterior and inferior to the
ventricle. Patency of the bulboventricular foramen can be
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the apical four-chamber view (B), the convergence zone for mitral
inflow is above the level of the mitral valve signifying obstruction
at that level.

assessed on color Doppler flow imaging. Multiple complex
abnormalities are common in these patients. Ventriculoarte-
rial discordance with the aorta arising from the anterior
outlet chamber and the pulmonary artery arising from the
posterior chamber is especially common.

Tricuspid atresia results from failure of development of
the tricuspid valve. At birth, an ASD or PFO must be present
for survival. There is usually significant underdevelopment
or hypoplasia of the right ventricle with mixing of oxygen-
ated and deoxygenated blood in the left ventricle causing
cyanosis. Although the small right-sided chamber receives
the inlet of the tricuspid valve in the form of a fibrous ring,
and therefore is technically a ventricle, the physiology is
identical to that of other single ventricle complexes.

Patients with this group of defects who survive to adult-
hood have usually undergone an operation that establishes a
connection between the systemic veins or right atrium and
the pulmonary arteries to provide pulmonary blood flow and
improve oxygenation. In most adults, this connection is
created with one of several variations of a Fontan circuit. In
one common form of Fontan anastomosis, a connection is
made between the right atrial appendage and the PA either
by direct anastomosis (Fig. 11.27) or interposition of a conduit.
In other individuals, a conduit may be placed from the IVC
through the lateral right atrium and connected to the PA, the
so-called lateral tunnel Fontan, with connection of the SVC
to the PA in a total cavopulmonary connection. Especially
in individuals with elevated pulmonary vascular resistance
prior to surgery, holes or “fenestrations” may be deliberately
placed in the Fontan at the time of surgery to allow the
circuit to decompress, but at the cost of increased cyanosis.
These fenestrations may be closed using percutaneous inter-
ventional techniques at a later time. In other patients, the
conduit may be placed from the IVC external to the right
atrium to the pulmonary artery, the extracardiac Fontan
circuit.

Echocardiography plays a vital role in the understanding
and management of patients with univentricular hearts who
have undergone the Fontan operation. However, the Fontan
connection is often poorly visualized on TTE for many
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FIGURE 11.27. A classic Fontan anastomosis of the right atrial
appendage directly to the pulmonary artery is shown on trans-
esophageal echocardiogram. A layer of thrombus, a common finding
after Fontan operation in adults, is noted in the atrium (arrows). RA,
right atrium; PA, pulmonary artery.

reasons including multiple prior surgeries and scarring, mal-
position of the heart in the chest, and the location of most
connections behind the sternum. In some adults with direct
right atrial anastomosis to the pulmonary artery, the con-
nection may be visualized on high parasternal views on TTE
or on TEE. The lateral tunnel Fontan may be seen as a bright
circular prosthetic structure within the atrium. The Fontan
circuit should also be examined with color Doppler to assess
for obstruction and with spectral Doppler to establish flow
patterns within the circuit. In patients with low pulmonary
vascular resistance, the pattern of flow in the pulmonary
artery after Fontan is characterized as biphasic with the
largest peak due to atrial contraction in late diastole and a
smaller late systolic peak. Flow velocity typically increases
during inspiration. In patients with elevated pulmonary vas-
cular resistance or ventricular diastolic pressure, the Doppler
pattern may demonstrate a smaller peak in late diastole with
reduced respiratory variation, or absence of diastolic flow
altogether in extreme cases. Because of low-velocity flow and
enlargement of the right atrium, thrombus can develop
within the circuit, causing obstruction or pulmonary embo-
lism, especially in adults. Fontan thrombus may be identi-
fied on TTE,'"! especially in symptomatic patients. However,
TEE is more likely to diagnose thrombus in these patients,'?
an important finding since clinically silent pulmonary
embolism has been reported in up to 17% of Fontan patients
and anticoagulation is required (Fig. 11.28).""3

Two congenital abnormalities of ventricular myocar-
dium, arrhythmogenic dysplasia of the right ventricle and
isolated noncompaction of the left ventricle, may be first
diagnosed in the adult. Arrhythmogenic right ventricular
dysplasia (ARVD) is a genetic condition, often with autoso-
mal dominant inheritance, characterized pathologically by
fibrofatty replacement of right ventricular myocardium. The
patient usually presents with ventricular arrhythmias of left
bundle branch block morphology. Since the extent of replace-
ment of ventricular myocardium with fibrofatty tissue is

variable, a wide spectrum of echocardiographic abnormali-
ties can be seen, ranging from normal right ventricular size
and function, to regional abnormalities with localized
“bulging” of the right ventricular free wall, to marked dila-
tion of the entire right ventricle, a condition termed Uhl’s
anomaly or “parchment” right ventricle. Because the right
ventricle has a complex, crescent shape, complete evaluation
requires the use of multiple ultrasound planes from subcos-
tal, apical four-chamber, and right ventricular inflow trans-
ducer positions. The right ventricle may be incompletely
visualized on TTE. The use of echocardiographic contrast
agents may improve the sensitivity for the diagnosis of ARVD
in these patients.!" The use of tissue Doppler velocity evalu-
ation may also increase the sensitivity for the diagnosis of
early disease.!’®

In isolated noncompaction of the left ventricle, the devel-
opment of ventricular myocardium is arrested prior to
condensation and compaction of the myocardium, and, as a
result, some or all of the myocardium has deep trabecular
recesses that communicate with the ventricular endocar-
dium. These adults typically present with heart failure or
ventricular arrhythmias. Transthoracic echocardiography
provides the diagnosis in the majority of patients. On 2D
echocardiography, the myocardium appears “spongy” with
deep sinusoids (Fig. 11.29). On color Doppler imaging, color
may be seen entering the sinusoids. With the use of peripher-
ally injected echocardiographic contrast agents, which may
be seen entering the sinusoids, noncompaction can be dif-
ferentiated from left ventricular thrombus and hypertrophic
cardiomyopathy. In one study with pathologic correlation,
four echocardiographic criteria were required to be diagnostic
for noncompaction: (1) absence of any other cardiac
abnormality; (2) echocardiographic appearance of a two-layer
structure to the myocardial wall, with a compacted thin
epicardial band and a much thicker noncompacted endocar-
dial stripe, and with deep endomyocardial spaces and a
maximal end-systolic ratio of noncompacted to compacted
layer >2; (3) predominant localization of abnormalities in the
midlateral, apical, and mid-inferior regions of the ventricle;
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FIGURE 11.28. Transesophageal echocardiogram of right atrial
thrombus (arrow) in a patient after Fontan operation. RA, right
atrium.
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FIGURE 11.29. (A,B) Apical four-chamber (A) and two-chamber (B)
views of noncompaction of the left ventricle. Areas of “spongy”
appearing myocardium with deep sinusoids are seen in the lateral

and (4) color Doppler evidence of deep perfused intertrabecu-
lar recesses.''®

Conotruncal Abnormalities

Tetralogy of Fallot

The most common abnormality of conotruncal development
seen in adults is tetralogy of Fallot, a defect consisting of a
large subaortic/perimembranous VSD with malalignment of
the infundibular septum; anterior and rightward displace-
ment of the aortic root, such that the aortic valve “overrides”
the defect; obstruction to right ventricular outflow, which
may occur at any level from subvalvular to the branch pul-
monary arteries; and right ventricular hypertrophy, resulting
from the obstruction. The degree of aortic override from
malalignment of the septum correlates with the severity of
infundibular stenosis. The VSD with aortic override is the
most obvious echocardiographic finding in these patients
(Fig. 11.30) and is easily identified in the parasternal long axis
view on TTE."” Another conotruncal abnormality, the
double-outlet right ventricle (DORV), can be confused with
tetralogy of Fallot on echocardiography if aortic override is
extreme. In DORYV, both great arteries arise from the right
ventricle, and there is discontinuity between the posterior
wall of the aorta and the anterior leaflet of the mitral valve.
The diagnosis of DORV is made on TTE if more than 50%
of the aorta is seen to override the right ventricle and there
is aortic-mitral discontinuity, whereas the appropriate diag-
nosis is tetralogy of Fallot if more than 50% of the aorta
overrides the left ventricle and aortic-mitral continuity is
preserved.'®! Right ventricular outflow obstruction can
occur at many levels, which must be evaluated in the patient
with tetralogy of Fallot.

Infundibular stenosis due to muscle bundle hypertrophy
and anterior displacement of the septum can be visualized
in the parasternal and subcostal short axis views at the base
of the heart. Valvular stenosis and stenosis of the proximal
pulmonary arteries can also be evaluated in this view. Color
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and inferior walls (arrow) of the left ventricle. LA, left atrium; RA,
right atrium.

Doppler may suggest obstruction by the presence of a turbu-
lent jet at the site of the stenosis. Using continuous wave
Doppler through the obstruction, the total gradient may be
calculated, but obtaining individual gradients at each level
obstruction may not be possible. Though most patients with
unoperated tetralogy of Fallot have valvular pulmonic steno-
sis, an infrequent patient may have congenital absence of the
pulmonary valve with severe pulmonary insufficiency.'** In
the unoperated young adult who otherwise would not require
cardiac catheterization, it is important to identify the origin
of the coronary arteries in the parasternal long axis view at
the level of the aortic valve.!”! In some patients an aberrant
conus branch or left anterior descending artery can be identi-
fied crossing the right ventricular outflow tract and could be
transected if care is not taken during repair.

Adults with tetralogy of Fallot who present for care have
generally been repaired in late childhood or adolescence,
though some adults were palliated with a Blalock-Taussig
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FIGURE 11.30. Parasternal long axis view of tetralogy of Fallot.
The aortic valve (AoV) overrides a large, subaortic VSD (arrow).
There is marked hypertrophy of the right ventricle (RV). LV, left
ventricle.
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FIGURE 11.31. Color Doppler flow image of the pulmonary valve
in the high parasternal short axis view. There is severe pulmonary
insufficiency.

shunt in childhood and never completed the repair. Serial
echocardiography is critical to the appropriate management
of the postoperative adult with tetralogy of Fallot. Most
of these patients, in whom repair included incisions across
the pulmonary annulus, many with transannular patches,
develop late severe, free-flowing pulmonary regurgitation as
aresult (Fig. 11.31).!*> Some patients develop aneurysmal dila-
tion of the prosthetic patch, which may be associated with
more severe pulmonary regurgitation. Continued volume
overload of the right ventricle produces systolic dysfunction
that is unlikely to improve if pulmonary valve replacement
is delayed until systolic dysfunction is symptomatic.'*® Right
ventricular function, though difficult to precisely quantitate
echocardiographically, may be easily followed in a serial
fashion to monitor for the development of systolic dysfunc-
tion. Severe pulmonary insufficiency may beget right
ventricular dilation and tricuspid regurgitation, further com-
promising systolic function.'”® In the patient with severe
valvular stenosis or pulmonary atresia who was repaired
with aright ventricle to pulmonary conduit, TTE and Doppler
may detect valve conduit stenosis due to pannus ingrowth
or valve calcification or conduit insufficiency. Echocardiog-
raphy also detects the sizable subset of adults with tetralogy
of Fallot repaired in childhood who now exhibit progressive
dilation of the aortic root with aortic regurgitation.'*® Adults
who have been repaired uniformly exhibit a right ventricular
restrictive diastolic abnormality on spectral Doppler.'*
Interestingly, this restrictive abnormality actually shortens
the duration of pulmonary regurgitation and is associated
with improved exercise performance in these patients.

D-Transposition of the Great Arteries

In patients with d-transposition of the great arteries (d-TGA),
there is both atrioventricular concordance and ventriculoar-
terial discordance, with the aorta arising from the anterior
right ventricle and the pulmonary artery originating from
the posterior left ventricle. The echocardiographic features
of the unoperated patient with d-TGA were outlined previ-

FIGURE 11.32. Transesophageal short axis view of the great vessels
in a patient with d-transposition of the great arteries. Both semilu-
nar valves appear in short axis. The pulmonary artery (PA) is seen
posterior and to the left of the aorta (Ao). In this transesophageal
image, the top of the sector corresponds to the transducer location
posterior to the heart in the esophagus.

ously and are shown in Figures 11.32 and 11.33. In d-TGA,
the aorta is usually anterior and to the right of the PA in
short axis views. Since the anomaly results in parallel cir-
cuits that would not be compatible with life, adult survivors
have necessarily undergone operations to restore the normal
flow pattern and allow oxygenation of systemic venous blood.
In the majority of adults, this procedure consisted of a com-
plete atrial septectomy with placement of either a pericardial
or prosthetic baffle in the atrium in the Mustard or Senning
operation, also known as the atrial switch procedure. The
interatrial baffle is saddle shaped and routes deoxygenated
blood from the vena cavae through the mitral valve into the
left ventricle and out to the pulmonary arteries. Oxygenated
blood returns from the pulmonary veins and is routed supe-
riorly over the baffle through the tricuspid valve to the right
ventricle and out the aorta. The interatrial baffle can be

FIGURE 11.33. Transesophageal long axis view of the great vessels
in a patient with d-transposition of the great arteries. The axes of
the pulmonary artery (PA) and aorta (Ao) are parallel rather than
orthogonal and the PA is posterior to the Ao.
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FIGURE 11.34. Apical four-chamber view of a Mustard baffle in a
patient with d-transposition of the great arteries. Stenosis of the
pulmonary venous portion of the baffle is indicated by the narrow
color Doppler jet (arrow) from the pulmonary venous atrium (PVA)
toward the tricuspid valve. RV, right ventricle; LV, left ventricle.

directly visualized in the parasternal long axis view and in
the apical views on TTE as a linear echo within the left
atrium, and must be examined along its length for evidence
of leak or obstruction.'”” Small leaks of the baffle are common,
and, if not seen on color Doppler imaging, may be revealed
by peripheral injection of saline contrast. The most common
site of baffle obstruction is within the systemic venous limb
at the SVC, but is unlikely to be visualized in adults by TTE.
Obstruction of the pulmonary venous limb of the baffle may
be suspected by a turbulent jet in the baffle on color Doppler
or by dilation of the pulmonary veins (Fig. 11.34). The gradi-
ent across the obstruction can be estimated from the dia-
stolic velocity obtained with spectral Doppler (Fig. 11.35). In
adults in whom acoustic windows and image quality are
poor, TEE clearly visualizes all limbs of the baffle (Fig. 11.36).
The systemic right ventricle with the usual curvature of the
right ventricular septum is seen in Figure 11.37.
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FIGURE 11.36. (A,B) Transesophageal echocardiogram of a Mustard
baffle in the same patient with d-transposition of the great arteries
and obstruction of the pulmonary venous limb of the baffle (arrow,
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FIGURE 11.35. Continuous-wave Doppler of the stenotic site in the
pulmonary venous limb of the Mustard baffle in the patient with
d-transposition of the great arteries shown in Figures 11.34 and
11.35. The mean gradient across the baffle stenosis is approximately
8mmHg.

Transesophageal echocardiography is also used to monitor
transcatheter interventions such as closure of baffle leaks
and stenting of SVC obstruction in these patients.*>'* Most
patients with d-TGA who have undergone the Mustard opera-
tion will exhibit systolic dysfunction of the systemic right
ventricle by early adulthood, though most remain asymp-
tomatic until the fourth decade. Transthoracic echocardiog-
raphy is used to follow systemic ventricular function and
monitor for AV valve regurgitation, another fairly common
problem in these patients.*® Patients with d-TGA may
develop subpulmonic obstruction that can be diagnosed by
Doppler. The arterial switch procedure for d-TGA involves
transection of the great arteries with reanastomosis to the
appropriate ventricle and reimplantation of the coronary
arteries. The operation restores normal flow direction, with
the left ventricle pumping to the systemic circulation and is
now the procedure of choice for patients with d-TGA. The
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A). A convergence zone is seen on the pulmonary venous atrium
side of the baffle consistent with stenosis at that site (B).
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FIGURE 11.37. Parasternal short axis view of the ventricles in an
adult with d-transposition of the great arteries. The right ventricle
(RV) is dilated and the interventricular septum bulges into the left
ventricle (LV).

first successful operation was performed in 1975, which
means that these patients are now entering their 30s and 40s
and require continued echocardiographic monitoring for
supravalvular aortic and pulmonic stenosis and left ventricu-
lar dysfunction due to ostial stenosis of the coronary
buttons.'®!

L-(Congenitally Corrected) Transposition
of the Great Arteries

In I-transposition of the great arteries (I-TGA), the ventric-
ular loop forms to the left and results in inversion and mal-
position of the ventricles with atrioventricular and
ventriculoarterial discordance. Asin d-TGA, the great vessels
exit the ventricles in parallel, but in I-TGA the aortic valve
is usually anterior and to the left of the pulmonary valve in
short axis views at the base rather than to the right of the
pulmonary artery. Echocardiographically, the diagnosis is
established using multiple views to identify a rightward mor-
phologic left ventricle with smooth endocardium and basally
placed mitral valve and a leftward trabeculated right ventri-
cle with an apically displaced tricuspid valve and a moderator
band (Fig. 11.38). The great vessel exiting the morphologic
left ventricle is seen to course posteriorly and bifurcate into
a pulmonary artery while the aorta exits the anterior left-
sided right ventricle and extend anteriorly. Adult patients
usually have some degree of systolic dysfunction of the sys-
temic right ventricle that should be followed echocardio-
graphically, and most have regurgitation of the left-sided
tricuspid AV valve (Fig. 11.39)."®* If a perimembranous VSD,
which occurs in 70% of patients with I'TGA, is not present,
the diagnosis may not be made until adulthood, when sys-
temic AV valve regurgitation and ventricular dysfunction
have already supervened. Because systemic AV valve regur-
gitation is due primarily to morphologic abnormalities of the
valve similar to Ebstein’s anomaly, operation is more likely
to require replacement than repair.
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FIGURE 11.38. Apical four-chamber view of a patient with I-(con-
genitally corrected) transposition of the great arteries. The systemic
right ventricle (RV) with its moderator band (large arrow) and api-
cally placed septal leaflet of the tricuspid valve (small arrow) is to
the left of the left ventricle (LV).

Persistent Truncus Arteriosus

Persistent truncus arteriosus, an abnormality that results
from failure of partitioning of the conotruncal region of the
heart, is characterized by the presence of a single great vessel
positioned over a large outlet VSD (Fig. 11.40). The truncal
valve has numerous, up to six, leaflets and, in adults, is
almost always regurgitant. Persistent truncus arteriosus is
classified by the origin of the pulmonary arteries. The pul-
monary arteries may arise as a single vessel from the truncal
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FIGURE 11.39. Color Doppler image in the apical four-chamber
view of regurgitation of the systemic (tricuspid) atrioventricular
valve in a patient with I-(congenitally corrected) transposition of the
great arteries.
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FIGURE 11.40. (A,B) Persistent truncus arteriosus (TA) is seen in the parasternal long axis view (A). There is a single great artery overriding
a large outlet VSD (arrow). A jet of truncal valve regurgitation is seen on color Doppler of the truncal valve (B).

artery, which then bifurcates, as separate vessels exiting
from the posterior wall, as separate vessels from the sides of
the truncus, or discontinuous from the truncus and fed by
collaterals from systemic arteries.

Obstruction to Ventricular Outflow

Right Ventricular Outflow Obstruction

Right ventricular outflow tract obstruction can occur at any
level including the infundibulum, at the pulmonic valve, or
in the pulmonary arteries, all of which can be investigated
with 2D and Doppler TTE.!*-% QObstruction of outflow
occurring below the pulmonary valve is a result of a fibro-
muscular ridge or markedly hypertrophied muscle bundles in
the infundibulum, an anomaly known as a double-
chambered right ventricle. A double-chambered right ventri-
cle can be difficult to differentiate from severe valvular
stenosis with secondary hypertrophy of the muscle bundles.
In double-chambered right ventricle, continuous-wave
Doppler through the infundibulum will reveal a velocity
spectrum characteristic of dynamic obstruction, with the
peak velocity occurring in late systole and a dagger-like
appearance similar to that seen in hypertrophic obstructive
cardiomyopathy involving the left ventricle. Stenosis of the
pulmonic valve is characterized by thickening and restricted
motion of the tips of the valve leaflets with systolic doming,
which is most clearly seen in the parasternal and subcostal
short axis views at the base of the heart (Fig. 11.41). The bifur-
cation of the main pulmonary artery can be identified from
a high parasternal transducer location to assess for narrowing
of the main pulmonary artery or the branches at their takeoff
from the main pulmonary artery. Stenosis of more distal
branch pulmonary vessels cannot be visualized echocardio-
graphically. The pressure gradient across the stenosis is esti-
mated using the modified Bernoulli equation from the peak
velocity obtained using continuous-wave Doppler (Fig.
11.42)."% In patients with tricuspid regurgitation, the right
ventricular systolic pressure can be calculated from the peak
velocity of the tricuspid regurgitation jet. The pulmonary

artery pressure can be estimated by subtracting the gradient
across the stenosis from the right ventricular systolic pressure.
After balloon pulmonary valvotomy, pulmonary regurgita-
tion or restenosis can occur and can be diagnosed on TTE.

Left Ventricular Outflow Obstruction

As with right ventricular outflow obstruction, obstruction of
flow from the left ventricle can occur at any level ranging
from the outflow tract beneath the valve, to the valve itself,
to the supravalvular region of the ascending aorta or in the
descending thoracic aorta. The two least common types of
outflow tract obstruction in adults are the subvalvular and
the supravalvular forms. Subvalvular stenosis in adults is
usually a result of a discrete subaortic membrane or ridge just
beneath the valve. Discrete subaortic stenosis may be seen
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FIGURE 11.41. High parasternal view of the pulmonic valve (PV)
in a patient with pulmonic stenosis. The leaflet tips have restricted
motion causing characteristic doming in systole (arrow).



ECHOCARDIOGRAPHY IN THE ADULT WITH CONGENITAL HEART DISEASE 301

TIS:8.7
53 1.673.2

GAIN 81 COMP 486

12:58:56

1.6MHZ

OCUs: 5.72CM

e: @ .

+= 100 h
DELAY1 " MS

FIGURE 11.42. Continuous-wave Doppler across the pulmonic
valve with a peak pressure gradient of 52mmHg, consistent with
moderate pulmonic stenosis.

in isolation or after surgical repair of congenital heart defects
such as the AV canal. The membrane is identified on 2D TTE
in the parasternal long axis or apical views as a linear echo
originating from and perpendicular to the interventricular
septum (Fig. 11.43). If the membrane itself is not seen, a high-
velocity color jet in systole originating just below and directed
toward the valve may raise suspicion of its existence. Con-
tinuous-wave Doppler permits estimation of severity of ste-
nosis.!® ' Some degree of aortic regurgitation caused by
aortic leaflet trauma from the high-velocity stenotic jet is
seen in up to 80% of patients in one study of 134 adults with
the anomaly, but was more than mild in <20% of patients
and did not appear to progress during a follow-up of 4.8
years.!”> This suggests that resection of mildly or moderately

MANEIN

FIGURE 11.43. (A,B) Apical five-chamber view in a patient with
discrete subaortic stenosis with aortic regurgitation. A bright linear
echo of the ridge of tissue is seen below the aortic valve (arrow, A).
A small jet of aortic insufficiency is noted in B.

obstructive membranes is not necessary in asymptomatic
patients as was previously recommended to prevent progres-
sion of aortic insufficiency. Two other forms of subvalvular
stenosis, the fibromuscular type and the tunnel type, are
infrequently seen in adults. Supravalvular stenosis may occur
as a discrete membrane typically located at the sinotubular
junction, as an hour-glass deformity of the ascending aorta
(the most common type) associated with “elfin” facies and
hypercalcemia as part of the Williams syndrome, or as diffuse
hypoplasia of the ascending aorta and arch. Two-dimensional
images from a high parasternal and suprasternal notch trans-
ducer locations may be necessary to view these defects.!*3
Continuous-wave Doppler can accurately estimate the pres-
sure gradient across discrete stenosis, but is unreliable if
serial obstruction exists at multiple levels and in the tunnel
form of supravalvular aortic stenosis.

Congenital aortic valve stenosis in adults is almost
always a result of a bicuspid aortic valve that was normal at
birth and became increasingly stenotic over time. Bicuspid
aortic valves are the most common congenital cardiac
anomaly occurring in 1% to 2% of the general population.
Restricted motion of the leaflet tips relative to the body of
the leaflet resulting in systolic doming of the valve in the
parasternal long axis view may first suggest a bicuspid aortic
valve. Valve morphology and leaflet number can be deter-
mined on 2D imaging from the parasternal short axis plane
in most adults.*** A true bicuspid aortic valve has two
cusps (though a raphe may give the illusion of a third cusp)
with two sinuses of Valsalva. Although a raphe may give the
appearance of three cusps in diastole, valve openingin systole
confirms the diagnosis when the two cusps are clearly seen.
This is visualized especially well on TEE (Fig. 11.44). As with
the other forms of left ventricular outflow obstruction, trans-
valvular pressure gradients derived from Doppler velocities
can be used to estimate the severity of valvular aortic steno-
sis. Aortic valve area can be calculated using the continuity
equation.'*® A rare abnormality of aortic valve anatomy is the
quadricuspid aortic valve, which is more likely to be insuf-
ficient than stenotic (Fig. 11.45). The other two valve mor-
phologies associated with congenital aortic stenosis, the
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FIGURE 11.44. Transesophageal echocardiogram of a bicuspid
aortic valve. There are two cusps and two sinuses of Valsalva in this
valve.



302

- Diastole

Pwr= -3dB Mi=0.4

71dB T1/ 0/1/4
Gain=-15dB8  a=1

— )

HR= 7ébpm

CHAPTER 11

TE-VSM

TEE
General
Pwr= -3dB Mi=04

7d8 T1/ 0/1/4
Gain=-15dB8  a=1

FIGURE 11.45. (A,B) A quadricuspid aortic valve is seen on a transesophageal echocardiogram short axis view in diastole (A) and systole (B).

acommissural valve and the unicuspid, unicommissural
valve, are seen in children and rarely in the adult. Aortic
stenosisin childhood is often treated by percutaneous balloon
valvotomy, which may result in early or late aortic regurgita-
tion and late restenosis that is readily diagnosed by 2D TTE.
Some children with severe aortic stenosis or insufficiency
undergo the Ross operation in which the diseased aortic
valve is excised, the native pulmonary valve is transected
and anastomosed to the aortic annulus, and a pulmonary
homograftis placed in the pulmonary position. These patients
should undergo serial echocardiographic surveillance
for development of autograft dilation and insufficiency
(Fig. 11.46).147

Coarctation of the aorta may take one of several forms,
but is most commonly caused by a discrete shelf of tissue in
the descending thoracic aorta just distal to the ostium of the
left subclavian artery near the insertion of the ligamentum
arteriosum. Approximately 80% to 85% of patients with
coarctation of the aorta have a bicuspid aortic valve, though
the opposite is not true. The coarct site is most likely to be
visualized by 2D TTE from a suprasternal notch transducer
position (Fig. 11.47) with a mosaic high velocity jet at the site
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of the stenosis on color Doppler.!**1* However, the descend-
ing thoracic aorta distal to the coarctation may not be seen
clearly in adults, thus obscuring the diagnosis. Color-guided
continuous-wave Doppler provides an estimate of the gradi-
ent across the coarctation with certain caveats: (1) The gradi-
ent across the narrowing is flow dependent, so it may be
lower when the patient is at rest. Exercise such as treadmill
walking or leg lifts may increase the peak gradient across the
coarct, but may also cause flow to continue across the ste-
nosis into diastole, a sensitive indicator of more severe ste-
nosis. (2) The coexistence of a patent ductus arteriosus with
diversion of blood proximal to the coarct to the pulmonary
artery causes the Doppler to underestimate the true gradient
as will the presence of large or numerous collaterals around
the coarctation. (3) Severe aortic stenosis from a bicuspid
valve also results in falsely low gradient. A higher gradient
may be revealed after aortic valve replacement. An example
of continuous wave Doppler of severe coarctation is seen in
Figure 11.48. Operative coarct repair in childhood may have
been done by one of several methods, such as creation of a
subclavian flap as a patch, excision of the coarct with reanas-
tomosis of the proximal and distal aorta, or placement of an
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FIGURE 11.46. (A,B) Two-dimensional (A) and color Doppler (B) transesophageal echocardiogram of aortic valve and proximal aorta in a
patient who has undergone the Ross operation. There is severe aortic insufficiency noted in the left ventricular outflow tract.
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FIGURE 11.47. Suprasternal notch view in a patient with coarcta-
tion of the aorta. There is marked narrowing just distal to the
takeoff of the left subclavian artery (arrow). The ascending aorta
(AAo) is aneurysmal.

interposition conduit. Knowledge of the type of repair is
important to adequately assess for late problems. Potential
late complications of coarct repair include restenosis of the
coarct site and aneurysm of the descending aorta proximal
to or just distal to the repair. In addition, aortic stenosis can
develop as can aneurysms of the ascending aorta related to
abnormalities of the media of the vessel wall. Transthoracic
echocardiography and TEE can be used to visualize each of
these complications or sequelae of coarctation of the aorta.

Miscellaneous Congenital Anomalies

Systemic to Pulmonary Artery Shunts

The most common native extracardiac left-to-right shunt
seen in adults is the patent ductus arteriosus (PDA). The
ductus arteriosus, which normally closes at birth, is a normal
structure of the fetal vascular circuit that diverts blood from
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FIGURE 11.48. Continuous-wave Doppler through the coarctation
site demonstrates a peak pressure gradient of 68 mmHg.

the pulmonary artery directly to the descending aorta bypass-
ing the lungs. In certain individuals, particularly infants
with other congenital cardiac defects or who are premature,
the ductus may remain patent. The right-to-left shunt present
in utero will reverse as pulmonary vascular resistance drops
in the first week of life and a left-to-right shunt will ensue.
The size of the shunt is determined by the diameter of the
vascular connection and the pulmonary vascular resistance.
In patients with large left-to-right shunts, the development
of fixed pulmonary vascular disease will cause the shunt to
again reverse with resultant differential cyanosis of the lower
extremities. The ductal vessel is rarely seen directly in adults
on TTE, but may be visualized in children from the supra-
sternal or high parasternal transducer location in the short
axis view. It may be clearly seen on TEE (Fig. 11.49). In the
typical patient with small PDA, a narrow high-velocity con-
tinuous color jet may be identified entering the main pulmo-
nary artery adjacent to the left pulmonary artery directed
retrograde to the pulmonary valve (Fig. 11.50). This is best

PAT T: 37.8C
TEE T: 38.8C

FIGURE 11.49. (A) A large patent ductus arteriosus (pda) is visualized connecting the descending thoracic aorta (Ao) and the pulmonary

artery (PA). (B) A low-velocity jet is seen on color Doppler.



304 CHAPTER 11

General /V
T1/-2/ 0/V:A
1/2

CD Gain = 53

|
=, 0:47:47

HR= 78bpm

AT o} 2 WAV > BRIV P o543 T S
FIGURE 11.50. Color Doppler of the pulmonary artery in the high
parasternal view shows a narrow jet (arrow) originating just proxi-
mal to the bifurcation of the pulmonary artery directed retrograde
to the pulmonic valve.

seen in the high parasternal imaging plane.'®'*3 Continuous-
wave Doppler of the descending aorta may reveal retrograde
diastolic flow indicating left-to-right shunting through the
ductus. Two-dimensional and Doppler TTE and TEE are also
ideal for monitoring PDA during and after percutaneous
closure (Fig. 11.51).1%

Rarely, a sinus of Valsalva aneurysm, a result of localized
weakening of the media of the sinus, may occur. On TTE,
a sinus of Valsalva aneurysm is characterized by localized
bulging of the sinus, often into the right ventricle (Fig.
11.52).1% Color Doppler of unruptured aneurysms may dem-
onstrate aortic regurgitation due to abnormal geometry
of and failure of valve coaptation in diastole. The aneurysm
may rupture into any cardiac chamber; aneurysms of
the right coronary sinus typically rupture into the right
ventricle and those of the noncoronary cusp rupture into
the right atrium, resulting in a continuous left-to-right
shunt easily imaged by color Doppler.**'** Transesophageal

FIGURE 11.51. On transesophageal echocardiogram of the descend-
ing thoracic aorta (DAo) in the long axis plane, a bright circular
structure is identified (arrow), which represents the distal aspect of
a coil inserted into this patient’s patent ductus arteriosus.

echocardiography may visualize the defect more clearly
than TTE.'®

The most common surgically constructed systemic-to-
pulmonary shunts seen in the adult population are the Glenn
anastomosis of the superior vena cava to the pulmonary
artery, and the Blalock-Taussig shunt from either subclavian
artery to the ipsilateral pulmonary artery. Generally, the
conduit itself is not visualized on 2D imaging in adults;
however, spectral Doppler can be used to assess the pressure
across the circuit, and thus estimate pulmonary artery
pressure.

Coronary Artery Abnormalities

Anomalous origin of coronary arteries occurs in approxi-
mately 1% of adults undergoing cardiac catheterization. The
most common type is origin of the left circumflex from the
right coronary sinus and is usually benign and discovered

FIGURE 11.52. (A,B) Transesophageal echocardiogram in the long
axis plane of a sinus of Valsalva aneurysm. The marked dilation of
the sinus in each patient is noted (arrow, A and B). The aneurysm

has distorted the aortic annulus in the patient in B, who has signifi-
cant aortic insufficiency noted on color Doppler flow.
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incidentally on coronary angiography. The variants associ-
ated with myocardial ischemia and death are the origin of
the left main coronary artery from the right coronary artery
passing between the two great arteries and origin of the left
coronary artery from the pulmonary artery with reversal of
coronary flow. Both of these entities may cause myocardial
infarction and congestive heart failure. Transthoracic 2D
imaging in the basal short axis plane at the level of the aorta
may be useful for imaging coronary artery ostia in some
adults.'”! In adults, TEE is far superior to TTE for localizing
coronary ostia.''** In some individuals, the proximal half
of the artery may be seen. Coronary arterial fistulas may
appear as turbulent jets on TEE or as hugely dilated vessels
seen on TEE.1%-1¢7

Summary

Transthoracic echocardiography and transesophageal echo-
cardiography are ideally suited for the initial diagnosis, man-
agement, and continued surveillance of adults with congenital
heart defects. Indications for echocardiography in these
patients have been established. The study should be per-
formed in a deliberate, segmental fashion.
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